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Executive Summary 

This report details the results of field experiments conducted to further validate numerical 

modelling undertaken to investigate the potential impact of a hypersaline desalination plant 

discharge via an outfall into Cockburn Sound, Western Australia. The overall modelling study 

comprised of two key objectives. The objectives were to: 

1. Determine the impact of the desalination plant discharge on stratification in Cockburn 

Sound. 

2. Determine the impact of the desalination plant discharge on dissolved oxygen conditions in 

the Cockburn Sound.  

 

Two reports are available that address these two objectives from the Water Corporation website 

(Yeates et al. 2006, Okely et al. 2006). 

 

In order to complement the data collected under standard monitoring programmes, and to act as a 

further validation of the numerical model, two detailed field experiments were conducted. The 

objectives of the experiments were: 

a) To provide further data to validate the numerical model ELCOM-CAEDYM. 

b) To provide information on the dilution characteristics of the saline plume under calm 

conditions. 

 

The experiments consisted of high-resolution profiling of temperature, conductivity, pH, dissolved 

oxygen, and turbidity under calm conditions over several days in December 2006 and April 2007. 

Rhodamine WT dye release experiments were also conducted and tracked with high resolution 

profiling to determine the instantaneous dilution of the saline plume for both a low flow discharge 

(50%) and a high flow discharge (83%) rate. Numerical modelling was conducted in conjunction 

with the field experiments in order to validate the model over short timescales. 

 

The experiments and simulations presented here are over the short-term (1-3 days) and are 

focussed on the mid-field region up to approximately 2 km from the diffuser, whereas the previous 

modelling was focussed on seasonal behaviour and the Sound as a whole.  

 

The measurements suggest a complex pattern of movement in the near-field region of the diffuser, 

with strong interactions between water discharged from the Perth Seawater Desalination Plant 

diffuser, ambient water from the Sound, and water discharged from the Verve Energy power 

station. The simulation results demonstrate that the modelling is able to pick up the saline plume 

exit from Stirling Channel as well as the dilution of the plume in the mid-field. 
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The conclusions derived from the two field experiments described in this report are: 

 

- Under calm conditions, the effluent from the plant leaves the diffuser vertically forming a 

plume with an initial height of approximately 4-5 metres above the bed in the vicinity of the 

diffuser. The negative buoyancy of the effluent causes the plume to plunge to the sea floor 

where it spreads laterally following the depth contours of the Sound. The plume travels under 

gravity until it intersects the dredged shipping channels, where it is present as a semi-

permanent feature (dependent on wind conditions) approximately 2-3 metres above the bed.  

- Under calm conditions, there is no pathway by which water from the saline underflow can 

short-circuit directly into the deeper parts of Cockburn Sound, as gravity forces the underflow 

along the thalweg of the shipping channels both to the north and south. This was confirmed 

by measurements at the exit of Stirling Channel which showed no dye trace over the period of 

the experiments.  

- The saline underflow is now present, to a greater or lesser extent depending on the absence 

or presence of wind, as a semi-permanent feature in the shipping channel. The horizontal 

extent of the underflow in the channels is determined by the balance of span-wise spreading 

and thinning of the underflow due to gravity and vertical mixing due to bottom friction and 

internal shear. Measurements show that by the time the underflow reaches the exit of Stirling 

Channel it is generally no more than 0.5 m thick. This thin underflow was observed to plunge 

down the Sound bottom slope, mixing as it falls. After about 400m all traces of the underflow, 

to the accuracy of the instruments, has disappeared.  

- Note that the natural seasonal range of salinity in Cockburn Sound is approximately 35.1 � 

37.1 psu, and any evidence of the plume exiting Stirling Channel, whilst distinctly measurable, 

fell within the natural seasonal range. For both experiments the preferential flow path of this 

plume exiting Stirling Channel was initially west to north-west, before the salt trace falls below 

instrument detection limits.  

- The results of these experiments are in agreement with the results of the previous modelling 

investigations conducted by the Centre for Water Research. An excellent match between the 

model and April field work was found, however there were some differeneces in the model 

comparison with the December 2006 near to mid-field due to uncertainties in the Verve power 

station discharge and temperature. These differences are immaterial, as the model and field 

data are consistent in showing that the plume is not present 400m beyond the exit of Stirling 

Channel.  

- Together, the two field campaigns and the modelling provide strong evidence that under 

conditions tested the saline underflow is completely dissipated within about 400m of the exit 

point of Stirling Channel. 
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1 Introduction 

Cockburn Sound is a coastal embayment south of Fremantle, Western Australia, that is bounded 

by the mainland to the east and Garden Island to the west. The Sound is approximately 16 km 

long, 7 km wide, with a maximum depth of 22 m, surface area of 80 km2 and volume of 

approximately 1.2 x 109 m3. The southern end of the Sound is almost closed, with the mainland 

and Garden Island connected by a solid rock-fill causeway, with two openings to the sea 

approximately 300 and 600 m wide. 

 

The increase in industry in the Sound has led to increasing concerns about the ecological health of 

the embayment. The Water Corporation has completed construction of a seawater desalination 

plant along the eastern shore, which at maximum production will produce 45GL of potable water 

per year via reverse osmosis. This process is approximately 45% efficient, which therefore 

requires extraction of 100GL per year (3.2 m3 s-1) of water from the Sound, and the return of saline 

effluent of 55GL per year (1.75 m3 s-1). This hypersaline discharge has a salinity of approximately 

65 ppt, with the salinity of the ambient receiving waters approximately 37 ppt. The saline discharge 

enters the Sound via a diffuser which was designed to reduce the salinity to 1ppt above ambient 

concentrations within 50 metres of the diffuser. 

 

The numerical models ELCOM-CAEDYM were calibrated and validated for Cockburn Sound over 

seasonal and monthly timescales; these results were reported in Yeates et al. 2006 and Okely et 

al. 2006 (available from the Water Corporation website). In order to increase confidence in the 

modelling, and to better understand the detailed dynamics of the saline plume, two detailed field 

experiments were conducted with dye release tests in December 2006 and April 2007. The 

objective of the experiments was to validate the numerical model in the mid-field region. Here we 

define the near-field as the region where the negatively buoyant jet from the diffuser falls back to 

the ocean floor (approximately 50m from the diffuser), the mid-field as the region where the 

submerged underflow, formed by the effluent retains its identity and propagates along the ocean 

floor (approximately 1-2km from the diffuser) and the far-field regions as the expanse of water, if it 

exists, where the effluent salinity is discernable, but where the mixing is completely controlled by 

background processes.  

 

The results of the April 2007 experiment are presented first, as this data set was the most 

extensive, the plant was running at near capacity and the weather was extremely calm. The 

sampling regime was also improved based on the December 2006 experiment and so it forms a 

more complete picture of the dynamics, which then makes the interpretation of the December 2006 

data easier. 
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Figure 1.1. Cockburn Sound bathymetry (colour is depth in metres), showing significant industrial 

outfalls and the LDS station measuring meteorological variables, temperature and conductivity. 

Particularly noteworthy is that Cockburn Sound is enclosed in the South and the North by shallow 

sills, with only narrow artificial shipping channels allowing deeper water to leave and enter the 

Sound. 
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2 Methodology  

2.1 Overview 
Two field investigations were undertaken in Cockburn Sound on 25 � 28 April 2007 and 12 � 21 

December 2006. The experimental equipment included the installation of a moored Lake 

Diagnostic System (LDS), which measured meteorological and water column variables, high 

resolution CTD profiling using a fine-scale F-probe, and Rhodamine WT dye releases through the 

desalination plant�s diffuser. 

 

The LDS and F-probe provided temporally and spatially intensive data of meteorology and 

temperature, salinity, dissolved oxygen, pH and turbidity distributions for Cockburn Sound and in 

proximity to the desalination discharge. The dye releases gave additional information on dilution 

and transport of the desalination discharge. 

 

Some additional monitoring data was provided for 9 January 2007, which consisted of profiles of 

temperature, conductivity and dissolved oxygen at stations away from the diffuser. 

 

Note that, although during the December experiment Western Australian daylight savings time was 

in effect (AWDST), all times in this report correspond to AWST. 

 

2.2 Instrumentation 

2.2.1 Lake Diagnostic System (LDS) 

An LDS was installed at 32° 12� 02.83�� S and 115° 45� 32.20�� E on December 12 2006 (Figure 

1.1). The LDS consisted of a full meteorological station measuring  

• air temperature 

• relative humidity 

• wind speed 

• wind direction 

• shortwave radiation 

• net radiation 

at approximately 1.5 metres above the water surface. The station was fitted with 29 thermistors, 

from 0.5 to 10.75 metres depth at spacings of 0.35-0.4 metres. The station was set to log data at 

35 second intervals. 
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2.2.2 Fine-scale Profiler (F-probe) 

On profiling days (25-28 Apr and 13, 18, 19, 21 Dec), a fine-scale profiler was deployed equipped 

with the following sensors: 

• Temperature (accuracy 0.001 ”C) 

• Conductivity (accuracy 0.001 S m-1) 

• Depth (accuracy 0.004 m) 

• pH (accuracy 0.05) 

• Dissolved oxygen (accuracy 0.1 mL L-1) 

• Turbidity (accuracy 0.1 FTU) 

• Rhodamine WT fluorometer (range 0.04 � 1000 ppb) 

• Chlorophyll a fluorometer (range 0.03 � 500 mg L-1) 

The profiler was deployed in free-falling mode, collecting data at 50 Hz with a drop velocity of 0.5 

m s-1. This gave a vertical resolution of 1 cm.  

 

2.3 Rhodamine WT Dye 
In order to determine the instantaneous dilution of the diffuser, two dye tracing experiments were 

conducted. On 19 December at 0800 AWST (0900 AWDST), 26.4 L of Rhodamine WT dye was 

released over 22.5 minutes at a rate of 1.17 L min-1. The dye was released into the deaeration 

chamber of the desalination plant, approximately 100 metres from the coast, using a dosing pump 

(Figure 2.1). The dosing pump flow rate was set prior to the dye release using water from the 

evaporation pond. The flow rate exiting the diffuser at the time of the dye release was 1.2 m3 s-1, 

with a salinity of 52 psu. The details of the discharge are presented in Table 2.1 

 

Table 2.1. Rhodamine WT details for Dec 2006 release.  

Rhodamine characteristics     
% Rhodamine (by weight) 20   
Rhodamine density 1190 kg m-3 
     
Injection characteristics    
Pipe discharge flow rate 1.20 m3 s-1 
Rhodamine dye volume 26.4 L 
Injection time 22.5 min 
Rhodamine mass 6.2832 kg 
     
Dye cloud characteristics    
Rhodamine concentration 3889 mg L-1 
Rhodamine cloud volume 1616 m3 
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Figure 2.1. Rhodamine WT dye release configuration, showing Rhodamine WT containers (right), 

dosing pump (on concrete pedestal), and hose leading into the deaeration chamber. 

 

The same method of release was used for the second dye release experiment in April 2007. On 26 

April at 0940 AWST, 42.1 L of Rhodamine WT dye was released over 19.5 minutes at a rate of 

2.16 L min-1. The flow rate exiting the diffuser at the time of the dye release was 1.9 m3 s-1, with a 

salinity of 67 psu. Further details are given in Table 2.2. 

 

Table 2.2. Rhodamine WT details for Apr 2007 release. 

Rhodamine characteristics     
% Rhodamine (by weight) 20   
Rhodamine density 1190 kg m-3 
     
Injection characteristics    
Pipe discharge flow rate 1.93 m3 s-1 
Rhodamine dye volume 42.1 L 
Injection time 19.5 min 
Rhodamine mass 10.02 kg 
     
Dye cloud characteristics    
Rhodamine concentration 4432 mg L-1 
Rhodamine cloud volume 2262 m3 
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2.4 Model Configuration 

2.4.1 General 

The hydrodynamic and dissolved oxygen simulation results for the period of field studies were 

available from the coupled models ELCOM-CAEDYM; details of ELCOM-CAEDYM set-up and 

seasonal validation are contained in accompanying reports (Yeates et al. 2006, Okely et al. 2006). 

Bathymetry used for the simulations herein consisted of the 200m to 100m horizontal plaid grid 

and 0.5m vertical grid. This was the same horizontal grid used in the original simulations, however 

the vertical grid resolution was increased to 0.5m in order to capture the details of the submerged 

underflow dynamics in the shipping channels. 

2.4.2 Real-time modelling during field experiment 

During the field experiments, the model ELCOM was configured to run in real-time using 

meteorological data from the LDS and boundary conditions collected during the experiment. This 

involved the following steps: 

1. Initial field surveys on day 0 (prior to dye release) used to create a spatially-varying initial 

condition for both temperature and salinity.  

2. Configuration of the Aquatic Real-time Management System (ARMS) for Cockburn Sound 

3. Incorporation of the LDS data streams (meteorological and stratification) into ARMS to 

provide forcing and validation data. 

4. Upload of profiling data collected at the boundaries of the Sound into ARMS during the 

experiment to ensure accurate boundary conditions.  

5. Hindcast and nowcast simulations of the plume dynamics to guide the field sampling 

programme. 

 

This was particularly useful during the first experiment (December 2006) as it clearly showed the 

plume formation in the shipping channels, and the movement of the plume both north and south of 

the diffuser. This allowed for a targeted field campaign that was dynamically adjusted as data was 

fed in, and ultimately led to a very efficient campaign being conducted in the second experiment 

(April 2007). 

 

2.5 Industrial Discharge 
The following sources of industrial discharge were included in the ELCOM simulations; 

1. Kwinana Power Station (KPS) 

2. BP Refinery 

3. TiWest 

4. CSBP 
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The discharge characteristics are shown in Table 2.3 and the locations of the discharges are 

shown in Figure 1.1. The available information about the discharges only expresses the 

temperature and salinity of the discharge relative to the ambient water in the Sound (Worley 2006). 

The absolute discharge values for salinity and temperature were therefore determined by applying 

the adjustments outlined in Table 2.3 to background temperature and salinity series computed 

from depth-averaged thermistor chain data and salinity measurements. The discharge from the 

Kwinana Power Station was set to peak flow rate of 30 m3 s-1, and a profile boundary condition was 

used for temperature and salinity of the discharge, as measured near a power station outfall on 19 

Dec and 25 Apr (Figure 2.2 and Figure 2.3). The larger discharges of Kwinana Power Station and 

BP Refinery included intakes that extracted water from the simulated domain. 

 

Table 2.3. Industrial discharge characteristics, showing the salinity and temperature differences 

above ambient introduced by each discharge. 

Discharge Flow (m3s-1) DS (psu) DT (oC) 

KPS 10-30 (daily peak 

production cycle) 

[fixed at 30 m3s-1] 

0 

[used field profile] 

6-12 

[used field profile] 

BP 5.4  -0.38 13.83 

TiWest 0.125 [fixed at 24 psu] 3 

CSBP 0.377 0 6 
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Figure 2.2. Temperature and salinity measurements from an F-probe profile near the power station 

outfall at 10:32 on 19 Dec. 
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Figure 2.3. Temperature and salinity measurements from an F-probe profile near the power station 

outfall at 17:26 on 26 Apr. 

 

2.6 Saline Effluent Discharge 
The effluent discharge characteristics, as determined from inlet and outlet data from the plant, are 

shown in Figure 2.4, Figure 2.5 and Figure 2.6, for Dec 2006, Jan 2007 and Apr 2007 respectively. 

The effluent discharge was implemented into ELCOM by inserting an inflow at the base of two 

bottom grid cells (an area 200 m long by 100 m wide, at the location marked in Figure 1.1) to 

represent the diffuser arrays. The simulation results were therefore not representative of the near 

field region. In order to capture the effect of the near field dilution, the desalination discharge (Qi) 

was �pre-diluted� before entering the domain at the two bottom cells. The background volume flux 

(Qb, with salinity Cb), diluted discharge (Qo) and diluted discharge salinity (Co) were calculated 

from a salinity balance: 

Cb x Qb + Ci x Qi = Co x (Qb + Qi) 

A dilution factor was determined from: 

Qb / Qi = (Co - Ci) / (Cb - Co) 

using the profile data at the boundary of the near field from Dec 2006 (Co = 36.9 psu, Cb = 36.4 

psu, Ci = 52 psu and Qi = 1.2 m3 s-1) and Apr 2007 (Co = 37.4 psu, Cb = 36.5 psu, Ci = 67 psu and 

Qi = 1.9 m3 s-1). These data suggested a dilution factor of approximately 30. The desalination plant 

intake was also simulated, and an equivalent background volume flux to that used to dilute the 

effluent discharge was withdrawn from the domain, to ensure mass balance in the domain. 

 

Based on Wallis (2006) and the above ambient and discharge characteristics, we compute the 

expected dilution and jet characteristics according to Roberts et al (1997) (Table 2.4). For both 

cases the plume is estimated to reach approximately mid-depth (as the water is 10m deep at the 

diffuser), with a bottom layer thickness of approximately 2m once the gravitational underflow forms. 
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Table 2.4. Predicted characteristics of the negatively buoyant jet for the conditions during the two 

field experiments. 

 December 2006 April 2007 

Flow rate (m3 s-1) 1.20 1.93 

Port discharge velocity (m s-1) 1.98 3.18 

Ambient Salinity (psu) 36.4 36.5 

Discharge Salinity (psu) 52 67 

Ambient Density (kg m-3) 1025.8 1025.9 

Discharge Density (kg m-3) 1037.8 1049.4 

Discharge Froude Number 15.65 17.99 

Dilution at impact 25.04 28.79 

Dilution at end mixing zone 40.70 46.78 

Maximum rise of jet above bed (m) 4.79 5.50 

Thickness of bottom layer (m) 1.52 1.75 
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Figure 2.4. Desalination discharge flow rate (top panel), temperature (central panel; includes inlet 

temperature data) and salinity (bottom panel) during 13-21 Dec 2006; shaded sections indicate 

periods of no data and marker shows time of dye release. 
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Figure 2.5. Desalination discharge flow rate (top panel), temperature (central panel; includes inlet 

temperature data) and salinity (bottom panel) for 5-9 Jan 2007. 
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Figure 2.6. Desalination discharge flow rate (top panel), temperature (central panel; includes inlet 

temperature data) and salinity (bottom panel) during 25-28 Apr 2007; marker shows time of dye 

release. 

 

3 April 2007 Experiment  

3.1 Field Programme 
 

Table 3.1. Field study programme for April 2007 investigation. 

Time Method Description 

25/04/07 08:33-09:50 F-probe E-W transect along northern boundary of Sound. 

25/04/07 10:07-11:24 F-probe W-E transect from north Garden Is. to east shore. 

25/04/07 11:36-12:28 F-probe E-W transect from diffuser to Garden Is. 

25/04/07 12:43-13:17 F-probe 
Profiles in southern Sound: at northern causeway bridge, Water 

Corp south station and near west shore. 

25/04/07 13:26-13:55 F-probe S-N transect alongshore past diffuser. 

26/04/07 07:40-09:04 F-probe S-N transect along shipping channels. 
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26/04/07 09:36-10:56 F-probe Anchored at diffuser. 

26/04/07 09:40-10:00 Dye Rhodamine WT added to desalination discharge. 

26/04/07 11:07-11:31 F-probe Transect from diffuser to shipping channel. 

26/04/07 11:48-14:53 F-probe N-S transect along shipping channels and off shelf. 

26/04/07 15:04-15:39 F-probe S-N transect along shipping channels near diffuser. 

26/04/07 16:11-17:01 F-probe Profiles in embayment north of diffuser. 

27/04/07 08:38-10:16 F-probe S-N transect along shipping channels. 

27/04/07 10:34-13:27 F-probe Profiles in embayment�s north and south of diffuser. 

27/04/07 13:36-15:18 F-probe Profiles in Stirling Channel and radially off shelf. 

27/04/07 15:36-16:18 F-probe W-E transect along northern boundary of Sound. 

27/04/07 16:30-16:54 F-probe Profiles in shipping channel. 

27/04/07 17:04-17:26 F-probe Profiles in southern Sound. 

28/04/07 08:32-10:24 F-probe S-N transect along shipping channels. 

28/04/07 10:41-11:37 F-probe E-W transect along northern boundary of Sound. 

28/04/07 12:03-13:21 F-probe Profiles in embayment north of diffuser. 

28/04/07 13:34-14:22 F-probe Profiles in Stirling Channel and off shelf. 

28/04/07 14:37-15:08 F-probe Profiles in southern Sound. 

 

3.2 Meteorology 
Meteorological data measured by the LDS during the April experiment is presented in Figure 3.1. 

The days were fine with maximum solar radiation of 600 W m-2 and strong diurnal fluctuations in air 

temperature and relative humidity. Wind speeds remained low, generally less than 5 m s-1. On the 

morning of the dye release (26 Apr), wind ranged from 1 � 3 m s-1 from an east to north-easterly 

direction. The meteorological conditions during the dye release experiment were therefore ideal to 

test the performance of the diffusers and the response of the Sound under weak forcing conditions.  
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Figure 3.1. Meteorological parameters measured by the LDS station in Cockburn Sound during 25-28 

April 2007. 

 

3.3 Ocean Boundaries 
Profile data were collected along the ocean boundaries of the Sound to act as boundary conditions 

for the numerical model, and are presented in Figure 3.2 to Figure 3.4. On 25 April, N1, N2 and N3 

profiles across the northern border of Sound show a 5 m deep surface layer with temperature of 

approximately 20 °C and salinity of 36.25 psu, overlying water that was up to 0.25 °C warmer and 

0.25 to 0.5 psu more saline. In the northern profile closest to Garden Is. (profile N4), temperature 

increased and surface salinity decreased near the surface. The southern profile (S) had a surface 

temperature of 20 °C also, but a stronger salinity of 36.5 psu. The profiles on 27 and 28 April were 

similar to 25 April, with the exceptions of a deeper surface layer at N2 on 27 April in which the 

temperature decreased from 20.2 °C to 19.7 °C from the surface to 10 m depth, and higher 

salinities near Garden Is. (36.4 psu at N1 and 36.65 psu at S).  
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Simulation ocean boundary conditions were constructed using the profile measurements in order 

to capture the horizontal and vertical variability observed. The configuration of the northern 

boundary was four sections corresponding to each profile: N1 profiles applied to eastern shallows, 

N2 profiles applied between shipping channels, N3 profiles applied to north-west corner and N4 

profiles applied to shallows north of Garden Is; and S profiles were applied at open boundary south 

of Garden Is. Boundary forcing also included predicted tide data for Fremantle. 
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Figure 3.2. Profile measurements taken on 25 Apr at northern boundary of Cockburn Sound and near 

northern causeway bridge at southern entrance to Sound. 
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Figure 3.3. As for Figure 3.2, but for 27 Apr. 
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Figure 3.4. As for Figure 3.2, but for 28 Apr. 

 

3.4 Initial Distributions 
Field profiles taken on 25 April were used to construct initial temperature and salinity distributions 

for the simulation. The top panels of Figure 3.5 and Figure 3.6 show linear interpolations of surface 

and bottom measurements by all profiles made on 25 April, for temperature and salinity 

respectively. The 25 April measurements show water temperature was around 20.25 °C, warmer in 

the deeper waters and on the south-eastern shelf. In the deep section and shipping channels of 

the Sound, the bottom salinity was 0.2 to 0.5 psu greater than the surface.These profiles were 

used to initialise the simulation (see bottom panels of Figure 3.5 and Figure 3.6); note that the 

model uses a distance-weighted interpolation for initial distributions.   




