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EXECUTIVE SUMMARY

This report details the results of a numerical modelling project 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.

This report describes the set-up and results of a hydrodynamics study designed to address
objective 1. Objective 2 is addressed in a second accompanying report that details the set-up and
results of a water quality modelling study done in conjunction with hydrodynamics modelling
described here. This report includes an introduction that describes Cockburn Sound and proposed
desalination plant outfall characteristics and provides an overview of the physics of the Sound. The
section that follows provides a description of the three-dimensional numerical model ELCOM
(Estuary, Lake and Coastal Ocean Model), developed at the Centre for Water Research, that was
applied to simulate the hydrodynamics of the Sound. The model was validated against seasonal
data as well as data from the real-time sites being currently collected. The seasonal validation
focussed on the change in ambient salinity and temperature over one year. Higher resolution
validation was completed for a 45 day period where temperature and conductivity data were
available from fixed locations in the main basin of the Sound. The model performance was
assessed by comparing the simulation results with available field data, and demonstrated excellent
skill in reproducing temperature and salinity in the Sound. The impact of the proposed desalination
outfall and the predicted effect of the outfall plume on the salinity, temperature and density
structure of the Sound was assessed by configuring a scenario to include this discharge. Several
extreme scenarios were also considered to determine the effects of the discharge under Qorst-
caselJconditions.

The simulation results showed that the desalination plant discharge will have no impact on
stratification in the deeper waters (>15 metres) of Cockburn Sound. The saline discharge is of
insufficient salinity and volume to negate the natural destratifying forces (wind and tides) and
horizontal mixing processes in the deeper waters (>15 metres) of Cockburn Sound. Given that the
desalination plant discharge will not impact stratification in the deep waters of the Sound, it is
highly unlikely that it will impact dissolved oxygen conditions as the discharge is diluted thousand-

fold or greater by natural mixing processes in the Sound.
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1 INTRODUCTION

Cockburn Sound is a coastal embayment to the south of Fremantle. It is bounded to the east by
the mainland and to the west by Garden Island. The main basin is about 16 km long, 7 km wide,
with a maximum depth of 22 m, the surface area is 80 km? and the volume 1.2 x 10° m®. At the
southern end of the Sound, the mainland and Garden Island are 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 is currently constructing a seawater desalination plant
along the eastern shore, which 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 m® s of water from the Sound, and the return of saline effluent of 55GL per year (1.75 m® s°
1. This saline discharge is estimated to have 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 is designed to reduce the salinity to no more than 0.8 ppt above ambient
concentrations within 50 metres of the diffuser.

The concern of the Environmental Protection Authority is that the desalination plant discharge will
negatively impact the ecological health of the Sound. The indicator taken for this impact in the
operating licence issued by the Department of Environment and Conservation has been chosen to
be dissolved oxygen concentrations, measured in the bottom at three locations. Based on the
current licence conditions, reduction of dissolved oxygen concentrations below a trigger level will
potentially result in shut-down of the desalination plant, however it is felt that there has been no
formal connection made between the dissolved oxygen concentrations at the measuring sites and
the desalination plant operation. Vertical stratification is a large contributor to the decline of DO in
the deeper waters of the Sound due to the restriction that stable density gradients place on the
rates of vertical mixing, and thus the replenishment of oxygen concentrations at depth. This report
documents the application of the three-dimensional hydrodynamic Estuary, Lake and Coastal
Ocean Model (ELCOM) to assess the impact of the desalination plant discharge on the
stratification in the Sound over short term and seasonal time-scales. We describe here the
predicted impact of the desalination plant on the hydrodynamics in the Sound, thereby forming a
physical basis for a second accompanying report that assesses the impact of the desalination plant

on the dissolved oxygen in the Sound.

Previous hydrodynamic studies of Cockburn sound (D[Adamo 2002) have shown that the
stratification of Cockburn Sound is driven by both salinity and temperature gradients through the

year. However, the stratification is weak and regularly eroded by strong wind events, which occur

CENTRE FOR WATER RESEARCH UNIVERSITY OF WESTERN AUSTRALIA
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most often in summer as strong sea-breezes. As summer passes and the strength of the sea-
breezes decreases, with strong wind events occurring only 4 to 5 times a month, flushing of the
deeper waters becomes less frequent and stratification is maintained by saline underflows
generated by evaporation at the surface, which is greatest along the shallow eastern shelf. During
winter and spring, extended calm periods of several days or more separate of strong wind events
associated with coastal frontal activity. During mid-winter an increase in freshwater flow exiting
from the Swan River at Fremantle and increased groundwater flow through springs along the
coastal fringes of the Sound form a baroclinic (i.e., density driven) overflow that strengthens the
stratification as it moves over the denser ocean water entering the deeper sections of the Sound.
However, in recent years, local drought conditions have weakened this process.

Over the seasonal time-scales the primary influences on large-scale hydrodynamic behaviour of
Sound are surface wind stress and density gradients. The tidal regime is micro-tidal, having an
amplitude of approximately 0.5 m throughout the year. As a result, tidal currents play only a
secondary role in the hydrodynamics of the Sound and do not contribute significantly to exchange
between the Sound and adjacent waters. The seasonal behaviour of Cockburn Sound is
dominated by surface wind forcing and thermodynamics, and therefore predictive modelling of the
Sound requires a three-dimensional numerical model capable of resolving lateral gradients in
surface fluxes, most importantly wind and evaporation. The Estuary, Lake and Coastal Ocean
Model (ELCOM) has been applied in this study as it has clear strengths in resolving surface driven
processes, predominantly due to its evolution from a model developed for terrestrial water bodies
in which wind-driven vertical mixing and surface thermodynamics are vastly dominant
mechanisms. An overview of ELCOM is provided below. Further details can be sourced from the

CWR website at http://www.cwr.uwa.edu.au.
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2 MODEL SELECTION

2.1 Model Requirements

Based on the physical oceanography of Cockburn Sound outlined above, the requirements for a
numerical model were:

e Three-dimensional: The model must be able to simulate three-dimensional flow fields as
the vertical stratification and horizontal gradients in both directions are important to the
flushing regime.

e Temperature and salinity: The model must be able to simulate both temperature and
salinity.

e Surface thermodynamics play an important role in the stratification regime and the model
must have a surface thermodynamics module.

e Coriolis: Whilst unlikely to have a major impact, the effects of the earthis rotation should be
included for model completeness.

e Tidal forcing at the open boundary.

e Vertical mixing model: The model selected must be able to simulate the effects of
turbulence and mixing due to evaporative cooling, bottom friction, and wind stirring. This is

crucial to the erosion of salinity gradients induced by the desalination outfall.

In this study we have used the three dimensional model ELCOM (Estuary, Lake and Coastal
Ocean Model), developed by the Centre for Water Research, University of Western Australia
(Hodges et al 2000). ELCOM has been applied to more than 50 systems worldwide, including
similar systems to Cockburn Sound such as the Marmion Marine Park, Venice Lagoon, the Adriatic

Sea, the Caribbean Sea, the Gulf of Uribe (Colombia) and Lake Maracaibo (Venezuela).

2.2 Model Description

ELCOM (Estuary, Lake and Coastal Ocean Model) is a three-dimensional hydrodynamics model
for estuaries, lakes, reservoirs and coastal ocean environments, and is used to predict the
variation of water temperature and salinity in space and time. ELCOM solves the unsteady
Reynolds-averaged Navier - Stokes equations using a semi-implicit method similar to the
momentum solution in the TRIM code with the addition of quadratic Euler - Lagrange discretization,
scalar (eg. temperature) transport using a conservative flux-limited approach, and elimination of
vertical diffusion terms in the governing equations. ELCOM does not assume a relationship
between the vertical Reynolds stress terms and the resolved shear, but instead applies an explicit

mixing model to directly compute the vertical turbulent transport. Molecular diffusion in the vertical
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direction is neglected as turbulent transport and numerical diffusion are generally dominant. The
free-surface evolution is governed by vertical integration of the continuity equation for

incompressible flow in the water column applied to the kinematic boundary condition.

Heat exchange through the water(s surface is governed by standard bulk transfer models found in
the literature. The energy transfer across the free surface is separated into nonpenetrative
components of long-wave radiation, sensible heat transfer, and evaporative heat loss,
complemented by penetrative shortwave radiation. Non-penetrative effects are introduced as
sources of temperature in the surface-mixed layer, whereas penetrative effects are introduced as
source terms in one or more grid layers on the basis of an exponential decay and an extinction

coefficient (Beerls law).

ELCOM computes a model time step in a staged approach consisting of
e introduction of surface heating/ cooling in the surface layer
e mixing of scalar concentrations and momentum using a mixed-layer model
e introduction of wind-induced momentum source in the wind-mixed layer
» solution of the free-surface evolution and velocity field including turbulent horizontal viscous
transport
e horizontal eddy diffusion of momentum
+ advection of scalars, and

+ horizontal diffusion of scalars.

The fundamental numerical scheme is adapted from the TRIM approach of Casulli and Cheng
(1992) with modifications for accuracy, scalar conservation, numerical diffusion, and
implementation of a mixed-layer turbulence closure. The solution grid uses rectangular Cartesian
cells with fixed x and 'y (horizontal) grid spacing, whereas the vertical z spacing may vary as a
function of z but is horizontally uniform. The grid stencil is the Arakawa C-grid: velocities are
defined on cell faces with the free-surface height and scalar concentrations on cell centres. The
free-surface height in each column of grid cells moves vertically through grid layers as required by
the free-surface evolution equation. Replacement of the standard vertical turbulent diffusion
equation with a mixed-layer model eliminates the tridiagonal matrix inversion for each horizontal
velocity component and transported scalar required for each grid water column in the original TRIM
scheme. This provides computational efficiency and allows sharper gradients to be maintained with

coarse grid resolution.

Examples of ELCOM applications include the modelling of wind mixing and internal wave
processes in stratified lakes (Hodges et al, 2000), and the modelling of exchange flow between a

tidal strait and coastal lake (Laval et al, 2003).
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3 DATA REVIEW

3.1 Bathymetric Data

Bathymetric data was supplied for Cockburn Sound at a 100 x 100 m resolution, referenced to
AHD. The maximum depth of the domain is 24 m near the ocean boundary and in Mangles Bay.
Figure 3.1 illustrates the bathymetry of the Sound and the modelling domain. Stations DO1, DO2,
DO4, DO7 and CENTRAL will be used throughout this report for data analysis

Figure 3.1 100 x 100 m bathymetry (depth in m)

3.2 Ocean Boundaries

Tidal data was sourced for Fremantle Boat Harbour and Mangles Bay from the Department of
Planning and Infrastructure (DPI) for 2005-2006 (Table 3.1). The locations of the tidal gauges are
shown in Figure 3.2 and typical time-series of the tide data at these locations is shown in Figure
3.3 and Figure 3.4. The typical range over the year is from +0.6 mAHD to (0.6 mAHD with small

seasonal variation.
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Temperature and salinity profile data (Section 3.6) from station DO1 (Figure 3.15) and WC8
(Figure 3.2) were used to define the scalars (temperature, salinity) at the open boundaries. Time-
series of the open boundary scalar forcing used at the northern and southern open boundaries are

shown in Figure 3.5 and Figure 3.6.

Table 3.1. Tidal data available for Cockburn Sound simulations.

1 0, [0)
Station Periods of Data Data Interval % Complete % GO.Od
Name Record Quality
Fremantle 1/1/2005 - 31/7/2006 2 minute 100 100
Mangles Bay 1/1/2005 - 30/4/2006 5 minute 100 100

SWANBOURNE W =

#MANGLES BAY '

Figure 3.2 Tide and Meteorological data locations.
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Figure 3.5

Fremantle Boat Harbour Tide
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Figure 3.3 Fremantle Boat Harbour tidal heights 2005 and early 2006.

Mangles Bay Tide
1.5 T T T T T T T

mAHD

Dl 1 1 1 1 1 1 1
100 150 200 250 300 350 400

2005ddd

Figure 3.4 Mangles Bay tidal heights for 2005 and early 2006.

BC FILE: ../runAlinfiles/NthBoundaryTempSalDO.dat BC: Northern Boundary
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Temperature profile boundary conditions at the northern open boundary observed at

stations WC8 and DO1 between March 2005 and March 2006. The black dots indicate the field data

samples (in depth and time) that were interpolated to create the temperature boundary conditions.
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BC FILE: ../runAlinfiles/NthBoundaryTempSalDO.dat BC: Northern Boundary
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Figure 3.6 Salinity profile boundary conditions at the northern open boundary observed at

stations WC8 and DO1 between March 2005 and March 2006. The black dots indicate the field data

samples (in depth and time) that were interpolated to create the salinity boundary conditions.

3.3 Meteorological Data

Meteorological data was sourced for 2005-2006 from the BOM data services for Swanbourne and
Perth Airport (Figure 3.2). The data consisted of hourly wind speed, wind direction, air temperature
and relative humidity. Solar radiation data (10 min interval) were sourced from Department of
Environment and Conservation (DEC) for Caversham to the north of Perth. Meteorological

variables used for the simulations are plotted in Figure 3.7 to Figure 3.13.

Swanbourne Wind Direction
400 T T T - - - -

300 ’
o 200

100

O 1 1 1
100 150 200 250 300 350 400

2005ddd
Figure 3.7 Swanbourne wind direction 2005 and early 2006.
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Swanbourne Wind Speed
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Figure 3.8 Swanbourne wind speed 2005 and early 2006.
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Figure 3.9 Swanbourne relative humidity 2005 and early 2006.
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Figure 3.10 Swanbourne rainfall 2005 and early 2006.
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Swanbourne Air Temperature
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Figure 3.11 Swanbourne air temperature 2005 and early 2006.
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Figure 3.12 Swanbourne solar radiation 2005 and early 2006.
Perth Airport Cloud Cover
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Figure 3.13 Perth airport cloud cover 2005 and early 2006.

3.4 Industrial Discharge

The following sources of industrial discharge have been included in the ELCOM simulations;
1. Kwinana Power Station (KPS)
2. BP Refinery

CENTRE FOR WATER RESEARCH UNIVERSITY OF WESTERN AUSTRALIA
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3. TiWest

4. CSBP
The discharge characteristics are shown in Table 3.2 and the locations of the discharges are
shown in Figure 3.14, including the site of the proposed desalination discharge outfall. The
available data only expresses the temperature and salinity of the discharge relative to the ambient
water in the Sound. The absolute discharge values for salinity and temperature were therefore
determined by applying the adjustments outlined in Table 3.2 to background temperature and
salinity series computed from a control simulation with no industrial discharges. The larger
discharges of Kwinana Power Station and BP Refinery included intakes that extracted water from
the simulated domain.

Table 3.2. Industrial discharge characteristics, showing the salinity and temperature differences
above ambient introduced by each discharge.

Discharge Flow (m°s™) DS (psu) DT (°C)

KPS 10-30 (daily peak 0 6-12
production cycle)

BP 54 -0.38 13.83

TiWest 0.125 24 3

CSBP 0.377 0 6

CENTRE FOR WATER RESEARCH

UNIVERSITY OF WESTERN AUSTRALIA
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i
+'BP Outfall

TiWest Outfall
CSBP Ouitfall

Figure 3.14 Locations of industrial discharges into Cockburn Sound, including the location of the

proposed desalination outfall.

3.5 Desalination discharge

The Water Corporation desalination outfall characteristics were defined as
e 40 ports over diffuser length of 160 m.
- DT=05°C

« Flow under the high flow operating scenario of 2.31 m*s™

An intake was also simulated to ensure mass balance in the domain. The desalination discharge
was implemented into ELCOM using two bottom grid cells at the location marked in Figure 3.14
that represent the diffuser arrays and shared equal portions of the desalination discharge. This
was required to match the design 45-fold dilution of the diffuser. Note that the simulation results
are therefore not representative of the near-field region in the vicinity of the diffuser (< 500m). The
salinity of the effluent was prescribed at 1.8 times the ambient salinity determined from the control

simulation.
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3.6 Calibration and verification data

Water column temperature and salinity data for Cockburn Sound were sourced from Oceanica
Consulting Pty Ltd. The data included profile measurements at stations DO1, DO2 and DO4, plus
a station 2 km north of Garden Island (WC8), collected on 9 occasions during the period Feb 2005
to Mar 2006: 23 Feb, 6 Apr, 25 May, 11 Jul, 10 Aug, 28 Oct, 14 Nov, 13 Dec in 2005; 15 Feb 2006.
Profile data was available for station DO7 for 15 Dec 2005 and 24 Feb 2006; stations DO1, DO2
and DO4 were also profiled on these dates. More intensive profile data for the summer months
(Dec-Mar) were available from the Cockburn Sound Management Council (provided by Oceanica
Consulting Pty Ltd). This data included weekly water column profiles of temperature and salinity at
stations close to DO1 (CS04) and DO2 (CS08), a station 2 km west of DO7 near the Causeway
and Mangles Bay (CS11), and a station 1 km south of the Garden Island (CSSC) (Figure 3.15).

(km)
o)

DO1
DO2 |
DO4
DO7
wcs
csa
cs8
csii ||
cssc

12

14}

*>>SO00PeE@

(km)

Figure 3.15 Location of field sampling sites. Note that DO2 and CS8 overlap and that DO1 and
CS4 are effectively co-located.
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4 GRID RESOLUTION TESTS

4.1 ELCOM set-up

4.1.1 Bathymetry
Before completion of the final simulations a brief grid resolution study from performed to assess
the divergence of model results induced by a change in grid resolution and to ensure that the
results are not compromised by the choice of bathymetric grid. Both the vertical and horizontal
resolutions were considered using four simulation grids {x-grid, y-grid, z-grid}:

1. 200x200x1m

2. 200x200x0.5m

3. 100x100x1m

4. 100 x 100 x 0.5 m grid.

A plaid grid was also constructed to maximise the capability of ELCOM to reproduce potentially
important features in the outfall flow, yet maintain manageable simulation run-times. To ensure that
the model was able to capture the features of the bottom flow in the vicinity of the outfall the grid
was plaid and consisted of a concentration of cells with horizontal dimensions 100 x 100 m near
the outfall that increased to 200 x 200 m away from the outfall. Vertical resolution varied from 1 m
over the top 10m down to 0.5 over the remainder of the depth. The finer vertical grid over the
bottom of the domain ensures that the model could adequately resolve baroclinic (i.e., density
driven) underflows driven by the desalination plant discharge that may intrude into the deeper
regions of the Sound. The grid structure used for the remaining simulations is illustrated in Figure
4.1.

CENTRE FOR WATER RESEARCH UNIVERSITY OF WESTERN AUSTRALIA
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Figure 4.1 ELCOM plaid grid used for the simulations.

4.1.2 Forcing Data

The five grid resolution simulations were performed over a 2 month period from April to June 1993
(this study was performed prior to constructing the data set for the control and scenario
simulations). Over this period the stratification in the Sound reaches seasonal peaks. The northern
and southern boundaries were forced using season variations in temperature and salinity defined
in Cockburn Sound and surrounding waters during 1991-92 (Southern Metropolitan Coastal
Waters Study 1996). No tidal forcing was introduced at the open boundaries. The stratification
introduced by the desalination discharge was therefore advected and eroded by wind-driven flow

and mixing, and so represented a low energy case.

4.2 Results

4.2.1 Temperature
The model results suggest that the grid resolution has a negligible effect of the computed
temperatures. The simulated surface and bottom temperatures and temperature difference

between top and bottom are illustrated for station CENTRAL in Figure 4.2. The simulated
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temperatures also illustrate that the temperature stratification is very weak, with a maximum

temperature difference between the surface and bottom of < 1°C.

TEMPERATURE at station CENTRAL
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Figure 4.2 Simulated temperature for grid-test simulations. Upper panel shows the surface

temperature, middle panel shows the bottom temperature, and the lower panel shows the difference.

4.2.2 Salinity

Computed salinities at stations DO1, CENTRAL, DO4, and DO7 are shown in Figure 4.3 to Figure
4.6. The simulated salinities were lower (~0.05 psu) at the surface for the 100 m horizontal grid
resolution simulations due to greater exchange at the boundaries induced by a better resolved flow
through the Causeway openings with the smaller grid. The vertical grid resolution only impacts
simulation results in the vicinity of the outfall (site DO4). The same detail in the stratification at DO4
in the higher-resolution simulations is captured by the plaid grid. The plaid grid replicates salinities
in between the different horizontal grids at the outer stations (e.g., DO7), however, the simulation

time is reduced considerably.
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SALINITY at station DO1
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Figure 4.3 Surface and bottom salinity and the difference at station DO1 for tested grids
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Figure 4.4 Surface and bottom salinity and the difference at station CENTRAL for tested grids
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SALINITY at station DO4
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Surface and bottom salinity and the difference at station DO4 for tested grids

SALINITY at station DO7
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5 MODEL VALIDATION

5.1 Seasonal Validation (Control Simulation)

5.1.1 Simulation summary

All simulations, except for the grid resolution studies, were conducted over a 369 day period from
23 Feb 2005 0O 27 February 2006, using a 180 second model timestep, forced with the data
presented in Figure 3.7 to Figure 3.13. Meteorological data was available from Garden Island,
however Swanbourne data was chosen to represent a more conservative simulation approach, as
the wind speeds measured at Swanbourne are typically lower than those measured at Garden

Island.

5.1.2 Temperature

Comparison of the temperature profile output from the control simulation with field profile
measurements are shown in Figure 5.1 to Figure 5.3 for stations DO1, DO2 and DO4. The field
data shows a distinct lack of temperature stratification throughout the year, which is replicated by
the ELCOM results. The numerical simulations also track the seasonal variation in temperature,
capturing the reduction in water temperature during the winter and the heating during spring and
summer. The range of temperatures measured and simulated during this period also matches that
measured by DIAdamo (2002). Temperature stratification in the field data it is not often observed at
the separate stations at the same time, suggesting the feature is either localised, weak, or a
measurement error (e.g., Figure 5.3, W2006046 DO4). Boundary forcing data (Figure 3.5) shows
that interpolation between stratified and unstratified periods of measurement will limit the ability of

the ELCOM to resolve transient stratification features.

Further comparisons are presented in Figure 5.4 to Figure 5.7, which shows a time series of
temperature from the surface and bottom cells in the model and compares them with surface and
bottom measurements of temperature from the profiles shown in Figure 5.1 to Figure 5.3. These
results indicate the model accurately captures the seasonal trends in surface and bottom
temperature at all stations. The simulation results also indicate large temporal variability in the

temperature stratification.
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Figure 5.1. Comparison of measured (blue) and simulated (red) temperature profiles for three

locations (DO1, DO2, DO4) in the Sound. The day of collection is shown at the top of each column (as
yyyyddd), with each column representing a sampling day and each row representing a sampling
location. The letter before the sampling date indicates if the profiles were part of the Water
Corporation monitoring program (W, profiles at DO stations) or part of the KIC/CSMC monitoring (C,
CS stations).
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Figure 5.2. As for Figure 5.1, but for the latter part of 2005 and early 2006.
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Figure 5.3. As for Figure 5.1, but for Jan-Feb 2006.
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TEMPERATURE at station D01
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Figure 5.4 Comparison plot of simulated temperature (solid line) and field temperature (open

circle) for station DO1. Top panel shows the surface layer, middle panel shows the bottom layer and

the bottom panel shows the top-to-bottom temperature difference.
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TEMPERATURE at station DO2

— Base [11.55
O ' Profiles:[11.5m

100

150

— Base [118.84m -

1 : i
5 O ' Profiles:119.5T
100 150 200 250 300 350 400
0 %) y OROMATT sy
® il ! ' 1‘,|| !
& 0 il | 4 T | ’
- Base DTEMPERATURE = o
O : Profiles DTEMPERATURE
EQ 1 1 1 1 1 1 1
100 150 200 250 300 350 400
2005ddd
Figure 5.5 As for Figure 5.4, but for station DO2.
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TEMPERATURE at station D04
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Figure 5.6 As for Figure 5.4, but for station DOA4.
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