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THESIS ABSTRACT

Hydraulic lock structures have been used for hundreds of years to control and maintain water levels
in waterways. The most common are gated water regulation structures used to catch and divert
water, and form an essential and critical part of many flood control and agricultural schemes.
Although there are clear economic advantages to building the structures, they can contribute to
major water quality problems for the waterways they influence (i.e. increased residence times and a
change in mixing ability). Further, in most cases, the methods previously used to assess how the
structures and their operations influence the flow regimes between the two connected systems were
limited, thus hydraulic designers rely on simple formulations, existing literature and experience.
Consequently, the objectives of this thesis were to undertake a detailed field study and develop a
methodology and computer simulation tool to calculate the flow through a hydraulic structure
connecting two water bodies so that future designs can be undertaken based upon sound knowledge.
To demonstrate the outcomes of this thesis, the methodology and model were applied to an existing
hydraulic structure (referred to as Structure C). Structure C is used to connect and exchange water
between the tidally dominated section of the Nerang River estuary and an artificial lake system
(Burleigh Lakes) on the Gold Coast, Australia. The gates of this structure open four times each day
(once during each semi-diurnal tidal phase) and remain open for a period of 2 hours, allowing
alternative and partial exchange between the two water bodies. To gain a better understanding of the
dynamics of each waterbody under the influence of the structure, a series of detailed field
experiments were initially undertaken to understand and quantify the exchange of water and its
mixing ability. Tide gauges deployed within the lake indicated a water level change during each
opening of up to 22 cm, equating to 413,600 m3 of water entering the lake over the 2 hour discharge
period. Salinity profiles showed that the structure permitted the exchange of saline and freshwater
between the two systems, during each tidal cycle, in turn maintaining the lake system as a saline
(brackish environment). However, the field study also revealed that the controlled exchange of
water between the systems perpetuated a permanently stratified environment on both sides of the
structure.
To simulate the flow dynamics influenced by Structure C, new routines were incorporated into an
existing hydrodynamic model (BFHYDRO) within the model’s grid and computational code, as
part of this thesis. To achieve this, the flow in and out of the hydraulic structure cell (used to
represent the hydraulic structure’s location within the model grid) was calculated entirely from the
Page 15.

local water level gradients on either side of the structure at each time-step, and not prescribed. This
was found to be essential for complex tidally-dominated systems, such as the Nerang River.
Routines were also developed to replicate the opening and closing times of the gates.
Following the development of the methodology, the hydraulic structure cells were tested and
applied to simulate the flow through Structure C and the complex exchange between the estuary and
lake, in 2 and 3-dimensions. Tests indicated that the opening and closing times of the gates and the
calibration of the discharge coefficient (which forms part of the broad-crested weir formula) were
the most sensitive parameters to ensure the correct volume of water exchange between the two
systems.

Statistically, the model-predicted results compared very well with available surface

elevation data within the estuary and lake, and thus, quantified the ability of the hydraulic structure
cells to simulate the flux between the estuary and lake for each opening. Following the model
validation process, results from the existing configuration were compared with hypothetical design
alternatives and are documented herein.
Further, part of the thesis also explored a practical and effective computer based learning strategy to
introduce and teach hydrodynamic and water quality modelling, to the next generation of
undergraduate engineering students. To enhance technology transfer a computer based instructional
(CBI) aid was specifically developed to assist with the setup, execution and the analysis of models’
output, in small easy steps. The CBI aid comprised of a HTML module with links to recorded
Lotus Screen cam movie clips. The strategy proved to be a useful and effective approach in
assisting the students to complete the project with minimum supervision, and acquire a basic
understanding of water quality modelling.
Finally, it is anticipated that this new modelling capability and the findings detailed herein will
provide managers with a valuable tool to assess the influence of these structures on water
circulation for present and future operations within the region. This model can also be set up at
other sites to pre-assess various design configurations by predicting changes in current flows,
mixing and flushing dynamics that a particular design might achieve, and assist with the selection
process before the final selection and construction.
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CHAPTER 1 - INTRODUCTION

1.1

OVERVIEW

Hydraulic lock structures have been used to control and regulate the flow of water in waterways for
hundreds of years. Whilst there are many types of hydraulic lock structures, the most common are
gated water regulation structures that are used to catch and divert water, and form an essential and
critical part of many flood control and agricultural schemes. The gates separating the water bodies
can be operated by either an outside source of power or by changes in water levels on either the
upstream or downstream water. Figure 1.1 shows a side view diagram illustrating the movement of
a gated hydraulic lock structure designed for flood mitigation.
While there are clear economic advantages to building hydraulic lock structures, they can have
major implications on the water quality of the rivers and channels they are built across. Indeed the
introduction of a hydraulic lock structure typically influences the flow regime of the water body. A
reduced flow regime may have a profound effect on the residence times (how long the water
remains within the reservoir, lake or weir pool) and the mixing ability of the upstream water body.
These factors may have been implicated in the outbreak of harmful algal blooms (ANZECC 2000;
Bricelj and Londsdale, 1997).
Further, for hydraulic lock structures that are the interface between freshwater and saltwater
environments (as per the investigated structure), one of two exchange processes typically occurs
when water is allowed to exchange. The first process is known as a buoyant jet (freshwater is
discharged into a saltwater environment); the other is known as a density current (penetration of
saltwater into a freshwater environment). The long-term exchange of freshwater discharged over
saltwater or the intrusion of saltwater into a freshwater environment, creates horizontal layers
(pycnocline) within the water column, refereed to as stratification. According to Maskell (1992) the
presence of permanent stratification restricts turbulent eddies, thus drastically reducing vertical
mixing. This restricting effect is significant even at relatively low levels of stratification. The
extent of stratification and depth of stratification depends on the combination of the fluid exchange
and tidal range.
Simpson et al (1990) and Mercon (1990) also agreed that the presence of stratification reduces
mixing, which in turn could prevent the supply of oxygen from the surface to the bottom waters.
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This was suggested by Mercon (1990) as the major contributor to a massive fish kill in France,
where several tons of benthic fish and invertebrates (Conger-eels, Sea-Bass, shrimps, crabs, etc)
were killed within days. It was found that a steep and lasting stratification, which could have
prevented the supply of oxygen from the surface to the bottom waters, was present. Furthermore,
the generous input of nutrient supply and generous amount of light energy would have most likely
induced a phytoplankton (bacteria, algae and floating plants) bloom in the upper layers. As time
went by and the photoplankton settled, it was unable to photosynthesize and produce oxygen. Thus,
oxygen depletion may also have been due to the beginning of photoplankton cell decomposition.
To minimise water quality impacts of that future structures may have on the aquatic environment,
this thesis involved the development of new routines to calculate and simulate the flow dynamics
through a hydraulic structure connecting two (2) water bodies.

The hydraulic lock structure

routines were integrated into a commercially available hydrodynamic model, BFHYDRO (Muin
and Spaulding, 1996) allowing the user to simulate the complex flow in 2 and 3-dimensions. While
this study focused on an existing bi-directional hydraulic lock structure within the Nerang River
estuary (Gold Coast, Australia), the project outcomes are applicable to most estuarine/river systems
using this common form of control structure.

Figure 1.1: A side view diagram illustrating the movement of a gated hydraulic lock structure used
for flood mitigation.
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1.2

DESIGNING HYDRAULIC STRUCTURES

In most cases once the structural design of a hydraulic lock structure has been established, hydraulic
designers rely on simple formulations, existing literature and experience to asses how the structure
and its operations may affect the flow regime between the two systems connected. However, as
each waterbody and structure is unique, there is always a chance the design will differ from any
other observed condition, and thus fall outside the normal experience. Instead, with the recent
computational improvements and numerical developments of hydrodynamic models, a more robust
method would be that once a 2 or 3-dimensional numerical model has been established and
validated, the hydraulic designer then has access to computer simulation capability as a decision
support tool for simulating “what if” scenarios. In particular, the hydraulic designer may pre-assess
various design configurations, and compare changes in current flows, surface elevations, mixing
and flushing dynamics, before final design selection and construction. Figure 1.2 illustrates the
basic relationship between data collection, model calibration, validation, implementation of the
proposed hydraulic structure (and design alternatives if necessary), using computer simulation
technology.

1.3

HYDRODYNAMIC MODEL

As part of this project, a commercially available hydrodynamic model (BFHYDRO) was selected
and modified. BFHYDRO is a general curvilinear boundary-fitted model that forms WQMAP’s
(Water Quality Mapping Analysis Program) hydrodynamic component of a general water quality
and circulation model. Recent applications for the hydrodynamic model include Mount Hope Bay
(Swanson et al., 1998), the Providence River (Muin and Spaulding, 1997) and Bay of Fundy
(Sankaranarayanan and French, 2003).
BFHYDRO is used to generate tidal elevations, current velocities, salinity and temperature
distributions for rivers, estuaries or coastal embayments. The model solves a coupled system of
partial differential prognostic equations describing conservation of mass, momentum, salt and
temperature on a non-orthogonal boundary fitted curvilinear grid system, allowing the user to match
the model transformed co-ordinate system to the geometry of the water body. Muin and Spaulding
(1996, 1997) provided a detailed description of the governing equations, numerical solution
methodology, and detailed testing against analytic solutions for two and three dimensional flow
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problems. The salinity and temperature transport equations are solved by a simple and explicit
technique in the horizontal.

Figure 1.2: A relationship between data collection, model calibration, model validation,
implementation of the proposed hydraulic structure and trial design alternatives if necessary.

1.3.1

Calculating the flow through a hydraulic structure

To account for the inclusion of a hydraulic lock structure, it was necessary to develop a method and
mathematical routines and a new hydraulic structure cell within the model’s grid and computational
code, as part of this thesis. The hydraulic structure cell is a computational cell is based on the
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existing cell framework within the hydrodynamic model; however, the flow through the hydraulic
structure cells is calculated entirely from the local water level gradients on either side of the cell at
each time-step, and not prescribed. This is important for a tidally dominated system, since the
dynamics of the discharge through the structure is a function of time and dependent upon the timevarying nature of the head difference throughout the tidal cycle.

1.4

OBJECTIVES AND SCOPE

The objectives of this thesis were to develop a methodology and simulation tool examine the
influence that a hydraulic lock structure has on the flow regime and dynamics connecting two water
bodies such as an estuarine and freshwater system.

Further for documentation purposes, the

methodology and simulation tool were applied to an existing hydraulic lock structure, which
connects a tidally dominated estuarine system to a freshwater lake environment. Specifically, the
project involved the:
1. Analysis of long-term historic water quality data from the Gold Coast City Council;
2. Undertaking of a series of detailed field experiments to understand and quantify mixing around
the lock structure;
3. Close examination of the influence the lock structure has upon water quality;
4. Development of a method and integration of routines to model the influence of a bi-directional
hydraulic structure connecting two (2) water bodies;
5. Incorporation of the routines into a commercially available hydrodynamic model (BFHYDRO)
system to allow for the bi-directional flow (was only single and prescribed river flows);
6. Use of the detailed field measurements for the calibration and validation of the BFHYDRO
modelling system to quantify the effects of the hydraulic lock structures on water quality;
7. Documentation of procedures, which will enhance the capability of numerical models to be
used in similar applications.

Page 21.

This thesis also documents the application of the novel modelling techniques and new knowledge
on the influence of an existing bi-directional hydraulic lock structure on local water quality.
Further, this new modelling capability should provide managers with a reliable new decision
support tool to assess how these structures and their operations influence water circulation for
present and future operations within the region. The model can also be set up at other sites to preassess various design configurations by predicting changes in current flows, mixing and flushing
dynamics a design might achieve, before final selection and construction.

1.5

LAYOUT OF THE THESIS

All chapters and appendices are self contained with figure, table and equation numbering unique to
each. This thesis is based around two preprints (Chapters 2 & 4) and Chapter 6 has been submitted
for reviewers’ comments. Following the introduction in this chapter, the thesis includes:
Chapter 2: Introduces the study site, the hydraulic structure and closely examines the influence the
structure has upon water quality based on a detailed field study undertaken adjacent to
the hydraulic structure;
Chapter 3: A case study of the establishment and results of a two-dimensional (depth-averaged)
hydrodynamic model used to simulate circulation within the estuary. This chapter also
presents the results of surface elevation data gathered in various parts of the estuary for
calibrating and verifying the hydrodynamic model;
Chapter 4: A description of the method of modelling the influence of a hydraulic structure
connecting two (2) water bodies, developed as part of this thesis. In this chapter the
hydraulic structure cell was used to model the flow through the automated bidirectional hydraulic structure connecting an estuary to an artificial lake system;
Chapter 5: This chapter expands on the previous work in Chapters 2 & 4, by establishing and
validating a three-dimensional baroclinic hydrodynamic (salinity driven) model and
quantifying the exchange of salinity between the two systems.

Following the

validation process, the results from the existing configuration was compared with two
(2) hypothetical design alternatives and subsequently documented;
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Chapter 6: This chapter explored a practical and effective computer based learning strategy to
introduce and teach hydrodynamic and water quality modelling, to the next generation
of undergraduate engineering students. To enhance technology transfer a computer
based instructional (CBI) aid was specifically developed to assist with the setup,
execution and the analysis of models’ output, in small easy steps. The CBI aid
comprised of a HTML module with links to recorded Lotus Screen cam movie clips.
The strategy proved to be a useful and effective approach in assisting the students to
complete the project with minimum supervision, and acquire a basic understanding of
water quality modelling.
Chapter 7: An overview of the thesis conclusions and makes recommendations for future research;
Appendix A:

A CD-ROM with animations of the predicted 3-dimensional exchange between the

estuary and lake;
Appendix B:

A CD-ROM with the computer based instructional aid used to teach water quality
modelling to undergraduate students. This is the support material described in Chapter
6.
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CHAPTER 2 - MIXING BETWEEN TWO CANALS CONNECTED BY AN
AUTOMATED BI-DIRECTIONAL GATED STRUCTURE, GOLD COAST,
AUSTRALIA

*Sasha Zigic, Brian King and Charles Lemckert

ABSTRACT

Research was undertaken to examine the mixing and exchange of saltwater between a microtidal
estuary and a lake connected by an automated box culvert bi-directional gated structure. The gates
open 4 times each day and remain open for a period of 2 hours. They are programmed to open once
during each semi-diurnal tidal phase, thus allowing alternative and partial exchange between the
two water bodies. To determine the mixing dynamics, vertical profiles of temperature and salinity
were collected as water flowed from the lake into the estuary and vice versa. The profiles were
taken over a number of days and during various tidal ranges to examine the effect of tidal amplitude
on the mixing dynamics of the plume. The results showed that the structure permits the exchange of
saline and freshwater between the two systems, maintaining the lake system as a saline (brackish)
environment. It perpetuated a permanently stratified environment on both sides of the structure
under all tidal ranges examined.

*Printed in Estuarine, Coastal and Shelf Science Journal (2002), Volume 55, pages 59-66.
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2.1

INTRODUCTION

Man has exercised some degree of control over the tide since early times. The extent of control
may quite simply be to regulate river discharge preventing flooding of downstream settled lands.
Sometimes saline water is excluded from upper reaches by construction of a weir which imposes an
artificial tidal limit to the estuary (Kendrick 1993) switching the ecological conditions of the river
to a lake (Kiely, 1997).

A freshwater environment is usually present upstream, while the

downstream end is saline, with only the fresh water being able to flow over the structure during
high flow events. However, by introducing a bi-directional engineered structure the impact to the
aquatic system is reduced significantly. Although by permitting the interaction between freshwater
and saline water, this leads to a phenomenon known as density currents.
Gravity currents, sometimes called density currents or buoyancy currents, occur in both natural and
man-made situations. These currents are primarily horizontal flows and may be generated by a
density difference of only a few percent (Simpson, 1997). They occur in the ocean where the flow
is driven by salinity and/or temperature or as turbidity currents on the ocean floor, the density
difference being supplied by suspended particles (Simpson and Britter, 1979). In the atmosphere,
examples of density driven currents occur as sea-breeze fronts (Simpson et al., 1977) and thunderstorm outflows (Lawson, 1971; Hall et al., 1976).
Some of the earliest measurements of gravity currents were made in navigation canals near the coast
where exchanges of fresh and salt water always took place whenever the lock gate was opened. To
set up an experimental system a channel is temporarily divided into sections by a thin vertical
barrier. Fresh water is run into one segment and salt water into the other, and the levels are made
equal. As soon as the barrier is raised, the dense fluid starts to collapse and counter currents begin
to flow in opposite directions. These consist of a gravity current of less-dense fluid moving along
the surface and a dense current flowing beneath it in the other direction (Simpson, 1997). Many
experiments of this nature have been carried out both in canals (O’Brien & Cherno, 1934) and on a
smaller scale in the laboratory (Yih, 1980; Hacker et al., 1993), with their aim being to predict
progression speeds and dilution rates.
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This paper will present outcomes of a study used to investigate the mixing of water (i.e. salinity,
temperature and density) in the form of gravity currents, between two water bodies connected by an
automated bi-directional gate structure.

2.2

THE CONTROL STRUCTURE

The Burleigh Lake system and the Nerang River Estuary system on the Gold Coast, Australia are
connected by a bi-directional tidal exchange control system, referred to as "Structure C" (Figure
2.1). Structure C consists of four cell box culverts, which are each 3m in width, 3m in height and
11.4m in length (Figure 2.2). It was designed with the following requirements in mind (McNamara,
1988):
•

To permit the exchange of saline and freshwater between the Nerang river and Burleigh
lake systems;

•

To convert the lake system into a permanent brackish (salty) environment.

To achieve the above objectives the Structure C gates have been synchronized to open two hours
after each high and low tide at the Seaway (see Figure 2.1a.) for a period of two hours. When the
tide is flooding at the Seaway, water discharges from the Burleigh Lakes system downstream into
the Nerang River. When the tide is ebbing at the Seaway, water is discharged from the Nerang
River upstream into the Burleigh Lakes system. Hence, the exchange between the river and lake are
always opposite to the tidal currents ensuring the exchange of water between the systems does not
add to the tidal prism of the Nerang River. The tidal regime in the region is typically a semi-diurnal
mixed tide (with a mean of 1.8m tidal range), resulting in different forcing conditions on the
discharge strength and behaviour when the gates open.
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Figure 2.1: (a: Left) Location map of the control structure “Structure C”, and the extents of the
study area Gold Coast, Australia; (b: Right) Map showing the survey sites 0A – 8 downstream of
Structure ‘C’ and survey sites 2 – 7 upstream of Structure ‘C’.

Figure 2.2: Plan view of Structure ‘C’, with the radial flood gates located upstream of the Nerang
River system.
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2.2.1

Radial Gates

The water levels between the estuary and lake are controlled by radial gates, which are located on
the upstream side of the structure. Once the gates are initiated, the radial arms, which support a skin
plate assembly, lower into the water at a steady rate (Figure 2.3.). As the gates steadily lower they
initially act as a sharp crested weir, until they are at the same level as the culvert floor.
Consequently, the velocity of the flow is gradually increasing since the hydrostatic force maintained
by the gate, is now removed (free discharge). It is worth noting that when there is free discharge,
supercritical (rapid) flow of water occurs on the opposite side of the gate, producing turbulence and
mixing within the receiving waters.

GATES IN SHUT
POSITION

WATER LEVEL

GATE IN
OVERFLOW
POSITION

Figure 2.3: Shows the closed and opened position of the radial gates.

2.3

EXPERIMENTAL METHODS

To gain an overall view of the flow patterns under different forcing conditions, field programs were
carried out on six separate occasions, upstream and downstream of the lock structure (Figure 2.1b.).
However, only one for each section shall be shown in the paper, since the mixing behaviour was
found to be similar under all conditions studied. A Seabird SBE19 CTD was used to measure
conductivity (0 – 7 S/m with a resolution of ±0.0001 S/m), temperature (-5 – 35oC with a resolution
of ± 0.01) as a function of depth (0 – 60m with a resolution of 1cm) through the water column at
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various sites away from the lock. Surveys were conducted shortly before the gates opened to gain
an overview of the initial conditions. Following gate opening, longitudinal surveys continued at
stations along the receiving environment.

2.4

RESULTS

2.4.1

Downstream field data

Along river transects of vertical CTD profiles were collected between 11:00 and 17:30 on the 22nd
July, 1998, downstream from Structure C. During this time profiles were collected before, during
and after the 2 hour plume discharge (between 15:00 and 17:12 hrs). A low tide of 0.04m occurred
at 12:55, and a high tide of 1.69m followed at 19:45as shown by the tidal phase illustration in
Figure 2.4. Transect profiles were contoured to give vertical salinity, temperature and density
pictures of the river structure. During each of the field programs, temperature was measured in the
river and lake and it was found to only vary by 1oC, with salinity controlling the buoyancy.
The first series of profiles were collected over the first kilometer stretch of river adjacent to
Structure C, less than 1 hour prior to opening. The contours of salinity for this transect are given in
Figure 2.4a. From the 2 hour discharge, which occurred 9 hours prior to the field program a
stratified water column still remained. The buoyancy of the plume water from previous Structure C
openings created a stratified water column over the distance measured during this transect and that
the plume water had not mixed during the ebbing and flooding tides, which occurred since its
discharge.
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Figure 2.4: The salinity distribution plots of the river from “Structure C” as measured by the CTD
on the 22nd July, 1998 (a) between sites 0a and 3, 1 hour prior to discharge; (b) between sites 0a
and 3, after 30 minutes of continuous discharge; (c) between sites 0a and 8, after 1.75hrs of
continuous discharge (distribution interval 0.5 psu). The insert (top - right) shows a time-series
plot of the tidal phasing of the Seaway and the Burleigh Lakes System. Note the letters below the xaxis represent the measurement sequence.
At 15:00 hours the gates of Structure C opened and began discharging water from the Burleigh
Lakes system into the Nerang River. During this time a third transect up the river was undertaken
within the first half-hour of opening and the contoured salinity profile from this transect are shown
in Figure 2.4b. The tide was starting to flood at this time, therefore acting against the discharge of
the buoyant plume. The minimum salinity recorded at this time was just over 23.5 psu. A CTD
cast on the lakeside of the structure showed a salinity level of 23.2 psu.
When comparing Figure 2.4b with Figure 2.4a, it is apparent that the 23.5 psu line had been pushed
further downstream after opening. Figure 2.4b also shows that due to the discharge the turbulence
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of the plume discharge was able to modify the near field (<200m) stratification which existed prior
to opening, as demonstrated by the presence of 24 psu water throughout the water column at the
discharge point. Furthermore, at distances beyond the reach of the turbulent discharge jet (>100m),
the buoyancy forces dominated and the buoyant plume lifted off the bed about 200m downstream of
the discharge point.
Figure 2.4c is the salinity profile of the river at 16:45 (approximately 1.75 hours of continous
discharge). This figure shows that the discharged plume extended 1.0 km downstream based on the
23.5psu isohaline. The pycnocline was observed at about 1.5 to 2.0 m below the surface. Hence,
the water column throughout this section of river is stratified by the discharge plume.
The results on the 22nd July 1998 revealed that the discharged lake water had a marked effect on
stratification on the water column up to 3.5 km downstream of the Structure C discharge point.
Even though there was an ebb and flood tide to follow, the currents in the section of the river were
not strong enough to breakdown the stratification layers created by the lighter lake water discharged
through the lock structure, thus, creating a permanent highly stratified environment.
To better understand the large-scale mixing of the waters entering the Nerang River, vertical CTD
profiles along the the entire river were collected at the peak of an average high tide at 09:00, on the
8th September, 1998. The along river transect covered a 21 km stretch along the main river, each
profiling station being approximately 3 kms apart. The transect mapped the salinities within the
river from the southern part of the Broadwater to 20km (Figure 2.1a). The upstream extreme of this
survey was chosen (Figure 2.5), since a weir across the river at this point defines the tidal limit of
the Nerang River. The transect profiles were contoured and plotted to give vertical salinity,
temperature and density pictures of the river structure (Figure 2.5).
The survey of the Nerang River revealed that the river itself is typically an estuarine environment
and a gradient in the salinity along the river exists. Its upstream extreme is typically a freshwater or
low salinity environment as low as 6 psu at the tidal limit. At the downstream end of the Nerang
River salinities are close to coastal oceanic levels (35psu).

Page 32.

0

Depth (m)

-1
-2
-3
-4
-5
-6
0

2

4

6

8

10

12

14

16

18

20

Distance Downstream (km)
Figure 2.5: A salinity distribution plot along the Nerang River at the peak of an average high tide
at 09:00, on the 8th September, 1998. Low tide was at 03:18 (0.13m) and high tide was at 09:26
(1.40m) Distance is measured from the upstream tidal limit which is a weir just upstream of the
Pacific Highway crossing to the southern part of the Broadwater near Southport.
Figure 2.5 also shows that the Nerang River was vertically well mixed at this time with little
evidence of stratification. Hence, the tidal currents would seem to be sufficiently strong throughout
the main river system to ensure vertical mixing at all stations, even upstream past the shallow
sections. Indeed, the distance from the mouth of the river to Structure C is 5 km shorter in length
from the mouth of the river to the tidal limit. Hence, this data shows that the stratification found
near Structure C was due to the specific discharge characteristics of Structure C and not related to
the loss of tidal energy.

2.4.2

Upstream field data

A transect of vertical CTD profiles were collected between 10:00 and 13:15 on the 27th October,
1999, within the Burleigh Lakes system. During this time, profiles were collected before, during
and after the 2 hour plume discharge (10:40 and 12:52 hours). A high tide of 1.62m occurred at
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09:49, and a low tide of 0.02m occurred at 16:06. Top of Figure 2.6 is an example of the tidal
phasing during the discharge from the river into the lake.
The first series of profiles were collected approximately 30 minutes prior to opening, which was 9.5
hours after the previous discharge from the Nerang River through Structure C. The salinity profiles
were contoured with the results shown in Figure 2.6a. The salinity levels range from 13.05 to 15.2
psu, showing a highly stratified system, with most of the channel showing salinity levels less than
13.5 psu. A CTD cast on the riverside of the structure showed a salinity level of 13.2 psu.
At 10:40 hours the gates of Structure C opened and began discharging water from the Nerang River
into the Burleigh Lakes system. During this time a second transect up the lake was undertaken and
a salinity profile of the lake was contoured and is shown in Figure 2.6b. Figure 2.6b shows the river
water entering the lake and pushing the receiving water ahead of itself, further upstream (as seen
with the 13.5 isohaline), lifted from the bottom and advected further upstream. The salinity range
had not changed, although structure within the cross section had.

Figures 2.6 (c, d & e) show the change in the salinity profiles over time collected between 11:10
and 12:12 hours. The salinity range increased slightly, however, there was a greater volume of
water inside the lake which is more saline. The higher salinity river water continued to push the
receiving water ahead of itself until it sunk due to its higher salt content. Figure 2.6 (d) shows how
a salt tongue was created by the interface between the heavier river water and lighter lake water.
At 12:30 hrs the radial flood gates from Structure C, had closed, thus cutting off the flow to the
Burleigh Lakes system. Subsequently, a final CTD transect was carried out into the lake and the
salinity distribution is shown in Figure 2.6 (f). The salinity of the water that had flowed through the
lock was 16.7 psu by this stage. Also note that the 13.5 psu isohaline in Figure 2.6 (d,e,f) was
measured at 600, 540 and 470 m, respectively, from the discharge point. Thus, in the absence of a
discharge, Figure 2.6 (f) shows the lake water advected back towards Structure ‘C’ after closure as
the recently discharged river water continued to sink under the lake water away from the discharge
point due to buoyancy currents.
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Figure 2.6: (a - f) Show the salinity distributions within the Burleigh Lakes System upstream of
‘Structure C’ as measured by the CTD on the 27th October, 1999, between sites 2 and 7
(distribution interval 0.5psu). The insert (top) shows a time-series plot of the tidal phasing of the
Seaway and the Burleigh Lakes System. Note the letters below the x-axis represent the measurement
sequence.
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2.5

LONG TERM SALINITY FLUCTUATIONS OF THE BURLEIGH LAKES SYSTEM

As stated in the introduction, one of the pre-design aims of the structure (McNamara, 1988) was for
the structure to allow the exchange of the saline water between the Burleigh Lakes System and
Nerang estuarine system. To determine whether this pre-design aim has been met, quarterly salinity
levels measured in the Burleigh Lakes system for the past 8 years were graphed against rainfall and
examined (refer to Figure 2.7). The graph shows that the salinity ranges from 5 psu to 22 psu
(GCCC, 1996) and the respective rainfall data. This verifies that the Burleigh Lakes system is
maintained as a brackish (salty) environment. The lower salinity values could be attributed to a
downpour of fresh water from rainfall events.

Figure 2.7: Salinity levels and mean rainfall data for the Burleigh Lakes system, between the 22nd
January 1992 till 13th March 2000. Note a moving average of the previous 90-days was carried out
for the rainfall data, to show the amount of rain prior to each sampling time.
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2.6

CONCLUSION

In this paper we have presented our observations of the salinity profiles of the receiving water for
both sides of the bi-directional lock structure, before, during and after a discharge event. The
profiles were taken over a number of days and during various tidal ranges to examine the effect of
tidal amplitude on the mixing dynamics of the plume. The field data and long-term water quality
data confirmed that the structure did successfully meet the pre-design aim of permitting the
exchange of saline and freshwater between the two systems, thus maintaining a permanent brackish
environment within the isolated lake.
Our observations of the fate of downstream discharges revealed that the discharged lake water had a
marked effect on stratification on the water column several kilometers downstream of the Structure
C discharge point. Further, this stratification was observed to persist after the discharge had ceased,
even though the river is influenced by tidal mixing. Hence, the tidal currents in this section of the
river were not strong enough to breakdown the stratification layers created by the lighter lake water
discharged through the lock structure, thus, creating a permanent highly stratified water column.
The lake remained a saline environment due to the inflow of saltier estuarine water discharged into
the lake during each tidal cycle. Hence, the estuarine water acted as a negatively buoyant plume,
which sinks to the bottom of the lake. Alternatively, the field data within the Nerang River showed
that lake water discharged to the estuarine side of the structure had a lower salt content than the
near-field receiving waters. Hence, behaving like a positively buoyant discharge plume, which
spreads as an unmixed surface layer.
The long-term salinity data collected within the lake, showed a variance in the salinity fluctuations
between January, 1992 – January 1997. This may have been due to the addition of artificial lakes to
the system in the earlier years. Hence, more water mass to be diluted, and or due to changing
rainfall patterns later in the data set. To have a better understanding of the variability and the longterm implications (if any), further monitoring of these systems is required. Alternatively, such
long-term scenarios can be examined with good field data to calibrate a numerical model to
determine the relationship between the Nerang River and Burleigh Lake System.
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CHAPTER 3 - A TWO-DIMENSIONAL TIDAL CIRCULATION MODEL OF THE
NERANG RIVER ESTUARY

ABSTRACT
A two-dimensional (depth-averaged) boundary fitted hydrodynamic model was developed to
simulate the circulation within the Nerang River estuary, the largest and most significant river and
estuarine system on the Gold Coast, Australia. Model calibration was performed against surface
elevation data measured in various parts of the estuary. As would be expected for a shallow
estuarine system (average depth 2.9 m), such as the Nerang River, the bottom friction parameter
was most influential in the resulting hydrodynamics of the system. Small values of the bottom
friction produced a propagating wave up the estuary with strong tidal currents; larger values
impeded the tidal currents through the estuary. The optimal quadratic bottom friction coefficient
was 0.007, showing a good agreement (RMS error <0.06), quantifying the models ability to
reproduce the propagating wave through a complex, narrow, multi-branched water body.
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3.1

INTRODUCTION

The Nerang River estuary is the largest and most significant river and estuarine system within the
Gold Coast, Australia, linking numerous man-made canal and lake environments (Figure 3.1). The
artificial canals and lake systems are the most extensive in Queensland, Australia, and consist
mostly of narrow, multi-branched tidal inlets developed as residential areas. These systems provide
opportunities for recreation, boating, swimming and angling (Thomas, 1997).
The Nerang River estuary has a water surface area of approximately 11 km2, 154 km in length and
has a catchment area of 500 km2, which drains native rural, industrial and residential lands. The
estuary is typically shallow with an average depth of 2.9 m. The Nerang River is connected to the
ocean (and hence tidal forcing conditions prevail) through a man-made seaway (refer to Figure 3.1)
with a mean tidal range of 1.2 m at the mouth and 0.72 m in the lower estuarine region (Moreton
1989). The tides are of a semi-diurnal mixed nature, with M2, S2, K1, N2 and O1 being the most
dominant tidal constituents (Zigic et al., 2002).
In the present study, a two-dimensional (depth-averaged) hydrodynamic model was developed to
simulate the complex tidal current pattern through the estuary. The study area (refer to Figure 3.1)
extends from Runaway Bay in the north to Structure C (an automated bi-directional hydraulic
structure) in the south. Although, in reality, Structure C connects the Nerang River estuary and the
Burleigh Lakes system and allows water to be exchanged between the two systems (see Chapter 2),
it was assumed as part of the study that the structure is permanently closed, and is the extent of the
southern tidal prism.
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Figure 3.1: Location map for the Nerang River estuary study area, with the tidal limit up until
Structure C. The blue triangle icons denote the location of the tide gauges used to calibrate and
verify the hydrodynamic model.

3.2

FIELD INVESTIGATIONS

During 1998, surface elevation data was gathered in various parts of the estuary for calibrating and
verifying the hydrodynamic model. Tide gauge pressure sensors were deployed, sampling at 15minute intervals. Figure 3.1 shows the location of tide gauges within the estuary, as denoted by the
blue triangle icons. Table 3.1 shows deployment times and lengths for each site. Table 3.2 shows
the maximum and average measured tidal range.
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Table 3.1: Deployment times and lengths for surface elevation measurements in the Nerang
River estuary
Location

Date Deployed

Time (Days)

Benowa

14 March 1998

52

Cypress

14 March 1998

62

Carrara

18 April 1998

196

Mermaid

21 July 1998

103

*

Note: battery life and fouling restricted the deployment period, thus creating gaps in the time series data.

Table 3.2: Maximum and average tidal range for each site in the Nerang River estuary
Location

Maximum tidal range (m)

Average tidal range (m)

Benowa

1.43

1.19

Cypress

1.26

1.02

Carrara

1.38

1.08

Mermaid

1.34

1.04

The tidal signal from the measured time-series data was determined through convolution with a
high pass filter (Godin 1972). Using a 96-hour running average which is convolved over the time
series, the filter removed low frequency signals usually set up by winds, solar heating or river
runoff, while the higher frequency signals such as the tides themselves remained (Foreman et al.,
1995). Figures 3.2 – 3.5 show samples of the raw and filtered surface elevation data for each of the
tide gauge sites. Harmonic analysis was also undertaken as specified by Foreman (1978), to isolate
the tidal constituents and phases from the measured surface elevation data. Once completed, it was
relatively simple to construct a new time series comprising of only tides. Table 3.3 shows the results
of these calculations for the 17 major constituents for each site.
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Figure 3.2: Raw and filtered surface elevation data at Benowa, 26th March – 28th April, 1998.

Figure 3.3: Raw and filtered surface elevation data at Carrara, 23rd April – 21st May, 1998.
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Figure 3.4: Raw and filtered surface elevation data at Cypress, 26th March – 28th April, 1998.

Figure 3.5: Raw and filtered surface elevation data at Mermaid, 26th July – 22th August, 1998.
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Table 3.3: Observed amplitudes and phases of the 17 major tidal constituents for each site.
Note phases are in local time.
Cypress

Benowa

Carrara

Mermaid

Amp

Phase

Amp

Phase

Amp

Phase

Amp

Phase

(m)

(deg)

(m)

(deg)

(m)

(deg)

(m)

(deg)

SSA

0.029

129.1

0.030

129.0

0.0294

128.9

0.029

128.5

MSF

0.014

19.6

0.014

19.6

0.0134

19.8

0.013

20.7

Q1

0.019

112.1

0.019

114.1

0.0189

115.8

0.018

123.4

O1

0.093

134.5

0.093

136.2

0.0917

137.7

0.089

144.5

P1

0.047

175.5

0.047

177.7

0.0469

179.9

0.046

188.1

S1

0.002

209.3

0.002

210.0

0.0018

204.8

0.002

209.8

K1

0.152

179.5

0.152

181.6

0.1510

183.6

0.146

191.0

2N2

0.008

241.0

0.008

245.4

0.0072

248.1

0.006

257.4

MU2

0.017

20.2

0.019

21.2

0.0201

26.2

0.022

39.8

N2

0.070

278.7

0.070

282.6

0.0693

286.4

0.063

298.4

M2

0.378

286.8

0.380

290.1

0.3766

293.5

0.346

304.1

L2

0.026

277.3

0.027

278.1

0.0277

280.4

0.028

288.5

T2

0.005

316.5

0.005

319.5

0.0045

323.5

0.004

337.8

S2

0.090

314.9

0.091

319.2

0.0892

323.7

0.080

337.0

K2

0.027

305.9

0.026

309.8

0.0259

314.4

0.023

326.3

M4

0.019

172.9

0.022

178.2

0.0256

184.1

0.023

203.0

MS4

0.009

196.0

0.011

202.5

0.0124

210.4

0.011

232.5

Constituent

3.3

HYDRODYNAMIC MODEL

To simulate tidal circulation through such a complex estuary, a two-dimensional (depth - averaged)
boundary fitted hydrodynamic model (BFHYDRO) was selected. Recent applications of the model
included Mount Hope Bay (Swanson et al., 1998), the Providence River (Muin and Spaulding,
1997) and San Francisco Bay (Sankaranarayanan and French, 2003).

BFHYDRO solves the

conservation of mass, momentum, salt and temperature on a non-orthogonal boundary fitted
curvilinear grid system (Muin & Spaulding 1996, 1997; Spaulding et al., 1999; Sankaranarayanan
& Spaulding 2003). This gridding scheme allows the user to generate a grid to match the geometry
of the water body, as well as spatial optimization of the grid resolution. The boundary-fitted
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gridding technique was proved to be advantageous to this study, due to the geometrically complex
nature of the water body. Since tidal circulation is of primary importance, baroclinic effects are
neglected.

The two-dimensional depth-averaged shallow water hydrodynamic equations in

spherical co-ordinates can be written as:
Depth-averaged continuity equation:

∂ζ
1 ∂UD 1∂VD VD
+
+
−
tan φ = 0
∂t R cos θ ∂φ
R∂θ
R

(1)

Momentum equation in φ -direction:

∂UD
1 ∂UUD 1 ∂UVD UVD
gD ∂ζ τ sθ − τ bφ
+
+
−
tan φ − fVD =
+
∂t
R cos θ ∂φ
R ∂θ
R
R cos θ ∂φ
ρο

(2)

Momentum equation in θ -direction

∂VD
1 ∂UVD 1 ∂VVD UUD
gD ∂ζ τ sθ − τ bφ
+
+
−
tan φ − fUD =
+
∂t
R cos θ ∂φ
R ∂θ
R
R cos θ ∂φ
ρο

(3)

where φ is the longitude (positive east), θ is the latitude (positive north), R is the radius of earth,
U and V are the depth-averaged velocities in ( φ , θ ) directions respectively; f is the Coriolis
parameter g is gravity, ζ is the surface elevation, D is the total depth, ρο is the density of water,

τ s and τ b are surface and bottom stresses respectively expressed using quadratic laws.
τ sφ = ρ a csWφ Wφ2 + Wθ2

τ sθ = ρ a csWθ Wφ2 + Wθ2

(4)

τ bφ = ρ o cdU U 2 + V 2

τ bθ = ρ o cdV U 2 + V 2

(5)

where Wφ and Wθ is the wind speed in φ and θ directions, respectively; ρ a is the density of air;

ρ o density of water; Cs and Cd drag coefficients at the surface and the bottom, respectively.
Equations 1 – 3 are transformed onto the non-orthogonal co-ordinate system in the horizontal plane.
The fully transformed equations are given in Muin and Spaulding (1996).
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3.4

MODEL CONFIGURATION

The model domain extends from Runaway Bay in the north to Structure C in the south (refer to
Figure 3.6) and included the Burleigh Lakes System, which will be modeled at a later stage (see
Chapter 4). The grid consists of 5134 active computational water cells, and as shown in Figure 3.6,
the size of the grid cells ranged from 10 m in the southern canals to a much coarser resolution in the
northern limits (between 150 m to 200 m), closer to the open boundaries at the Seaway and
Runaway Bay. Gridding the Nerang River proved an arduous task, due to the numerous canal
systems and complex geometry. The benefits of using a boundary-fitted gridding technique for this
complex water body was its ability to follow the complex shapes of the various waterways, ensuring
the most accurate representation of the geometries of the system to the model.
Bathymetric data for the entire study site was sourced from the Gold Coast City Council
Hydrographic Department with a 6-metre resolution. Detail of the bathymetry data for the entire
estuary is shown in Figure 3.7. The estuary consists of sand bars at the mouth and is typically < 3
metres. However, notable exceptions are two (2) deep holes of approximately 15 metres in the
southern part of the estuary.
The model was forced by a time series file, constructed from twenty (20) major tidal constituents at
the Seaway and Runaway Bay observed by the National Tidal Facility. Table 3.4 shows the
amplitudes and phases of the different tidal constituents at the Seaway and Runaway Bay.
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Figure 3.6: (top) Boundary-fitted model grid for the entire study area; (bottom) Zoomed in view of
the boundary fitted grid around the deployed tide gauges
Page 48.

Figure 3.7: (top) Bathymetric data for the entire study area; (bottom) Zoomed-in view of the
bathymetry data in the southern reaches.
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Table 3.4: Observed amplitudes and phases of the different tidal constituents at the Seaway
and Runaway Bay
Seaway
Constituent

Runaway Bay

Amp (m)

Phases (deg)

Amp (m)

Phases (deg)

K1

0.178

145.3

0.165

160

O1

0.101

104.6

0.101

119.1

M2

0.512

237.1

0.392

258.9

P1

0.054

139.4

0.049

158.8

S2

0.145

256.5

0.1

283.3

Q1

0.021

76.2

0.023

93.9

K2

0.044

248.8

0.031

277

N2

0.105

224.1

0.073

244.5

SA

0.047

43.2

0.031

106.8

SSA

0.003

109.1

0.033

126.6

MSF

0.003

268.3

0.026

57

S1

0.003

54.2

0.003

114.9

NU2

0.021

224.1

0.019

232.8

L2

0.018

252.7

0.022

274.1

2N2

0.018

208.1

0.003

302.5

MU2

0.015

221.6

0.007

317.5

T2

0.009

267.7

0.006

248.7

M4

0.008

171.6

0.015

61.2

MS4

0.004

199.4

0.009

95.8

2MS6

0.003

63.5

0.005

105.7

3.5

RESULTS

3.5.1

Model Calibration

Following the model setup, BFHYDRO was calibrated against surface elevation data measured
during March – May 1998. As would be expected for a shallow estuarine system such as the
Nerang River, bottom frictional effects played an important role in simulating the hydrodynamics of
the system. Extensive sensitivity analysis of the quadratic bottom friction confirmed this belief, and
the model-predicted currents were found to be highly sensitive to the changes. It was observed that
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small values of the quadratic bottom (<0.001) produced a fast propagating wave up the estuary with
strong tidal currents; larger values (>0.01) impeded the tidal currents through the estuary. The
quadratic bottom friction of 0.007 produced the correct phase propagation of the tidal wave. A
comparison of the phase and amplitudes produced by the model to measured surface elevation data
collected at Benowa, Carrara and Cypress are shown in Figures 3.8 – 3.10, respectively. The semidiurnal mixed tide and spring and neap tidal cycles were well reproduced in the model at all three
(3) stations. Note the Mermaid station was not used as part of the calibration process, since the
surface elevation data was not measured during this period.

Figure 3.8: Comparison of measured and predicted surface elevations at Benowa between 26th
March – 28th April 1998.
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Figure 3.9: Comparison of measured and predicted surface elevations at Carrara between 23rd
April – 21st May 1998.

Figure 3.10: Comparison of measured and predicted surface elevations at Cypress between 26th
March – 28th April 1998.
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A quantitative assessment of the model’s performance was provided using the root mean square
(RMS) error and linear regression coefficient. Table 3.5 shows the statistical evaluation of the
models performance. Results are similar at all three (3) stations, although a maximum RMS error
of 0.098 and lowest linear regression coefficient of 0.927 of the local tidal range occurs at Carrara.
These measures indicated a high predictive performance for the model

Table 3.5: Statistical evaluation of the models performance compared to measured surface
elevations

3.5.2

Station

RMS Error

Liner Regression Coefficient

Benowa

0.083

0.959

Cypress

0.075

0.967

Carrara

0.098

0.927

Model Validation

Following the calibration process, the model was verified using surface elevation data for Carrara
and Mermaid collected during July – August 1998. Figure 3.11 shows a snapshot of the modelpredicted currents for the flood and ebb events.
The model-predicted surface elevations were compared with the measured surface elevations shown
in Figures 3.12 and 3.13. Statistically, the RMS error for Mermaid and Carrara were 0.069 and
0.061 respectively; while the linear regression coefficients for Mermaid and Carrara were 0.950 and
0.975 respectively. The model was capable of simulating the propagating wave from the mouth of
the estuary and meandering through complex, narrow, multi-branched artificial canal systems to
reach each station.
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Figure 3.11: Model predicted currents near the vicinity of the deployed tide gauges during: (top)
peak ebb tide; (bottom) peak flood tide.
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Figure 3.12: Comparison of measured and predicted surface elevations at Carrara between 26th
July – 22 August 1998.

Figure 3.13: Comparison of measured and predicted surface elevations at Mermaid between 26th
July – 22 August 1998.
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3.6

CONCLUSION

A field study was undertaken to collect surface elevation data within the Nerang River estuary. The
data was used to calibrate and validate a two-dimensional (depth-averaged) model. Due to the
shallowness of the estuary, extensive sensitivity testing was undertaken to determine the appropriate
quadratic bottom friction using measured surface elevation data at points located towards the west
of the estuary. Having calibrated the model, it was verified against measured surface elevation data
in both the western and southern reaches of the estuary. In both cases the model reproduced the
currents through a highly complex water body.
Finally, having been verified for the Nerang River estuary, the model will be employed to simulate
the flow between the estuary and Burleigh Lakes system, connected by an automated bi-directional
hydraulic structure (Structure C). This application is described in Chapter 4.

3.7
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CHAPTER 4 - MODELLING THE TWO-DIMENSIONAL FLOW BETWEEN AN
ESTUARY AND LAKE CONNECTED BY A BI-DIRECTIONAL HYDRAULIC
STRUCTURE

*Sasha Zigic, Brian King and Charles Lemckert

ABSTRACT
A method to model the influence of a hydraulic structure connecting two water bodies is presented.
This method was incorporated into an existing two-dimensional (depth-averaged) hydrodynamic
model. Specifically, the flow in and out of a cell (used to represent the hydraulic structure) is
calculated using a broad crested weir formula and is determined from the time-varying head
difference between the two systems. An example application of the method is also presented. In
this example the hydraulic structure cell was used to model the flow through an automated bidirectional hydraulic structure connecting an estuary to an artificial lake system. The gates of this
hydraulic structure are programmed to open four times each day (once during each semi-diurnal
tidal phase) and remain open for a period of 2 hours, allowing alternative and partial exchange
between the two water bodies. Hence, the model setup involved the specification of the opening and
closing times of the gates and the calibration of the discharge coefficient. Tests indicated that these
were the most sensitive parameters which ensured the correct volume of water exchange between
the two systems. Finally, the model-predicted results were compared with available surface
elevation observations at two sites within the lake. The comparison showed a good agreement
(RMS error <0.09), quantifying the ability of the hydraulic structure cells to simulate the flux
between the estuary and lake for each opening.

*Accepted (November 2004) and in press in Estuarine, Coastal and Shelf Science Journal.
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4.1

INTRODUCTION

In 1988 an automated bi-directional hydraulic structure (referred to as Structure C) was constructed
across the Nerang River to connect this tidal estuary to the Burleigh Lakes system, Gold Coast,
Australia (Figure 4.1). The principal design aim of the structure was to confine the extent of the
tidal exchange with the lakes in order to limit the downstream tidal velocities in the estuary, thus
minimising the likelihood of bank erosion. The secondary design aim was to permit the exchange
of saline and freshwater between the estuary and lake system, converting the lake to a brackish
(salty) environment. In order to achieve both objectives, it was necessary to install a controlled
gated structure which would permit the flow of water to and from the lake, out of phase with the
tidal movement in the estuary.
A detailed field study had previously been undertaken (see Zigic et al 2002) adjacent to the
hydraulic structure. Salinity profiles were taken over a number of days and during various tidal
ranges to examine the effect of tidal amplitude on the mixing dynamics and exchange of water
between the systems. The results showed that the structure permitted the exchange of estuarine and
lake waters during each tidal cycle, inturn maintaining a permanent brackish environment within the
isolated lake system, confirming that Structure C successfully met the secondary pre-design aim.
The following paper presents the development, testing and application of a two-dimensional (depthaveraged) numerical hydrodynamic model, used to simulate the inclusion of the hydraulic structure
and the complex exchange of water between the estuary and lake. This is then followed by a
comparison between the model-predicted results to available observations within the lake. This
new model capability should provide managers with a reliable new tool to assess how these
structures and their operations influence water circulation. The model can also be set up for other
sites to pre-assess various design configurations, by predicting the change in current flows, mixing
and flushing dynamics a design might achieve, before final selection and construction.
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Figure 4.1: (a: Top Right) Location map; (b: Left) Extent of the study area, Gold Coast, Australia
and the location of the hydraulic structure. The triangle icons show the location of the tide gauges
used as part of the estuary model calibration/validation; (c: Bottom Right) The seven
interconnected artifically constructed lakes forming the Burleigh Lakes system and the location of
the tide gauges used as part of this study (denoted by a black triangle). Also shown is the boundary
fitted grid used for the modelling and the inset shows a close up view of the grid adjacent to the
structure.

4.2

STUDY SITE

The Nerang River estuary has a water surface area of approximately 10.96 km2 and is the largest
and most significant river system of the Gold Coast City, Australia. It is approximately 154 km in
length and has a catchment of 500 km2, which drains native, rural, industrial and residential lands.
The estuary is typically shallow with an average depth of 2.9 m. The Nerang River is connected to
the ocean (and hence tidal forcing conditions prevail) through a man-made seaway (refer to Figure
4.1b), and has a mean tidal range of 1.2 m at the mouth. The tides are of a semi-diurnal mixed
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nature, with the M2, S2, K1, N2 and O1 being the most dominant tidal constituents (Zigic et al.,
2002).
The lower estuarine region of the Nerang River has been substantially altered with the dredging of
navigation channels and the introduction of various structures (i.e. bridges, culverts, weirs, locks
and floodgates) as well as the reclaimation of intertidal land and excavation of canals. This region
of the estuary and its associated canal developments are exclusively for residential housing, with a
mean tidal range varying from 0.76 to 0.84 m dependent upon the canal location (Morton, 1989).
The southern-most branch of the estuary (approximately 18.5 km from the entrance at the Seaway)
is connected, via Structure C, to an artificial lakes system referred to as the Burleigh Lakes system.
The Burleigh Lakes system incoporates seven (7) interconnected artificially constructed lakes, with
a combined surface area of approximately 1.88 km2 (refer to Figure 4.1b). Depths within the
Burleigh Lakes are typically 3.9 m, with two (2) notable exceptions, being a deep hole (depth of 25
m); and under bridges, where depths reduce to less than 1.5 m. The exchange of saltwater in and
freshwater out of the lakes system is through Structure C.

4.3

HYDRAULIC STRUCTURE

Structure C consists of four (4) box-cell culverts, each 3 m in width, 3 m in height and 11 m in
length (see Figure 4.2). Controlling the flow of water between the estuary and lake are four (4) 3 m
by 3 m radial gates located on the lakeside of the culverts, each supporting a skin plate assembly
used to separate the two (2) water bodies. Upon activation, the radial arms supporting the skin plate
assembly lower into the water at a steady rate until it no longer interferes with the flow. This causes
the water to contract as it is drawn through the box culverts, due to the water level difference
between the two water bodies. Consequently, the resultant head difference between the two (2)
systems is converted into kinetic energy since the hydrostatic force maintained by the gate, is now
removed (free discharge). Depending on the head difference, supercritical (rapid) flow of water can
occur after opening the gate, producing turbulence and mixing with the receiving waters. Figure 2b
is a schematic diagram illustrating the movement of the radial gates before and after opening is
initiated.
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The opening and closing of the radial gates was designed to be synchronized with the rise and fall
of the tide at the mouth of the estuary (the Seaway), allowing the level, salinity and quantity of
water within the lakes to be maintained relative to the tidal movements of the estuary. To account
for the phase lags, the gates are programmed to open forty five minutes after high tide at the
Seaway, and remain open for a period of two hours and twelve minutes. Subsequently, the estuarine
water flows into the lake, whereupon it partially mixes with the lake water. However, to allow the
estuarine/lake water mixture to drain out into the estuary, the gates are programmed to open onehour and forty-five minutes before low tide at the Seaway, for a period of two hours and twelve
minutes. At the end of each cycle the radial arms raise the skin plate, preventing any further
discharge. The open/closure time per gate is approximately four (4) minutes, giving a total opening
and closing time of twelve (12) minutes. The gates open and close in sequence from right to left
(Figure 4.2c).

Figure 4.2: (a) Plan view of the hydraulic structure controlling the flow between the Nerang River
Estuary and Burleigh Lakes system; (b) a side view diagram illustrating the movement of the radial
gates; and (c) front view showing the radial gates.in the closed position.
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4.4

FIELD DATA

Surface elevation data where collected between the 6-19 April 2002, at two (2) sites within the
Burleigh Lakes system, for verifying the hydrodynamic model and quantifying the exchange
between the estuary and the lake (refer to Figure 4.1c). Two (2) Greenspan CTD 350 recorders
measuring temperature, conductivity and depth (pressure) at 3 minute intervals, were placed
approximately 150 m (referred to as Weir) and 2200m (referred to as Lake Orr) upstream of the
structure. Figure 4.3 shows the measured surface elevation data between 6 – 19 April 2002, for
each of the two (2) sites. The observed data was referenced to AHD (Australian Height Datum). It
should be noted that during the deployment period, no rain or freshwater run-off from nearby
catchments or stormwater drains entered the lake. Thus, the measured surface elevation changes are
principally due to the water exchange through Structure C between the estuary and lake.

Figure 4.3. (a) Measured surface elevation graph between 6 – 19 April 2002, for each of the two (2)
upstream sites; & (b) Detailed view of the measured surface elevation data at these sites between
the 13-15 April 2002.
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During the fourteen (14) day observation period, the radial gates were initiated (opened/closed)
forty-three (43) times to allow water to enter and exit the lake. The minimum and maximum water
level changes within the lake were between 7.2 and 22 cm, respectively. This equates to 135,360
and 413,600 m3 of water entering the lake over the 2 hour 12 minute discharge period. It should be
noted that when filled to 0.0 m AHD the lake holds a total of 73,320,000 m3 water. Figure 4.3b
shows a two (2) day window (April 13-15th 2002) of the measured surface elevation data and that
the water level response times between the Weir and Lake Orr tide gauges are minimal (< 3
minutes).

4.5

MODEL DESCRIPTION

To simulate the flow between the two (2) bodies of water, a two-dimensional (depth - averaged)
hydrodynamic model (BFHYDRO) was selected. BFHYDRO is a general curvilinear boundaryfitted model that forms WQMAP’s (Water Quality Mapping Analysis Program) hydrodynamic
component of a general water quality and circulation model. Some recent applications for the
hydrodynamic model include Mount Hope Bay (Swanson et al., 1998), the Providence River (Muin
and Spaulding, 1997) and San Francisco Bay (Sankaranarayanan and French, 2003)
BFHYDRO is used to generate tidal elevations, current velocities, salinity and temperature
distributions for rivers, estuaries or coastal embayments. The model solves a coupled system of
partial differential prognostic equations describing conservation of mass, momentum, salt and
temperature on a non-orthogonal boundary fitted curvilinear grid system, allowing the user to match
the model transformed co-ordinate system to the geometry of the water body. Due to the high
velocities through Structure C and the relatively low density differences on either side of the
hydraulic structure, baroclinic effects are negligible, thus the tidal circulation is of primary
importance in this study.

The two dimensional depth-averaged shallow water hydrodynamic

equations in spherical coordinates are as follows:

Page 64.

Depth-averaged continuity equation:

∂ζ
1 ∂UD 1∂VD VD
+
+
−
tan φ = 0
∂t R cos θ ∂φ
R∂θ
R

(1)

Momentum equation in φ -direction:

∂UD
1 ∂UUD 1 ∂UVD UVD
gD ∂ζ τ sθ − τ bφ
+
+
−
tan φ − fVD =
+
∂t
R cos θ ∂φ
R ∂θ
R
R cos θ ∂φ
ρο

(2)

Momentum equation in θ -direction

∂VD
1 ∂UVD 1 ∂VVD UUD
gD ∂ζ τ sθ − τ bφ
+
+
−
tan φ − fUD =
+
∂t
R cos θ ∂φ
R ∂θ
R
R cos θ ∂φ
ρο

(3)

where φ is the longitude (positive east), θ is the latitude (positive north), R is the radius of earth,
U and V are the depth-averaged velocities in ( φ , θ ) directions respectively; f is the Coriolis
parameter g is gravity, ζ is the surface elevation, D is the total depth, ρο is the density of water,

τ s and τ b are surface and bottom stresses respectively expressed using quadratic laws.
τ sφ = ρ a csWφ Wφ2 + Wθ2

τ sθ = ρ a csWθ Wφ2 + Wθ2

(4)

τ bφ = ρ o cdU U 2 + V 2

τ bθ = ρ o cdV U 2 + V 2

(5)

where Wφ and Wθ is the wind speed in φ and θ directions, respectively; ρ a is the density of air;

ρ o density of water; Cs and Cd drag coefficients at the surface and the bottom, respectively.
Equations 1 – 3 are transformed onto the non-orthogonal co-ordinate system in the horizontal plane.
The fully transformed equations are given in Muin and Spaulding (1996).
This boundary-fitted gridding method was particularly important to this study as, due to its
extensive canal system (see Figure 1), the Nerang River is a geometrically complex water body.
The boundary fitted co-ordinate method has been described in detail elsewhere (Mendelsohn, 1995;
Muin, and Spaulding 1996; Spaulding, 1984; Thompson et al., 1977). The reader is referred to
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Muin and Spaulding (1996) and Swanson (1986) for detailed presentation of the governing
equations and other test cases of the WQMAP system.

4.5.1

Hydraulic Structure Cell Development

To account for the inclusion of a flow control system such as Structure C, it was necessary to
develop a new hydraulic structure cell within the model’s grid and computational code. The cell is
based on the existing river cell framework within the hydrodynamic model, which allows the flow
through the structure cell to be modelled essentially as a river volume flow, capable of flowing in or
out of the cell. However, unlike the river cells which have prescribed volumes, the flow through the
cells are calculated entirely from the local water level gradients at each time-step, and not
prescribed. This approach builds on the work by Mendelsohn et al (2001) during which the model
was used to examine the hydrodynamic response of salt marsh storage areas.
Since the structure is primarily a regular contracted weir, the broad crested weir formula (Chow,
1959) was selected to calculate the discharge between the two systems when the gates are opened.
That is:

3

Q( t ) = c ⋅ b ⋅ 2 g ⋅H ( t ) 2

(6)

where Q(t) is the total discharge through the hydraulic structure cell, b is the width of a rectangular
weir under a head of H(t). The parameter c in this formula is the discharge coefficient of the weir.
The discharge coefficient is generally determined by calibration. For a tidally dominated system
such as the Nerang River, the dynamics of the discharge (Q) through the structure is a function of
time, and is dependent upon the time-varying nature of the head difference.
The hydraulic structure cell calculations within the model follows the steps described below:
1. Define water, land, open boundary, hydraulic structure cells and associated depths;
2. Define the number of water cells to be used to determine the head difference between the
two system (spatial averaging);
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3. For each model timestep, determine the head difference between the adjacent upstream and
downstream cells;
4. For each model timestep, calculate the discharge through the hydraulic structure cells;
5. Account for the change in flow to surrounding water cells using the regular solution
techniques within the model.

During sensitivity testing of the grid used here Step Two (2) was found to be of particular
importance, since the stability of the model’s predictions can be altered by varying the number of
water cells used to estimate the head difference between the two systems. For the grid used herein,
it was found that using minimal water cells (<5) enables small grid scale oscillations that feed back
into the next timestep calculations causing amplification of these grid scale oscillations and model
instability. In the grid presented, using greater than 5 water cells reduces the influence of grid scale
oscillations and the solution remains stable.

4.6

REPRESENTATION OF STUDY AREA

4.6.1

Hydrodynamic Grid

Simulations were performed using a highly-detailed curvilinear, irregularly spaced grid extending
from Runaway Bay to the end of the Burleigh Lakes system (see Figure 1b). The grid design
consists of approximately 5134 active computational water cells with cell dimensions varying from
8 m adjacent to Structure C (to resolve the small scale features) to a much coarser resolution in the
northern limits (between 150m to 200m) closer to the open boundaries at the Seaway and Runaway
Bay.

This technique was employed to reduce computational demand due to the system’s

complexity without compromising numerical assumptions. Figure 4.1c shows a zoomed-in view of
the boundary-fitted grid forming the Burleigh Lakes system. Bathymetric data for the entire study
site was sourced from the Gold Coast City Council Hydrographic Department.
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4.6.2

Boundary Specification and Driving Forces

As part of the study, two (2) types of boundary conditions were specified: a) open boundary cells,
which connect the estuary to the open ocean; and b) hydraulic structure cells representing Structure
C.
A total of thirteen (13) open boundary cells were assigned at Runaway Bay and the Seaway to
replicate the tidal forcing from the South Pacific Ocean. Each of the open boundary cells were
assigned a time series for tidal forcing as reported by the Australian National Tidal Facility. Two
(2) hydraulic structure cells were assigned to represent Structure C (inset in Figure 4.1c). It was
found to be unnecessary to use four (4) cells to mimic the actual structure. Thus, each hydraulic
structure cell was created 6 m in width (twice the width of a single culvert) and 11 m in length. The
opening and closing of the gates was entered directly into the model code based on the prescribed
times. Unfortunately, loggings of the exact opening and closing times during the fourteen (14) day
period were not available, thus times were deduced from the measured surface elevation data at the
Weir.

4.7

MODEL CALIBRATION

As part of an earlier study (APASA, 2001), the existing model and grid had been previously
calibrated and validated for the estuary alone. Four tide gauges were deployed over an 8 month
period in 1998 throughout the estuary (refer to Figure 4.1b) and compared to model predictions.
Extensive sensitivity testing showed that, when compared to the measured surface elevation data,
the model predictions were very sensitive to the bottom friction parameter, due to the shallow
nature of the estuary. The bottom roughness friction value was systematically varied between 0.002
to 0.01 and the model results were compared against the tide gauge data measured throughout the
estuary. A roughness coefficient value of 0.007 was found to best describe the bottom friction. A
statistical analysis was performed between the predicted and observed surface elevations for all four
gauges and the Root Mean Square (RMS) error were below 0.06 and the linear regression
coefficients were above 0.95.
A sensitivity and calibration process was also performed to determine the discharge coefficient, C,
of the broad crested weir formula, which ensured the correct volume of water flow in and out of the
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lake system. The model was run over a few days, each time varying the discharge coefficient
between 1 to 10, and comparing the model results to the corresponding measured surface elevation
data. The assessment demonstrated that the model’s ability to effectively predict the surface
elevations was highly sensitive to the discharge coefficient. That is, a decrease in the discharge
coefficient substantially decreased the predicted tidal range within the lake, and vice versa. Based
upon the extensive sensitivity test between the model predictions and observations, a discharge
coefficient, C=5 was eventually selected.
Finally, the measured surface elevation data at the Weir was used to provide an estimate of the
opening and closing times of the gates. However, due to the frequency of the measure data (3
minutes) and distance from the structure (150 m), the instrument was unable to provide the precise
times of the incoming wave. Thus, the model opening and closing times were adjusted to replicate
the timing of the gates.

4.8

MODEL VALIDATION

Using the model parameters determined from the calibration phrase, the model was run for a
fourteen (14) day period with a model time-step of 60 seconds. The first two (2) days allowed the
model calculations to reach a dynamic state. Figure 4.4 shows a snapshot of the model-predicted
currents for maximum flood event (water flowing into the lake) on 8 April 2002 (6:54 am); and
maximum ebb event (water flowing out of the lake) on 13 April 2002 (4:45 pm). It should be noted
that the maximum current speeds (>1 m/s) were predicted in the vicinity of the structure and
through the actual hydraulic cells (which can be seen clearly in each of the insets of Figure 4). This
is due to the kinetic energy created by the difference in head on either side of the structure at these
times.
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Figure 4.4: A snapshot of the model predicted maximum currents: (top) flowing into the lake on the
8th April 2002, 6:54 am; (bottom) flowing out of the lake on the 13th April 2002, 4:45pm.
Figure 4.5 shows a comparison of the measured surface elevations in the lake with the model
predictions for the corresponding (twelve) 12 day period (8 – 19 April 2002). Although some
differences exists between the observed and predicted surface elevations for the Lake Orr and the
Weir tidal stations, the simulated results are in general agreement with the observations. The RMS
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error for both datasets was 0.09 and the linear regression coefficients were above 0.90. These
measures indicated a very good model predictive performance and were particularly encouraging
since the model was capable of simulating both the propagating tide and lake discharge through a
very complex system.

Figure 4.5: Comparison between the predicted and measured surface elevations for the (top) Weir;
and (bottom) Lake Orr tide gauges between the 8th – 19th April, 2002.
Figure 4.6 shows the predicted discharge through one of the hydraulic structure cells between 8-19
April 2002. During the fourteen (14) day simulation the discharge was predicted to reach up to 43
m3s-1 with an average of 18.9 m3s-1 through each of the hydraulic structure cells. Thus, the average
volume of lake water removed per opening was approximately 4% of the total volume. However, it
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should be noted that Zigic et al., (2002), had observed that most of the discharged lake water will be
returned back to the lake at the next flood tide opening event. Hence, this is not the true flushing
capability of the gates. Additionally, the inset in Figure 4.6 shows a comparison of the measured
and model predicted velocity for the 17th April 2004 12:15 – 13:54 hrs. A Sontek ADV profiler was
fixed downstream of the 2nd culvert, measuring the current as it was approaching the inlet of the
culvert at 30 second intervals. As can be seen by the graph, the model has been capable of
replicating the velocity profile during the initial stages (first 45 minutes) of the discharge.

Figure 4 6: Predicted discharge through one of the culvert cells between the 8th - 19th April, 2002.
Inset shows the measured and predicted velocity profile for the 17th April 2002 12:15 – 13:54 hrs.

4.8

DESIGN ALTERNATIVES

The model was then used to investigate whether the structure achieved its primary design aim of
reducing the velocities through the estuary during the fourteen (14) day observational period. While
the model settings were the same as previously described, this new scenario assumed that the
hydraulic gates were permanently opened, thus, created a permanent flow between the two water
bodies. Time-series points were placed downstream from the structure to assess the change in flow.
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Figure 4.7 shows a comparison between the (depth-averaged) velocity predictions 1.5 km
downstream of the structure, with and without the opening and closing of the gates.

The

comparison between the two scenarios suggested that, contrary to the primary design aim of
controlling and confining the flow, the present opening and closing times of the gates actually
increased the velocities through the canal up to 1.5 km downstream, a maximum of 0.46 ms-1
compared to 0.29 ms-1.

Indeed, other model predictions, not shown here, indicated that the

increased tidal current speeds influenced up to 2 km downstream of the structure.

Figure 4.7: Comparison between the depth-averaged velocity predictions 1.5 km downstream of the
structure (a) with and (b) without the opening and closing of the gates.
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4.9

CONCLUDING DISCUSSION

This paper described a method to calculate the flow dynamics through a hydraulic structure
connecting two water bodies and its incorporation into an existing two-dimensional hydrodynamic
model. This model was then setup and applied to simulate the time varying flow through an
automated bi-directional hydraulic structure (Structure C) used to connect and exchange water
between the tidal Nerang River estuary and an artificial lake system on the Gold Coast, Australia,
four times each day. Specifically, the flow in and out of a cell, used to represent the hydraulic
structure, is calculated using a broad crested weir formula. Using this formula, the flow through the
hydraulic structure cells were calculated each model timestep, from the time varying nature of the
head differences between the two systems, and not prescribed. However, it was found that model
stability was maintained if the head differences were determined from spatially averaging water
cells either side of the hydraulic structure cells.
The model setup involved the specification of the opening and closing times of the gates and the
calibration of the discharge coefficient.

Tests indicated that these were the most sensitive

parameters which ensured the correct volume of water exchange between the two systems.
Specifically, a decrease in the discharge coefficient decreased the simulated tidal range within the
lake and vice-versa.
The model-predicted results were compared with available surface elevation observations at two
sites within the lake. The comparison suggested a good agreement (RMS error <0.09), quantifying
the ability of the hydraulic structure cells to simulate the flux between the estuary and lake for each
opening. However, if the precise opening and closing times were available, it is expected that the
model prediction would have been even more accurate.
Furthermore, the study used the model and established that the present opening and closing time of
the gates at Structure C increased the velocities through the estuary contrary to the original design
aim of the structure. This was attributed to the timing of the gate openings. To have a better
understanding of Structure C’s ability to limit the velocities through the estuary it would be
necessary to undertake a modelling study to determine the optimum timing of the gates in order to
minimise the velocities through the estuary downstream, while maintaining the same (or better)
mixing dynamics within the lake.
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Finally, while the two-dimensional model is capable of simulating the tidal circulation of the
connected systems, future work would consist of expanding and using a three-dimensional
baroclinic hydrodynamic model in order to quantify the exchange of salinity between the two
systems.
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CHAPTER 5 - USING LOCAL FIELD DATA AND A HYDRODYNAMIC MODEL
TO ASSESS DESIGN ALTERNATIVES FOR A HYDRAULIC STRUCTURE
CONNECTING AN ESTUARY AND A LAKE

ABSTRACT
In most cases once the structural design of a hydraulic lock structure has been established, hydraulic
designers rely on simple formulations, existing literature and experience to asses how the structure
and its operations may affect the flow regime between the two systems connected. However, as
each waterbody and structure is unique, there is always a chance the design will differ from any
other observed condition, and thus fall outside the range. Instead, this chapter explores a more
robust approach by employing a three-dimensional hydrodynamic model to predict the change in
current flows, mixing and flushing dynamics due to the introduction of the hydraulic structure.
Once the numerical model has been established and validated, the hydraulic designer has access to
computer simulation capability as a decision support tool for simulating “what if” scenarios. The
example presented herein is an existing bi-directional hydraulic structure connecting an estuary to a
lake on the Gold Coast, Australia. Following the model validation process, results from the existing
configuration was compared to two (2) hypothetical design alternatives and subsequently
documented. It is anticipated that the outlined approach will provide hydraulic designers with a
robust method of pre-assessment of various design alternatives that will assist with the selection
before final design and construction.
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5.1

INTRODUCTION

Hydraulic structures have been used for hundreds of years to control or transmit discharges and to
maintain water levels in streams and channels.

While, many design codes and standard

specifications are readily available for assistance with the structural design process (Simon &
Korom 1997), hydraulic designers must often rely on simple formulations, existing literature and
experience to assess how hydraulic structures and their operations may affect the flow regime
between the two systems connected. However, as each waterbody and structure is unique, there is
always a chance the design will differ from any other observed condition, and thus fall outside the
range.
A more robust method would ideally involve: (1) design of the physical structure; (2) collection of
field data from the waterways; and (3) application of a hydrodynamic model. Once the model has
been established and validated, the hydraulic designer has access to computer simulation capability
as a decision support tool for simulating “what if” scenarios. In particular, the hydraulic designer
may pre-assess various design configurations, and compare the change in current flows, surface
elevations, mixing and flushing dynamics, before final design selection and construction. Figure
5.1 illustrates a relationship between data collection, model calibration, validation, implementation
of the proposed hydraulic structure and design alternatives (if necessary), using computer
simulation technology.
An existing hydraulic structure was selected to demonstrate the proposed approach. The structure
(also referred to as ‘Structure C’), is used to connect the Nerang River estuary and the Burleigh
Lakes system, Gold Coast, Australia (see Figure 5.2). The flow dynamics of Structure C have been
studied extensively, with a field investigation undertaken adjacent to the structure (see Chapter 2),
and the two-dimensional (2D) depth-averaged modelling of the flows (see Chapter 4). This study
expands on previous work by using a three-dimensional baroclinic hydrodynamic model and
quantifying the exchange of salinity between the two (2) systems. Finally, the results from the
existing configuration were compared with two (2) hypothetical design alternatives and
documented.
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Figure 5.1: A relationship between data collection, model calibration, model validation,
implementation of the proposed hydraulic structure and trial design alternatives (if necessary).
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5.2

BACKGROUND

Structure C was constructed in 1986 to connect the Nerang River estuary and Burleigh Lakes
system via four (4) box-cell culverts, each 3 m in width, 3 m in height, 11 m in length and an
approach embankment on either side (see Figure 5.3). The exchange of water between the two (2)
systems are controlled by four (4) 3 m by 3 m radial gates located on the lakeside of the culverts,
each supporting a skin plate assembly that opens and closes in sequence from east to west. The
primary design objectives for the structure were to:
•

Confine the extent of the tidal exchange between the two (2) water bodies in order to limit
tidal velocities through the estuary to the north;

•

Permit the exchange of saline and freshwater between the estuary and lake system, to
maintain the lake as a brackish environment.

To achieve both objectives, it was necessary to install an automated gated structure that would
permit the flow of water to and from the lake, out of phase with the tidal movement within the
estuary. Hence, to account for the phase lags, the gates are programmed to open forty-five (45)
minutes after high tide at the Seaway, allowing the estuarine water to flow into the lake, whereupon
it partially mixes with the lake water. However, the gates are programmed to open one (1) hour and
forty-five (45) minutes before low tide at the Seaway, to allow the estuarine/lake water mixture to
drain out into the estuary. The radial gates are pre-programmed to remain open for a period of two
(2) hours and twelve (12) minutes, at the end of each cycle the radial arms raise the skin plate to the
original position, preventing any further discharge.
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Figure 5.2: Location map showing extent of the study area and location of the hydraulic structure
‘Structure C’. Note: the blue triangles denote the location of the tide gauges used to validate the
hydrodynamic model within the estuary.
Figure 5.4 shows a surface elevation graph for the Seaway and a site immediately downstream
(estuary side) of Structure C, and the opening/closing times of the gates 8th -19th April, 2002.
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Figure 5.3: (a) Plan view diagram of the hydraulic structure controlling the flow between the
Nerang River estuary and Burleigh Lakes; (b) Side view diagram illustrating the movement of a
radial gate before (top) and after (bottom) initiated.
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Figure 5.4: Surface elevation graph for the Seaway and a site immediately downstream (estuary
side) of Structure C, and the corresponding opening/closing times of the gates 8th - 19th April, 2002.
5.3

STUDY SITE

The Nerang River is approximately 154 km in length, with a water surface area and a catchment of
11 km2 and 500 km2 respectively, which drains native, rural, industrial and residential lands. The
estuary is typically shallow, with an average depth of 2.9 m. The Nerang River is connected to the
ocean (and hence subject to tidal forcing) through a man-made seaway (refer to Figure 5.2), and has
a mean tidal range varying from 1.2 m at the mouth to 0.76 m within the lower estuarine regions
(Moreton 1986).

The southern-most branch of the estuary (approximately 18.5 km from the

entrance at the Seaway) is connected, via an automated bi-directional control structure, to an
artificial lake system referred to as the Burleigh Lakes system.
The Burleigh Lakes system incoporates eight (8) interconnected constructed lakes (Lake Orr, Lake
Heron, Miami Lake, Silvabank Lake, Pelican Lake, Swan Lake, Burleigh Lake and Burleigh Cove),
with a combined surface area of approximately 1.88 km2 (see Figure 5.5). Depths within the
Burleigh Lakes are typically 3.9 m, with two (2) notable exceptions, being a deep hole (depth of 25
m); and under bridges, where depths reduce to less than 1.5 m. The exchange of saltwater in and
freshwater out of the lakes system is through Structure C (Chapter 4).
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Figure 5.5: Bathymetric gridded profile for the eight interconnected artifically constructed lakes
forming the Burleigh Lakes system.

5.4

SOURCES OF AVAILABLE FIELD DATA

5.4.1

Nerang River estuary

Time series surface elevations for the 6th – 19th April, 2002, were re-constructed for the four (4)
sites within the estuary (see Figure 5.2) based on the seventeen (17) major tidal constituents
previously established (see Chapter 3). The data was used to calibrate and validate the tidal
circulation through the estuary.
Salinity data for the Nerang River estuary was sourced from the Gold Coast City Council (GCCC).
Figure 5.6 shows the location of the eight (8) monitoring sites along the estuary. The GCCC has
been monitoring and sampling the estuary since 1986, which is ongoing on a monthly basis. Table
5.1 shows the surface salinity for each of the monitoring sites as measured on 19 March 2002
(considered representative for April 2002). The salinity measurements are high (particularly in the
upper reaches of the estuary; this is a reflection of the lack of rainfall and in turn freshwater inflow.
This was an interesting aspect, as an earlier study (see Chapter 2) had found that at its upstream
extreme (site NR 0A) it is typically a low salinity environment (≈ 6 psu).

5.4.2

Burleigh Lakes

Surface elevation data was collected between 6-19 April 2002, at two (2) sites within the Burleigh
Lakes system, for verifying the hydrodynamic model and quantifying the exchange between the
estuary and the lake (refer to Figure 5.6). The gauges measured temperature and depth (pressure) at
three (3) minute intervals. Figure 5.7 shows a time series of measured surface elevation data at the
Lake Orr and Weir sites within the Burleigh Lakes system. During the fourteen (14) day field
program the gates were open forty-three (43) times, permitting water to enter and exit the Burleigh
Lakes system. It should be noted no rainfall or freshwater run-off from nearby catchments or
stormwater drains entered the lake during this time; hence, water level changes are fundamentally
due to the water exchange between the two (2) systems. The gauges also measured surface salinity,
with an average value of 28 psu on 6 April 2002, which was selected as the initial salinity
conditions for the entire Burleigh Lakes system.
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As no measurements were taken between Site NR-3 and the Burleigh Lakes system, the measured
salinity data was spatially averaged across the 7.4 km distance between these two (2) sites.

Figure 5.6: Map showing the location of the Nerang River estuary water quality monitoring sites
denoted by the black circles. The maroon circles denote the location of the tide gauges within
Burleigh Lakes used as part of the study.
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Figure 5.7: Measured surface elevation graph for between 6 – 19 April 2002, for each of the two
(2) upstream sites.

Table 5.1: Gold Coast City Council surface salinity measurements for the Nerang River
estuary 19th March 2002.

5.5

Site

Salinity (psu)

NR-8

33.5

NR-6

34

NR-4

33.2

NR-3

33.4

NR-2A

32.5

NR-1B

31.5

NR-1

30.9

NR-0A

26.1

HYDRODYNAMIC MODEL DESCRIPTION

To simulate the complex flow between the estuary and lake, a commercially available threedimensional boundary-fitted hydrodynamic model (BFHYDRO) was selected. BFHYDRO is used
to generate tidal elevations, current velocities, salinity and temperature distributions for rivers,
estuaries or coastal embayments. Recent applications for the hydrodynamic model include Bay of
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Fundy (Sankaranarayanan and French-McCay, 2003), Mount Hope Bay (Swanson et al., 1998), and
the Providence River (Muin and Spaulding, 1997).
The three dimensional conservation of mass, momentum, salt and temperature equations are solved
on a boundary-fitted curvilinear grid system, allowing the user to match the model transformed coordinate system to the geometry of the water body. A sigma stretching system is used to map the
free surface over gridded depth data to resolve bathymetric variations. The model employs a split
mode solution technique (exterior and interior modes) to increase the allowable time step and
reduce the computational time (Madala and Piaseck, 1977). In the exterior (vertically averaged)
mode, the Helmholtz equation (given in terms of the sea surface elevation) is solved by a semiimplicit algorithm to ease time step restrictions normally imposed by gravity wave propagation. In
the interior (vertical structure) mode, the flow is predicted by an explicit finite difference method,
except that the vertical diffusion term is treated implicitly. Computations are performed on a space
staggered grid system in the horizontal and a non-staggered system in the vertical. Time is
discretized using a three-level scheme. Muin and Spaulding (1996, 1997) provided a detailed
description of the governing equations, numerical solution methodology, and detailed testing
against analytic solutions for two and three dimensional flow problems. The salinity and
temperature transport equations are solved by a simple explicit technique in the horizontal.

5.5.1

Flow through a hydraulic structure

Hydraulic structure cells developed as part of this thesis were used to calculate for the flow in and
out of the hydraulic structure. The computational cell is based on the existing river cell framework
within the hydrodynamic model; however, the flow through the hydraulic structure cells is
calculated entirely from local water level gradients on either side of the structure at each time-step,
and not prescribed. For a tidally dominated system such as the Nerang River, the dynamics of the
discharge through the structure is a function of time, and is dependent upon the time-varying nature
of the head difference. Due to the nature of the structure, the broad crested weir formula was used
to best represent the exchange when the gates have opened:
3

Q( t ) = c ⋅ b ⋅ 2 g ⋅H ( t ) 2

(1)
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where Q(t) is the total discharge through the hydraulic structure cell; and b is the width of a
rectangular weir under a head of H(t). The parameter c in this formula is the discharge coefficient,
which accounts for the effects of inertia and the viscosity of the water and is generally determined
by calibration. For further details please see Chapter 4.

5.6

HYDRODYNAMIC GRID SETUP

The boundary-fitted, irregular sized grid for the study area extends from Runaway Bay to the end of
the Burleigh Lakes system (see Figure 5.2), and consists of 5134 active computational water cells.
The boundary-fitted technique allowed the grid to match the shoreline boundary; further, the grid
resolution is flexible, which was essential for this complex system of broadwaters and narrow
channels. Hence, a fine grid resolution was used adjacent to Structure C (< 10m) to resolve the
small scale features, with a much coarser resolution in the northern limits (between 150m to 200m)
closer to the open boundaries at the Seaway and Runaway Bay. The boundary fitted grid for the
Burleigh Lakes system is shown in Figure 5.8. This gridding technique was employed to provide
sufficient resolution near the mouth of the estuary and a fine resolution near the structure without
compromising the numerical assumptions. Five (5) sigma layers were used to represent the vertical
structure.
Bathymetry data for the estuary and lake were sourced from GCCC and mapped onto the boundary
fitted grid. Figure 5.5 shows the depth data for the Burleigh Lakes system; depths for the estuary
are shown in Chapter 3.
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Figure 5.8: Boundary fitted, irregularly spaced grid for the Burleigh Lakes system. Inset shows a
zoomed in view of the grid configuration adjacent to the hydraulic structure.

5.7

MODEL FORCING FUNCTIONS

The model was forced using tidally varying surface elevation data along the open boundaries at
Runway Bay and the Seaway. The surface elevation data was based on 20 major tidal constituents
as reported by the Australian National Tidal Facility (see Chapter 3 for further details).
As mentioned in Section 5.2, the radial gates were pre-programmed and synchronised with the rise
and fall of the tide at the mouth of the estuary. However, since the precise opening and closing
times during the fourteen (14) day period were not available, the times were deduced from the
measured surface elevation data at Weir (see Figure 5.6), and input directly into the model code to
mimic the gate actions.
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5.8

MODEL RESULTS

Calibration of the model was carried out in a number of independent, yet integrated stages. The
quadratic bottom friction parameter was calibrated by adjusting the quadratic bottom friction until
the model reproduced the observed surface elevation data within the estuary. It was observed that
small values (<0.001) produced a propagating wave up the estuary with strong tidal currents; while
larger values (>0.01) impeded the tidal currents through the estuary. A quadratic bottom friction of
0.007 was found to produce the correct phase propagation of the tidal wave.

To provide a

quantitative assessment of the model’s performance, the root mean square (RMS) error and linear
regression coefficient were used. Results at all four (4) stations are similar; a RMS error <0.068
and a linear regression coefficient of >0.97, indicating a high model predictive performance. Figure
5.9 shows a comparison between the observed and predicted surface elevations at the Mermaid site,
the closest station to Structure C.

Figure 5.9: Comparison of observed and predicted surface elevations at the Mermaid site, 7 – 19
April, 2002.
Calibration was also necessary to determine the appropriate discharge coefficient, C (from the broad
crested weir formula). The discharge coefficient varied between 1 to 10. It was found the discharge
coefficient was highly influential in predicting surface elevations within the lake; that is, a decrease
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in the discharge coefficient substantially decreased the predicted tidal range within the lake, and
vice versa. The best results were obtained by using a discharge coefficient, C=5.
Finally, a detailed field study found that, due to the inclusion of the structure, a salinity-induced
stratified water column had been created on either side (see Chapter 2); hence, it was necessary to
select an appropriate vertical diffusivity value to replicate the observation. The model results
showed that lower vertical diffusivity values (less than 10 cm2/sec) produced vertical stratification,
whilst larger values resulted in more rapid vertical mixing and a reduction of salt intrusion. A
vertical diffusivity value of 1 cm2/sec was found to generate a stratified water column as observed
by the field study. The same vertical diffusion value was used by Spaulding et al., (1999) to
simulate the thermal stratification resulting from power plant discharges into Mount Hope Bay.

5.9

MODEL VALIDATION

Using the established settings as part of the calibration process, the model was run to coincide with
the measured data, with the first two (2) days being used as a ramping period. Due to the
complexity of the modelling study the model time-step was set to ½ minute. Figures 5.10 & 5.11
show a snapshot of the predicted surface currents as vectors and colour contours during maximum
flood (water flowing into the lake) and ebb (water flowing out of the lake) respectively, with current
speeds exceeding 1 m/s, adjacent to the structure.
Figure 5.12 shows a snapshot in time of the predicted surface salinity as colour contours during an
ebb tide. The inset of Figure 5.12 shows a cross-section view and the highly stratified water
column, as the discharged lake water had a notable effect downstream of the Structure C discharge
point. As with the field study conducted (see Chapter 2), this stratification was observed to persist
after the discharge had ceased, even though the river is influenced by tidal mixing. Hence, the tidal
currents in this section of the river were not strong enough to break down the stratification layers
created by the less dense lake water discharged through the structure, and thus created a highly
stratified water column.
A comparison of the model-predicted and measured surface elevations within the lake are shown in
Figures 5.13 & 5.14. The model was capable of replicating the surface elevations for the Lake Orr
and the Weir tidal stations, and readily reproduced the opening/closing sequences of the gates.
Statistically, the RMS errors were less than 0.04, and the linear regression coefficients were more
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than 0.91. These measures indicate a very good model predictive performance, with all statistical
analysis values below those recommended for model calibration/validation by McCutcheon et al
(1990).

Figure 5.10: Model predicted surface currents as (top) vectors; & (bottom) colour contours during
maximum flood on 8 April, 2002, 6:57 am. Note the bottom left inserts show a section view window
along the dotted brown line.
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Figure 5.11: Model predicted surface currents as (top) vectors; & (bottom) colour contours during
maximum ebb tide on 15 April, 2002, 5:57 pm. Note the bottom left inserts show a section view
window along the dashed brown line.
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Figures 5.12: A snapshot in time of the predicted surface salinity as colour contours during an ebb
tide. Note the bottom inset shows a cross-section view of the stratified water column along the
dashed brown line.

Figure 5.13: Comparison of model-predicted and measured surface elevation graph at Weir, 8 – 19
April 2002.
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Figure 5.14: Comparison of model-predicted and measured surface elevation graph at Lake Orr, 8
– 19 April 2002.

5.10

ENGINEERING DESIGN ALTERNATIVES

Model simulations for the existing configuration (gates remain open for a period of two (2) hours
twelve (12) minutes, known as the base case) were compared with two (2) hypothetical alternative
designs. Both alternative designs were kept as per the existing configuration, however, the period
the gates remained open was changed to (a) 1 hour 12 minutes; and (b) 3 hours 12 minutes. Note:
from this point onwards the scenarios are referred to as, 1 hr, 2 hr and 3 hr.
Figure 5.15 shows a comparison of the total volume of water through the culverts: positive values
are the predicted volume into the river; negative values are the predicted volume into the lake. Total
volume of water calculated to exchange between the estuary and lake for the 3 hr, 2 hr and 1 hr
scenarios were 9.1 million m3, 7.7 million m3 and 4.2 million m3 respectively. Hence, the model
predicted an 18% increase if the gates remained open for 3 hours, and an 83% decrease if the gates
remained open for 1 hour, compared with the existing configuration of 2 hours. These findings
suggest is a non-linear relationship exists, supporting the need for a modelling approach. Figure
5.16 shows the predicted surface elevations within the lake for each of the three (3) scenarios used
to calculate the discharge through the structure. In each of the cases the surface elevations within
the lake predicted the 1 hour scenario was not as low as either the 2 hour and 3 hour model
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simulation, which would be expected. Additionally, maximum predicted surface elevations were at
times almost the same for the two (2) and three (3) hour scenarios.

Figure 5.15: Comparison of the predicted total volume of water through the culverts, 8 – 19 April
2002. Note: negative discharge = flow into the lake; positive discharge = flow into the estuary.
The maximum predicted velocities through the structure were predicted to be more than 1.8 m/s for
each of the three (3) scenarios. Although the behaviour across the three (3) scenarios is similar, the
model predicted a return flow on a number of occasions for the 3 hour scenario. Figure 5.17 shows
a comparison of the predicted velocities through the structure between the 13 – 16 April 2002 and
the predicted return flow events for the three (3) hour scenario, which is due to the surface
elevations within the lake increasing. Hence, the three (3) hour scenario allowed for water to flow
back into the estuary, due to the tides falling within the estuary before the gates were closed.
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Figure 5.16: Surface elevations within the lake for each of the three scenarios used to calculate the
discharge through the structure.

Figure 5.17: Comparison of the predicted velocities through the culverts, 13 – 16 April 2002, and
the return flow events for the 3 hour scenario. Note: negative discharge = flow into the lake;
positive discharge= flow into the estuary.
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A comparison was also undertaken to determine whether altering the length of time the gates
remained open would also affect the tidal compartment, and in turn, the velocities to the north of the
structure. The velocity predictions 1.5 km downstream of the structure suggested that, there would
not be increased beyond the maximum speeds of the existing configuration of two (2) hours.
Finally, as mentioned earlier, along with limiting the tidal compartment, the structure was designed
to permit the exchange of saline and freshwater between the estuary and lake system, maintaining
the lake as a brackish environment. Based on the modelling results, the design of the structure does
allow salt water to penetrate into the lake, in turn raising salinity levels within 800 m upstream of
the structure for the two (2) week simulations. Figure 5.18 shows a comparison of the modelled
surface salinity at 150 m and 500 m upstream of the hydraulic structure, for each of the three (3)
scenarios. The three (3) hour scenario was found to raise salinity levels in the lake more so than the
two (2) hour and one (1) hour scenarios, as the gates were open for longer, therefore allowing extra
water to enter the lake. If there is no freshwater input, the salinity concentration would eventually
become the same over time (i.e. years) for all three (3) scenarios examined. Also, it should be noted
that the change in salinity distributions between the three (3) case studies varies non-linearly with
different opening periods.
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Figure 5. 18: Comparison of the modeled surface salinity (top) 150 m; & (bottom) 500 m upstream
of the hydraulic structure.
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5.11

CONCLUSION

This chapter explores a novel technique employing a three-dimensional hydrodynamic baroclinic
model, to assess how a hydraulic structure and its operations influenced the movement of water. As
an example application the model was established and applied to simulate time-varying flow
through an existing bi-direction hydraulic structure connecting the Nerang River estuary and
Burleigh lakes system, four (4) times per day.
Calibration of the model was carried out in a number of independent (yet integrated) stages, which
included: (a) extensive sensitivity testing to determine the appropriate quadratic bottom friction; (b)
calibration to determine the appropriate discharge coefficient; and (c) selection of the appropriate
vertical diffusivity value to replicate the induced stratified water column that had been created on
either side. The model-predicted results were compared with available surface elevation data within
the estuary and lake, with the comparison suggesting good agreement (RMS error < 0.07).
Once the model had been established, results from the existing configuration were compared with
the change in current flows, surface elevations and salinity levels of two (2) hypothetical design
alternatives, and subsequently documented.
Finally, it is anticipated that the outlined approach will provide hydraulic designers with a robust
method of pre-assessment of various design alternatives that will assist with the selection process.
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CHAPTER 6 - DEVELOPMENT OF AN INTERACTIVE COMPUTER BASED
LEARNING STRATEGY TO TEACH WATER QUALITY MODELLING

*Sasha Zigic, Brian King and Charles Lemckert

ABSTRACT
A computer based learning strategy was developed to introduce and teach water quality modelling.
The activity, which was designed using a seven step procedure, provided basic training to final year
undergraduate engineering students. As part of the planned instructional strategy, students were
presented with a project that required them to model and report on a hypothetical overflow of
untreated wastewater. The students were presented with an interactive computer based instructional
(CBI) aid developed specifically to assist to set up, run and analyse the output from a commercially
available water quality model (WQMAP). The CBI aid comprised of a Hypertext Markup Language
(HTML) module with links to on-screen recorded Lotus ScreenCam movie clips showing on-screen
actions and voice narrations of the instructor. Nearing the completion of the activity, students were
asked to complete an anonymous questionnaire on their perceptions of the teaching/learning
strategy. Most students felt they were able to complete the project with minimum supervision, and
have acquired a basic understanding of water quality modelling as a result of the activity.
Additionally, almost all of the students found the CBI aid helpful and easy to follow.

*Submitted to the Journal of Computers and Education for review.
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6.1

INTRODUCTION

The benefits of using water quality models as an aid in understanding and improving the
environmental standards of rivers, estuaries and coastal waters have been recognized for more than
20 years. Recently, computational improvements and numerical developments of water quality
models have not only been helpful in obtaining the best answers to environmental pollution
problems, but have also been resourceful in demonstrating solutions at meetings and public
inquires. Most modelling packages now include colour graphics and animations to display model
predictions, educating the most inexperienced of observers with the problem at hand. The use of
models is seen within the engineering and science industry a part of the professional approach to
finding the best answers to both existing and potential environmental problems. Thus, employers of
graduates within the water-related industry will expect them to be equipped with the necessary
computer-based skills.

However, despite this increase and demand within the workplace for

personnel with modelling experience, teaching and introducing water quality models to
undergraduate students as part of their course curriculum has been hindered. This appears to be
primarily due to the lack of teaching support materials (e.g. teaching manuals and study guides);
although, while in most cases the software manuals provided are comprehensive, these tend to be
targeted at the experienced user, and hence are too cumbersome for the lecturer to use.
Having, recognised the importance to give students this basic training, the difficulty faced by the
authors in teaching water quality modelling was development of the necessary resources in terms of
available materials (as mentioned above), staff and sufficient time to deliver the activity during the
semester. Thus, a practical and effective instructional strategy was necessary. The authors decided
to resolve this limitation by developing an interactive computer based instructional (CBI) aid to
assist students to set up, run and analyse, the output from a commercially available water quality
model (WQMAP) for a hypothetical raw sewage spill. The CBI aid comprises of a Hypertext
Markup Language (HTML) module with links to recorded Lotus Screen cam movie clips.
The expectations and assumptions of this study were to: (a) improve students’ understanding of
water quality through the use of specialised software; (b) provide undergraduate students with an
introduction and basic training in water quality modelling as part of a final year core subject at a
pace the students control; (c) prepare students for the type of problems they may encounter in the
workplace; & (d) assist staff in the management of their teaching. This paper presents a description
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of the activity and results of a formal class survey undertaken to gauge students’ perceptions of the
usefulness and effectiveness of both the activity and the CBI program.

6.2

RELATED RESEARCH

Brown, Bransford, Ferrara and Campione (1983) and Farhnam-Diggory (1990) found students do
not simply learn by receiving information, but rather constructively through a process of reflection
on material and interaction with it, which thereby creates an understanding. Thus, interactivity
forms an effective learning procedure, which allows the student to become engaged and reflect on
interesting problem issues. The process behind an activity can be learned from a book, however,
the necessary skills and conceptual knowledge are more difficult to acquire from written materials.
Research by Aveling, Smith, Wilson (1992) found that interactivity in the form of lectures and
tutorials is more effective in teaching such concepts than a book alone can provide. Also, Neoman
& Spohrer (1996) found that an engaged student is a motivated student. However, in the standard
lecture-style class, students do not always ask questions that may occur to them throughout the
course of the class. This may be due to a number of factors: inability to clearly formulate or express
the question; disinterest in the topic; shyness in large groups; uncertainty as to the appropriateness
of the question, etc. Additionally, the instructor may not have the luxury of encouraging many
questions throughout the class due to time constraints imposed in order to cover the required
amount of material (McIntyre & Wolff, 1998).
A method of partially supplementing classroom teaching is the provision of an interactive learning
environment that pays more attention to student needs. Benefits include: the ability to provide
rapid, compelling interaction and feedback to the student; can help motivate students by providing
information in a form that is structured and perceptually easy to process; also, unlike the classroom
environment, each student can learn individually at the computer at his/her own preferred time,
location (lab, home, office), and pace; and many more examples can be covered than might
otherwise be possible within a classroom environment (McIntyre & Wolff, 1998).
Dick & Carey (1996) describe an instructional strategy as being the general components of a set of
instructional materials, and the procedures to be used to attain particular learning outcomes from
students. When used appropriately, instruction strategies are very effective in achieving the desired
outcomes. Although no single strategy of instruction is designed to achieve all outcomes of
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instruction, the instructor must select a series of teaching activities based on desired outcomes, then
sequence the activities in a particular order so as to accomplish a series of goals (Anderson, 1999).
Appropriately planned and delivered instructional strategies assist the instructor to attain desired
outcomes (Lee, 2001).
For simple and general learning Gagne, Briggs and Wager (1992) suggested the instructional
strategy should include nine “events of instruction”: (1) gain attention; (2) inform the learner of the
objective; (3) stimulate recall of prerequisite learning; (4) present stimulus materials; (5) provide
learning guidance; (6) elicit performance; (7) provide feedback; (8) assess performance; and (9)
enhance retention and transfer. However, learning to use computer application software involves
procedural rules and psychomotor skill learning; hence, other important events need to be
considered for the teaching of computer application software (Lee, 2001).
Smith & Ragan (1992) describe procedural rules as a series of generalised steps initiated in
response to reach a specified goal. Before a procedure is taught, the instructor must clarify the
procedure and list the steps and decisions of the actions in a clear procedure. Landa (1983) found
that computer application software involves procedure learning; hence, it is important that the
purpose of learning a procedure be emphasized, with finished examples being presented before
actual instruction. With procedure learning, the learner will be basically motivated because they
can complete tasks more efficiently and reliably than they can with trial-and-error approaches. In
most situations, the best plan seems to be simple presentation of the procedure with demonstrations
of the applications of the procedure, unless the primary goal is for learners to acquire skills in
generating procedures.

6.3

DEVELOPING THE COMPUTER BASED LEARNING STRATEGY

While there are many different learning strategies, the following seven key steps were considered
necessary to develop the water quality modelling activity:
1. Select the appropriate subject for the activity to be delivered;
2. Provide a practical and locally based hypothetical water pollutant scenario;
3. Decide on the approach of testing their understanding (i.e. tests or assignments);
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4. Select a user-friendly and interactive water quality model, which would simple be for students to
navigate and would not require any programming (coding) experience;
5. Develop a functional and easy to use computer based instructional (CBI) aid with a variety of
information for the users to access, such as text and still graphics; &
6. The aid should have motion video clips with audio narration to assist students during the
instructor’s absence.
7. Evaluation of the developed teaching/learning strategy and CBI aid.
The following sections provide a detailed description of the methodology and how each of these
points was implemented.

6.3.1

Application

The water quality modelling activity was delivered during Semester II, 2002, as part of a fourth year
subject “Water and Wastewater”, offered within the Griffith University Bachelor of Engineering in
Civil Engineering degree (Gold Coast Campus) [Step 1]. The subject was taught over a period of
13-weeks, for three hours of timetabled contact each week (a 1h and a 2 h session). The course
aimed to introduce civil engineering students to important concepts relating to water and wastewater
(Lemckert, 1999). Therefore, the computer-based water quality modelling activity was introduced
and expected to complement the theory-based component.
The water quality modelling activity was delivered during Week 7, the two hour lecture timeslot
being used to introduce the basic concepts and principles of water quality modelling; a brief
overview of the actual water quality software; how to use the teaching aids; and the expected
outcomes as part of the activity requirements. As part of the activity assessment, students were
required to submit a written assignment on completion of the activity. The learning outcomes
expressed for the activity were practical: (1) set up and run a commercial water quality model
(WQMAP) for a hypothetical sewer overflow with minimal supervision, and at a pace students
could control; (2) interpret and report the model results as a professional report. It is also important
to note that the developer was also the instructor for the activity, and is experienced in utilising and
teaching water quality modelling on a commercial level.
The instructional strategy and the water quality model were installed on 12xPentium PIII desktop
computers within the computing lab. Due to the number of computers available, compared with
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students (29), students were given the option of working with a partner. For the following three
weeks (8 – 10) only 1 x one-hour computing sessions were scheduled with an instructor, instead of
the 2-hour timetabled slot. For the next three weeks (weeks 11- 13) of the semester the students
continued working through the activity unsupervised, and were able to work on the activity at their
leisure.
After careful consideration, it was decided that a control group was not necessary, and that the
entire class would be provided with the same activity and in turn resources. This was due to, the
authors’ aim of equity.

6.3.2

Hypothetical Scenario

As part of the planned instructional strategy, students were presented with a project that required
them to model and report on a hypothetical overflow of untreated wastewater from a nearby pump
station into the Nerang River estuary, Gold Coast, Queensland, Australia, following a major rainfall
event [Step 2]. Although the scenario itself was hypothetical, it was considered a useful and
realistic application.
The project brief contained all necessary information for students to complete the activity,
including: (a) time and date of the spill; (b) location of the spill; (c) volume of untreated sewage;
&(d) the e-coli counts on day-1 and day-3 of the spill.
Initially, students were required to run the hydrodynamic model using the hydrodynamic grid
provided and generate currents for the entire estuary over the prescribed five-day period.
Specifically, this task required students to set up and create a new simulation, using the relevant
data provided as inputs i.e. linking of wind, ocean forcing and river discharge to drive the model
and adding time series points within certain parts of the estuary to observe and compare water
elevations and speed along the estuary graphically. Once the current file had been created, students
used the current file as input into the pollutant transport model to predict the distance and decay of
e-coli counts within the receiving waters. This task required students to specify the location of the
overflow; set up the pollutant transport run card with necessary parameters; time series points to
view the e-coli counts graphically; and modify the colour keys to reflect predicted e-coli counts.
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On completion of the hands-on modelling component, students were expected to develop a
professional and detailed report using the various output options from each of the models, in the
form of figures and graphs [Step 3]. Additionally, they were required to explain model predictions
and provide an estimate of the anticipated length of time before the receiving waters would be safe
for primary (swimming, fishing) and secondary (boating) contact, based on ANZECC (Australian &
New Zealand Environment & Conservation Committee, 2002) water quality guidelines. This was
seen by the authors as a useful method of assessing their performance and enhancing their
understanding of the activity.

6.3.3

Water Quality Model

The water quality model chosen was a commercially available software package called WQMAP
(Water Quality Mapping Analysis Package), developed by Applied Science Associates, Inc. This
model uses information technology to combine hydrodynamic and pollutant transport models with
GIS (Geographical Information System) and data management tools (Howlett, Mendelsohn,
Swanson and Spaulding, 1996).

WQMAP combines each of the modelling components and

mapping capabilities through an intuitive graphical user interface that runs under Microsoft
WindowsTM.

Also, WQMAP’s drop down menus allowed students to set up, run and play

simulations without any programming experience or formal training [Step 4]. Figure 6.1 shows a
snapshot of the WQMAP interface and the predicted water movement through the Nerang River
system, Gold Coast, Australia. Furthermore, WQMAP had recently been incorporated as part of the
Gold Coast City Council’s (GCCC) decision support system, as a management tool for future land
use consideration for the Nerang River region, for planning and monitoring the health of the estuary
and its tributaries. Hence, providing hands-on learning to WQMAP would give an advantage to any
graduates seeking employment with the GCCC catchment management group.
WQMAP includes a detailed manual and example applications for an estuary in the United States.
It was the authors’ belief that the manual was too advanced, too difficult for an inexperienced user
to follow and too taxing on both students’ and instructors’ time to deliver and complete the activity.
To this end, the authors’ specifically developed a basic interactive CBI aid.
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Figure 6.1: Snapshot of the WQMAP (water quality model) interface showing the predicted water
movement through the Nerang River system, Gold Coast, Australia.

6.3.4

Computer Based Instructional Aid

As mentioned in the introduction, the base of the interactive water quality modelling CBI aid, were
HTML pages. The main factors for the authors’ choice of the HTML pages were: (a) it was userfriendly and students would be familiar with using the various features provided to navigate; (b) the
time taken to develop the CBI aid was far less expensive than more sophisticated software; (c) its
ability to run on varying computing capacity; & (d) it takes up minimal disk storage space.
The CBI aid consisted of 43 HTML pages, with each of the pages including links or buttons to
direct the student to the next, previous or home page. The pages were progressively ordered to
restrict students from skipping relevant pages and steps, thus missing important and useful
information. Figure 6.2 shows the opening HTML page to the pollutant transport model.
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Figure 6.2: The opening HTML page describing the pollutant transport model.
Once the program has been initiated, the first HTML page appears welcoming the students and
explaining how to use the CBI aid. Students are then able to work through the module by clicking
on the links located on each of the HTML pages, describing the hypothetical spill event; objectives
of the assigned activity; a description of the water quality model; and a step-by-step guide to setting
up and running the hydrodynamic and pollutant transport models. Each page contains text and still
graphics of drop-down menus, completed run cards and expected model outputs [Step 5]. The level
of information was intentionally kept to a minimum and a relatively basic level, as the activity was
intended only as an introduction to water quality modelling and its potential uses and benefits. The
student was able to move forwards or backwards through the pages at any time. The hydrodynamic
and pollutant transport modelling components were broken up into simple step-by-step instructional
pages aimed at supplying students with sufficient information on certain necessary features and
inputs for completion of the prescribed tasks.
As previously mentioned in the development phase, the authors were particularly interested in
creating motion video clips with audio narration, to assist students in the absence of the instructor.
To do this, the authors used software called Lotus ScreenCam, which was simple to use and gave
the option of creating movie files with either on-screen actions or voice narration, or both. In this
case it was viewed that students would benefit much more by being able to view all mouse pointer
movements and on-screen actions, as well as listen to the audio narrations as demonstrated by the
instructor for each process. The pre-recorded movie clips were strategically linked to particular
HTML pages, and by clicking on the ScreenCam icon, students could watch and listen to the clips
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step-by-step and at any time, stop, play, rewind or pause the clip [Step 6]. By pausing the clip,
students were able toggle to the model and immediately apply the directions conveyed, which was
also seen as a method of creating a pleasant environment for students which weren’t highly
computer literate. Figure 6.3 shows a snapshot of the ScreenCam movie clip for setting up the
hydrodynamic run card. Note the ScreenCam play-back icons and status are shown in the bottom
right corner.

Figure 6.3: Lotus Screencam movie clip demonstrating how to create a hydrodynamic scenario,
with the play-back icons and status shown in the bottom right corner.

6.4

RESULTS AND DISCUSSION

Towards the end of the activity, twenty-one students completed an anonymous questionnaire
designed to source data on student perceptions of the teaching/learning strategy. The questionnaire
comprised of two components; the first part focused on the specific aspects of the general issues and
the trainers’/students’ overall effectiveness; while, the second part focused on the CBI aid. The
questionnaire was based on a five-point scale ranging from ‘strongly agree’ to ‘strongly disagree’.
For summary purposes the five point rating scale was reduced down to a three-point scale
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combining ‘strongly agree’ with ‘agree’, and ‘strongly disagree’ with ‘disagree’. Anonymity was
guaranteed. Table 6.1 shows the results of student responses towards general issues and the
trainers’/students’ overall effectiveness. Table 6.2 shows the results of student responses towards
specific aspects of the CBI aid.

Table 6.1: Results of the student responses towards general issues and the trainers/students
overall effectiveness (response; % (n))
Questions

Agree

Neutral

Disagree

(1). The objectives of the project were clear

76 (16)

24 (5)

0 (0)

(2). The project deliverable’s were clear

71 (15)

24 (5)

5 (1)

(3). It was helpful having a instructor present

95 (20)

5 (1)

0 (0)

(4). There was enough time with the trainer

62 (13)

33 (7)

5 (1)

62 (13)

33 (7)

5 (1)

modelling

76 (16)

24 (5)

0 (0)

(7). The trainer was more useful than the html package

52 (11)

38 (8)

10 (2)

(5). I was able to complete the project with minimal
supervision
(6). I have a basic understanding of water quality

Table 6.2: Results of the student responses towards specific aspects of the teaching module
(response; % (n))
Questions

Agree

Neutral

Disagree

(1). The html module was helpful

95 (20)

5 (1)

0 (0)

(2). The html module was easy to follow

95 (20)

5 (1)

0 (0)

without getting to confused

90 (19)

10 (2)

0 (0)

(4). The screen cam recordings were helpful

95 (20)

5 (1)

0 (0)

90 (19)

10 (2)

0 (0)

86 (18)

10 (2)

5 (1)

100 (21)

0 (0)

0 (0)

(3). The content was basic enough for me to follow

(5). The on screen demonstrations made the project
easier
(6). The voice narration was more useful than the onscreen demonstration
(7). The combination of the on-screen demonstrations
and voice narrations made it simple to follow
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The majority of respondents (16 out of 21, 76%) felt they have a basic understanding of water
quality modelling, which was very encouraging, particularly as this was one of the main aims of the
activity. Furthermore, 61.9% agreed sufficient time with the instructor had been provided, and the
same number agreed they were able to complete the project with minimum supervision; while
76.2% and 71.4% agreed or strongly agreed that project objectives and deliverables were clear,
respectively. Ninety-five percent of the respondents (20 out of 21) agreed or strongly agreed having
an instructor present was helpful. Finally, a mixed response was received to whether the trainer was
more useful than the HTML package, with 52% agreeing, 10% disagreeing and 38% of respondents
remaining neutral. The varied responses to this question were very interesting, particularly since
38% remained neutral.

This would suggest that if a trainer was less experienced and less

enthusiastic, the majority of students may have responded that the HTML package is more useful
than the trainer.
With regard to the CBI aid most students (19 out of 21, or 90%) found the content was sufficiently
basic for them to follow without becoming confused or overwhelmed. Ninety-five percent of
students agreed the HTML module as helpful and easy to follow (navigate through). With regard to
the pre-recorded movie clips, 95% agreed these were helpful, and 90% agreed the on-screen
demonstrations made the project easier. However, when asked if the voice narration was more
useful than the on-screen demonstrations, 86% (18 out of 21) agreed. This was an interesting result,
as this reaction had also been observed in class. During the first two (2) weeks of the subject
certain computers did not have sound cards installed, which meant certain groups of student were
only able to see the demonstrator’s mouse-pointer movements without listening to the instructions.
This in turn had a noticeable effect on students’ progress; they progressed at a slower rate and
became much more frustrated, particularly since they were less confident in mimicking the same on
screen actions. This was really not surprising, as the CBI aid had been designed to have sound
included. Finally, all (21 out of 21, or 100%) students agreed the ScreenCam on-screen
demonstrations and voice narrations made it simple to set up and run the water quality model.
As part of the questionnaire, space was provided for students to describe ways in which the activity
can be improved to enhance the educational quality. Most suggestions concerned increases and
upgrades to the disk space on the computers to save the model output, and increasing the access and
availability of the room. One student also suggested the trainer be given a separate screen to run
through the program. The latter suggestion is being considered by the authors for inclusion in
future CBI developments.
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6.5

CONCLUSION

This paper looked at using a seven step structured approach to provide an introduction and basic
training in water quality modeling for undergraduate engineering students. To assist students to set
up, run and analyse the output from a water quality model, an interactive CBI aid was specifically
developed. The CBI aid comprised of a HTML module with links to recorded Lotus Screen cam
movie clips.
The computer based learning strategy was evaluated and found to be successful in providing handson training in small, easy steps. The project success was primarily due to the trainer, set up of the
HTML module and the ScreenCam movie clips showing on-screen actions and voice narrations of
the instructor. Future implementation of such CBI will need to take into account the importance of
a well-trained and motivated demonstrator, and suitable resources.
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CHAPTER 7 – CONCLUSIONS AND FUTURE RESEARCH

7.1

CONCLUSIONS

This thesis described a methodology to calculate the time-varying flow through a hydraulic
structure connecting two water bodies and its incorporation into an existing 2D and 3D
hydrodynamic model (BFHYDRO).

Further, the methodology and model were applied to an

existing hydraulic structure (referred to as Structure C) used to connect and exchange water
between the tidally dominated section of the Nerang River estuary and an artificial lake system
(Burleigh Lakes) on the Gold Coast, Australia.
The Nerang River estuary has a water surface area of approximately 10.96 km2 and is the largest
and most significant river system of the Gold Coast City. It is approximately 154 km in length and
has a catchment of 500 km2, which drains native, rural, industrial and residential lands. The estuary
is typically shallow with an average depth of 2.9 m and the tides are of a semi-diurnal mixed nature
with a mean tidal range of 1.2 m at the mouth. Structure C is located at the southern-most branch of
the estuary (approximately 18.5 km from the mouth) and is used to connect the Burleigh Lakes
system (area of 1.88 km2). The principal design aim of the structure was to confine the extent of the
tidal exchange with the lakes in order to limit the downstream tidal velocities in the estuary, thus
minimising the likelihood of bank erosion. The secondary design aim was to permit the exchange
of saline and freshwater between the estuary and lake system, converting the lake to a brackish
(salty) environment. In order to achieve both objectives, a controlled gated structure was
constructed which would permit the flow of water to and from the lake, out of phase with the tidal
movement in the estuary.
In Chapter 2, the field measurements and field observations of the water bodies adjacent to the
structure were described. In particular, the results of salinity profiles of the receiving water for both
sides of Structure C, before, during and after a discharge event, were presented. The profiles were
taken over a number of days and during various tidal ranges to examine the effect of tidal amplitude
on the mixing dynamics of the discharged water. The field data and long-term water quality data
confirmed that the structure did successfully meet the pre-design aim of permitting the exchange of
saline and freshwater between the two systems, thus maintaining a permanent brackish environment
within the lake system. Observations of the fate of downstream discharges revealed that the
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discharged lake water had a marked effect on stratification on the water column several kilometers
downstream of the Structure C discharge point. This stratification was observed to persist after the
discharge had ceased, even though the river was constantly subjected to tidal mixing. Hence, the
field measurements revealed that the tidal currents in this section of the river were not strong
enough to breakdown the stratification layers created by the lighter lake water discharged through
the lock structure, thus creating a permanent highly stratified water column.
In Chapter 3 the surface elevation data gathered in various parts of the Nerang River estuary was
used to calibrate and validate a model of the two-dimensional tidal circulation within the estuary.
Due to the shallowness of the estuary, extensive sensitivity testing was undertaken to determine the
appropriate quadratic bottom friction coefficient using the measured surface elevation data. Tests
indicated small values of the bottom friction coefficient produced a propagating wave up the estuary
with strong tidal currents; larger values impeded the tidal currents through the estuary. The optimal
quadratic bottom friction coefficient was 0.007, showing a very good agreement (RMS Error
<0.06), quantifying the models ability to simulate the tidal currents through a complex, narrow,
multi-branched water body.
Chapter 4 described the method to calculate the flow dynamics through a hydraulic structure
connecting two water bodies and its incorporation into an existing two-dimensional hydrodynamic
model. Specifically, the flow in and out of a cell, used to represent the location of the hydraulic
structure, was calculated using a broad crested weir formula. Using this formula, the flow through
the hydraulic structure cells were calculated for each model timestep, from the time varying nature
of the head differences between the two systems, and not prescribed. This was found to be essential
for accurately quantifying the head difference in at all times in a complex tidally dominated system
such as the Nerang River estuary.
The hydrodynamic model was setup and applied to simulate the time varying flow through
Structure C and the exchange of water between the two water bodies, four times each day. The
model setup involved the specification of the opening and closing times of the gates and the
calibration of the discharge coefficient.

Tests indicated that these were the most sensitive

parameters which ensured the correct volume of water exchange between the two systems.
Specifically, a decrease in the discharge coefficient decreased the simulated tidal range within the
lake and vice-versa. The model-predicted results were compared with available surface elevation
observations at two sites within the lake. The comparison indicated a good agreement (RMS error
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<0.09), quantifying the ability of the hydraulic structure cells to simulate the flux between the
estuary and lake for each opening. However, if the precise opening and closing times were
available, it is expected that the model prediction would have been even more accurate.
Furthermore, the study had used the model and established that the present opening and closing
time of the gates at Structure C increased the velocities through the estuary, contrary to the original
design aim of the structure. The model results indicated that the increase in current velocities was
attributed to the timing of the gate openings.
In Chapter 5 the new routines were implemented and tested in the three-dimensional hydrodynamic
model to quantifying the exchange of water and salinity between the two systems. Calibration of
the model was carried out in a number of independent, yet integrated stages. This included
determining the: (a) appropriate quadratic bottom friction parameter; and (b) discharge coefficient
(from the broad crested weir formula). Also, due to the stratified water column that existed either
side of the structure, it was necessary to select an appropriate vertical diffusivity value to replicate
the observations. The model results showed that a vertical diffusivity value of 1 cm2/sec recreated
the stratified water column as observed during the field study. Using the established settings the
model-predicted results were compared with available surface elevation observations at two sites
within the lake. An RMS Error <0.04 was found to exist between the measured and model
predicted results.

Subsequently, the model simulations for the existing configuration were

compared with the change in current flows, surface elevations and salinity levels of two
hypothetical alternative designs and documented, outlining the necessary procedure required.
Finally, Chapter 6, looked at a practical and effective computer based learning strategy to introduce
and teach hydrodynamic and water quality modelling, to the next generation of undergraduate
engineering students. To enhance technology transfer a computer based instructional (CBI) aid was
developed as part of this thesis. The CBI aid comprised of a Hypertext Markup Language (HTML)
module with links to on-screen recorded Lotus ScreenCam movie clips showing on-screen actions
and voice narrations of the instructor, to assist with the setup, execution and the analysis of models’
output, in small easy steps. The strategy proved to be a useful and effective approach in assisting
the students to complete the project with minimum supervision, and acquire a basic understanding
of water quality modelling.
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7.2

FUTURE RESEARCH

While this study has focused on the hydrodynamic modelling for an existing structure, it has
revealed the opportunity for further research. Some specific examples include:
•

Coupling the hydrodynamic model data with a pollutant transport and/or water quality
model to investigate the influence that the hydraulic structure may have on sediment
transport, dissolved oxygen and nutrient concentrations;

•

Setup and run the hydrodynamic model for other sites that have a similar structure.
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APPENDIX A

This CD-ROM contains four movie files (*.avi) of the 3-dimensional model output produced as part
of the thesis. Each of the files only show one opening and closing event, to reduce the file sizes.

1. Velocity 3D flow downstream.avi – this file shows Structure C’s gates opening and
allowing water to flow from the Burleigh lakes system into the Nerang River estuary from
12:57am till 3:03am 8th April 2002.
2. Velocity 3D flow upstream.avi – this file shows Structure C’s gates opening and allowing
water to flow from the Nerang River estuary into Burleigh lakes from 6:30am till 9:15am
8th April 2002.
3. Salinity 3D flow downstream.avi – this file shows the salinity exchange as the gates open
permitting the flow of water from the Burleigh lakes system into the Nerang River estuary
from 12:57am till 3:09am 8th April 2002.
4. Velocity 3D flow downstream.avi – this file shows the salinity exchange as the gates open
permitting the flow of water from the Nerang River estuary into Burleigh lakes from
6:33am till 11:21am 8th April 2002.
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