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This Hydrodynamic Report (“Report”):

1. has been prepared by GHD Pty Ltd (“GHD”) for Grange Resources for the purpose of
approvals by State and Federal agencies;

2. may only be used and relied on by Grange Resources for the purpose of approvals by
State and Federal agencies;

3. must not be copied to, used by, or relied on by any person other than Grange
Resources for the purpose of approvals by State and Federal agencies without the prior
written consent of GHD;

4. may only be used for the purpose of assessment of the Cape Riche Seawater
Desalination Plant (and must not be used for any other purpose).

GHD and its servants, employees and officers otherwise expressly disclaim responsibility to any
person other than Grange Resources arising from or in connection with this Report.

To the maximum extent permitted by law, all implied warranties and conditions in relation to the
services provided by GHD and the Report are excluded unless they are expressly stated to
apply in this Report.

The services undertaken by GHD in connection with preparing this Report were limited to those
specifically detailed in section 1 of this Report.

The opinions, conclusions and any recommendations in this Report are based on assumptions
made by GHD when undertaking services and preparing the Report (“Assumptions”), including
(but not limited to):

limited data sets and information on the bathymetry; and

reliance on predicted discharge and salinity concentration from the proposed
desalination plant.

GHD expressly disclaims responsibility for any error in, or omission from, this Report arising from
or in connection with any of the Assumptions being incorrect.

Subject to the paragraphs in this section of the Report, the opinions, conclusions and any
recommendations in this Report are based on conditions encountered and information reviewed
at the time of preparation and may be relied on until 3 months, after which time, GHD expressly
disclaims responsibility for any error in, or omission from, this Report arising from or in
connection with those opinions, conclusions and any recommendations.
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1. Introduction

1.1 Background
Grange Resources Limited (Grange, the proponent) proposes to develop the Cape Riche Seawater
Desalination Plant (the project) in order to provide a reliable, independent water supply to its Southdown
Magnetite mine site. The Project will supply 12 GL/y of treated water to the Southdown mine site. This
rate of production requires an annual seawater intake of 30 GL and generates 18 GL of brine which is
proposed to be released to the adjacent marine environment.

The desalination plant is anticipated to provide over 85% of the mine’s make-up water requirements, the
majority of which being for process use. Small quantities may be made potable after further treatment.

1.2 Brine discharge to Southern Ocean
The proposed desalination plant will process up to 90 ML of seawater per day, which corresponds to a
maximum brine discharge of approximately 52 ML/day (0.6 m3/s). The characteristics of the brine during
peak production are shown in Table 1.

Table 1 Discharge characteristics of the brine during peak operation

Parameter Value

Volumetric flow rate 0.6 m3/s

Salinity Up to 70 ppt  (independent of production
rate)

pH 6 - 8

Temperature Increase of less than 2 ºC above ambient

The brine will be piped to an adjacent wavecut platform on the south side of Cape Riche. From there it
will be discharged into a rock gutter which drains directly into a natural fissure (Figure 1). This fissure is
approximately triangular (plan view) with an axial length of 23 m that broadens to approximately 15 m
(width) at the open seaward end, and will facilitate the early stages of dilution before the brine is released
to the environment.

 1 ppt is approximately 1PSU
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Figure 1 Proposed brine discharge location: a) Aerial photograph; b) Photograph from
wavecut platform facing south

a)

b)

23 m

Discharge Fissure
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1.3 Purpose
The aim of this study is to estimate the dilution of the brine after it has been released from the outfall
pipeline. These brine dilution estimates are required to determine the Project’s impact on the marine
environment.

1.4 Objectives
The specific objectives of this study are:

To evaluate the likely dispersion of the brine during various sea states, typical of the region; and

To evaluate the potential for the brine discharge to stratify the water column;

1.5 Methodology
To investigate the impact of the brine discharge on the marine environment it is necessary to estimate
the mixing properties in the ocean adjacent to the brine effluent outfall. This investigation was undertaken
via a combination of measurements, data analysis and analytical and numerical modelling. Tasks
included:

Collecting necessary data;

Analysing the data to provide insight into the dominant oceanographic processes;

Developing a near-field dilution model to account for wind wave and swell induced mixing in the
fissure and entrainment into the discharged jet and plume; and

Developing a far-field hydrodynamic model using the results of the oceanographic study and validate
the results using field data;

Using the far field hydrodynamic model in conjunction with the near field dilution model to determine
the mixing and transport of the discharged brine.

1.6 Report outline
Site specific measurements of wind, wave, water level and current at Cape Riche were complemented by
third party measurements mainly from Albany (section 2). Analysis of these datasets and review of
published information form the description of the climate and meteorology (section 3). Winds from this
section play a role in forcing the circulation and dispersion models of the brine effluent. The long term
Albany and month-long Cape Riche wave measurements were analysed in section 4 and it is shown that
they are an important component of the near-field mixing.

Meteorologic and oceanographic data from section 2 were analysed in section 5 to reveal that tidal
currents are low and that surface winds control the current speed and direction. This section will show
that the coastal ocean is homogeneous (i.e. well mixed) and that the coastal circulation processes may
be approximated with a vertically integrated model mainly forced with surface wind. A comparison
between the results of the vertically averaged (2D) model and a three-dimensional (3D) model confirm
the theory.

The dilution of the brine discharged into a natural fissure and then into coastal waters is studied in
section 6. It will be shown that the mixing of the brine with sea water is controlled by ocean waves
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entering and leaving the fissure. It is also demonstrated that this mixing is effective and equal to or better
than standard seabed diffusers, and it is sufficient to meet the environmental water quality guidelines.

In sections 7, 8 and 9, a verified numerical model will demonstrate that the coastal wind driven currents
and natural turbulence will rapidly disperse the brine. It will be shown that the increase in salinity caused
by the brine will be < 0.2 ppt above background within 400 m of the discharge and is expected to be
sufficient to meet the environmental water quality guidelines.
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2. Datasets

Table 2 presents the datasets used in this study.

Table 2 Datasets used in the brine discharge mixing assessment

Survey / Data Station Organisati
on

Location Height1

/ Depth2

(m)

Interval
(minute)

Duration of
Record

Reference
Section

Local
Bathymetry

- EGS
Survey

- - - - 2.2

Regional
Bathymetry

- DHI Group - - - - 2.2

Regional
Bathymetry

- Admiralty
Charts
(AUS 377)

- - - - 2.2

Wind Albany
Airport

BoM 34.94°S,
117.80°E

10.5 30 1996-2010 2.3

Wind North
Hopetoun

BoM 33.93°S,
120.13°E

10.5 30 1996-2010 2.3

Wind Cape
Riche
Wind

Grange
Resources

34.62°S,
118.75°E

10.8 10 19/11/2007-
31/07/2008

17/05/2009-
31/12/2010

2.3

Currents Cheyne
Bay

RPS
Metocean

34.60°S,
118.77°E

-11.3
MSL

10 15/11/2010 -
15/12/2010

2.4

Currents Offshore RPS
Metocean

34.61°S,
118.79°E

-31.4
MSL

10 15/11/2010 -
15/12/2010

2.4

Currents Albany Grange
Resources

35.12°S,
118.03°E -43 15 06/07/2005 -

06/10/2005
2.4

Water Levels
(Tides)

Cheyne
Bay

RPS
Metocean

34.60°S,
118.77°E

-11.3
MSL

10 15/11/2010 -
15/12/2010

2.5

Water Levels
(Tides)

Offshore RPS
Metocean

34.61°S,
118.79°E

-31.4
MSL

10 15/11/2010 -
15/12/2010

2.5

Waves and
Swell

Cheyne
Bay

RPS
Metocean

34.60°S,
118.77°E

-11.3
MSL

60 15/11/2010 -
15/12/2010

2.6

Waves and
Swell

Offshore RPS
Metocean

34.61°S,
118.79°E

-31.4
MSL

60 15/11/2010 -
15/12/2010

2.6

1 Height relative to ground level
2 Depth relative to mean sea level
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Waves and
Swell

Albany DPI 35.12°S,
117.43°E

-60 30 06/07/2005 -
06/10/2005

2.6

Salinity,
Temperature

Cape
Riche Area

AUV 3 4 <1
second

16/11/2010 -
06/12/2010

09/02/2011 –
08/03/2011

2.7

2.1 Project datum
Horizontal and vertical data are referenced to GDA94 MGA Zone 50 and Mean Sea Level (MSL),
respectively.

2.2 Bathymetric data
All bathymetry datasets utilised in this study were corrected to mean sea level.

The bathymetry south east from the bar across Cheyne Inlet deepens from 0 m at the shore to 40 m
about 2 km offshore, adjacent the tip of Cape Riche.

Wave-cut platforms occur along the base of the cliffs between Cape Riche and Haul Off Rock to the
west. The water rapidly deepens from 10 m to 40 m at 200 to 400 m offshore of the shoreline. Thereafter,
the water depths increase gradually to 100 m, at a distance of 40 to 50 km from the shoreline, across the
narrow continental shelf. The continental slope then deepens rapidly from 100 m to 500 m, and
eventually to 4,000 m at approximately 80 to 100 km offshore.

Local bathymetry survey
EGS Surveying conducted a detailed bathymetric and side scan sonar survey in the vicinity of the
desalination plant intake. The survey was performed using a Reson 8101 Multibeam echo sounder
(MBES) and an Edgetech 4200 side scan sonar. The coverage of the survey was approximately 3x106

m2 (300 ha) (Figure 2). This survey did not extend to the location of the proposed brine outfall.

3 AUV continuously profiles the ocean both vertically and laterally
4 AUV continuously profiles the ocean both vertically and laterally
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Figure 2 High resolution survey data

MIKE C-Map

Bathymetry data for the remainder of the model domain were obtained at lower resolution from DHI’s
MIKE-C-Map. MIKE C-Map is a digital global ocean depth repository based mainly on digitised
bathymetric maps.

Figure 3 Bathymetry from MIKE C-Map

Admiralty chart AUS 337

AUS 337 was used to verify bathymetry data from CMAP.
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2.3 Wind data
Wind data were sourced from three meteorological stations:

1. Bureau of Meteorology (BOM) station at Albany Airport (station 9741);

2. BOM station at North Hopetoun (station 9741); and

3. Cape Riche anemometer (private data collected for wind farm pre-feasibility studies) – wind speed
and direction measured 10.8 m above ground level at ten minute intervals. The Cape Riche
anemometer is located 500 m inland and approximately 80 m above sea level on a ridge that runs
parallel to the coast on the south side of the cap.

A summary of the three wind datasets is contained in Table 3.

Table 3 Summary of the meteorological data

Anemometer Coordinates Height5 Measurement
interval

Duration of Record

Albany Airport 34.94°S, 117.80°E 10.5 30 minute 1996-2010

North Hopetoun 33.93°S, 120.13°E 10.5 30 minute 1996-2010

Cape Riche Wind 34.62°S, 118.75°E 10.8 10 minute
19/11/2007-31/07/2008

17/05/2009-31/12/2010

Figure 4 Location of meteorological stations relative to the proposed discharge location
(6167700N; 661500E)

5 Height relative to ground level
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2.4 Current data

Local coastal currents
Current data were collected using two acoustic wave and current profilers (AWAC) deployed from 15
November to 15 December 2010. The first instrument was located in the bay between the mainland at
Cape Riche and Cheyne Island at 11.3 m depth and the second approximately 1 km offshore at 31.4 m
depth (RPS 2011) (Figure 5). A summary of the AWAC data is contained in Table 4.

Table 4 Summary of the AWAC data

AWAC Coordinates Nominal
depth (m)

Measurement
range above
seabed (m)

Measurement
interval
(minute) 6

Duration of
Record

Cheyne
Bay 34.60°S, 118.77°E 11.3 1.8 - 9.6 10 15/11/2010-

15/12/2010

Offshore 34.61°S, 118.79°E 31.4 3.0 - 29.9 10 15/11/2010-
15/12/2010

Figure 5 Location of the AWAC instruments and ADCP near Albany

Albany coastal currents

Current data were collected from June to October 2005 using an acoustic Doppler current profiler
(ADCP) deployed southwest of Bald Head (GEMS 2006) (Figure 5). These data are summarised in Table
5.

6 Measurements were 10 minutes apart however every 6th measurement was skipped to allow for the measurement of wave data
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Table 5 Summary of the current data

ADCP Coordinates Nominal
depth (m)

Measurement
range above
seabed (m)

Measurement
interval
(minute)

Duration of
Record

Albany 35.12°S, 118.03°E 43 6.2 – 38.5 15 6/7/2005 -
6/10/2005

2.5 Water level data

Tidal planes

Table 6 shows the tidal planes calculated for Albany which are representative of those at Cape Riche.

Table 6 Tidal planes at Albany representative of tidal planes at Cape Riche

Description mAHD

HAT Highest Astronomical Tide +0.74

MHHW Mean Higher High Water +0.44

MLHW Mean Lower High Water +0.24

MSL Mean Sea Level +0.04

MHLW Mean Higher Low Water -0.26

MLLW Mean Lower Low Water -0.36

LAT Lowest Astronomical Tide -0.66

Local water level data

Water level data were recorded using pressure sensors at both the offshore and Cheyne Bay AWAC
sites (see Figure 5 and Table 4). Each logger reported the 10 minute average water depth over the
instrument deployment period (15 November – 15 December).

Astronomical tides
Time series of astronomical tides at half-hourly intervals were generated for the two AWAC sites and for
the open boundary of the hydrodynamic model (section 7.3) using the Global Tidal Model included in
DHI’s Mike Zero Toolbox. Four semidiurnal (M2, S2, K2, and N2) and four diurnal (K1, O1, P1, and Q1)
harmonic constituents were used to construct this time series.

2.6 Wind wave and swell data

Cape Riche wave data

Wave and swell data were recorded at the offshore and Cheyne Bay AWAC sites (Figure 5). Each logger
reported the 10 minute average water depth over the instrument deployment period (15 November – 15
December).
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Table 7 Summary of the Cape Riche wave data

AWAC Coordinates Nominal
depth (m)

Measurement
interval

Duration of
Record

Cheyne
Bay

34.60°S, 118.77°E 11.3 1 hour 15/11/2010-
15/12/2010

Offshore 34.61°S, 118.79°E 31.4 1 hour 15/11/2010-
15/12/2010

Albany wave data

Wave measurements at Albany from July 2005 to December 2006 were sourced from the Department of
Planning and Infrastructure (DPI).

Table 8 Summary of the Albany wave data

Wave buoy Coordinates Nominal
depth (m)

Measurement
interval

Duration of
Record

Albany 35.12°S, 117.43°E 60 30 minutes 06/07/2005 -
06/10/2005

2.7 Slocum glider data
At the time of the finalising the hydrodynamic modelling, Slocum gliders had been deployed in the
coastal waters surrounding Cape Riche on two occasions: 16 November to 06 December 2010, and 09
February to 08 March 2011. The glider continuously (0.5 Hz) profiled water temperature, conductivity (to
derive salinity), turbidity, dissolved oxygen and fluorescence (index of chlorophyll-a) along five
predetermined tracks (or transects) (Figure 6 and Figure 7).
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Figure 6 Glider track for the November-December 2010 deployment

Figure 7 Glider track for the February-March 2011 deployment

Since completing the modelling a third glider was deployed from July to August 2011. The data
acquisition parameters were the same as for the previous two deployments. For a description of this data
see Appendix A.
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3. Climate and Meteorology

3.1 General winds and synoptic patterns
The climate of the south west coast of Western Australia is a result of a complex interaction of
meteorological systems at three main scales:

synoptic scale;

mesoscale; and

microscale;

3.1.1 Synoptic scale

The synoptic scale in meteorology relates to events with horizontal length scales of the order of 1000
kilometres (e.g. mid-latitude depressions). Most high and low-pressure areas seen on weather maps
such as surface weather analyses are synoptic-scale systems. The general circulation of the lower
atmosphere over south Western Australia is dominated by a subtropical high pressure belt, which forms
discrete anticyclones that encircle the hemisphere in the subtropical latitudes. In June and July the high
pressure belt reaches its northern limit, approximately 15° to 30° degrees south. In December and
January it reaches its southern limit, approximately 35° to 40° south. As winds circulate anticlockwise
about these high pressure systems, westerly winds will prevail over Albany (and Cape Riche) during
winter, and easterly winds prevail over summer (Gentilli, 1971).

3.1.2 Mesoscale

Mesoscale meteorology is the study of weather systems smaller than synoptic scale systems but larger
than microscale and storm-scale cumulus systems. Horizontal dimensions generally range from around 5
kilometres to several hundred kilometres. Examples of mesoscale weather systems are sea breezes,
squall lines, thunder storms, tornadoes and whirlwinds and dissipating tropical cyclones.

Vertical velocity often equals or exceeds horizontal velocities in mesoscale meteorological systems due
to non-hydrostatic processes such as buoyant acceleration of a rising thermal or acceleration through a
narrow valleys or steep ridges. The steep topography found about Cape Riche will steer and affect the
local wind speed and direction.

3.1.3 Microscale

Microscale meteorology is the study of smaller, short-lived atmospheric phenomena, about 1 km or less
in length, which are generally too small to be depicted on a weather map. Microscale meteorology
includes air-water fluxes and surface wind stress.

3.2 Synoptic meteorology at Cape Riche

3.2.1 Summer

From December to February the subtropical ridge is to the south of Australia, and south to easterly winds
prevail over the region (Figure 8 and Figure 9). Prevailing almost constant summer wind speeds are
seen to average about 4 to 5 m/s
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Figure 8 Wind speed and direction from the Cape Riche anemometer during the middle
of summer 2010

Figure 9 Wind Rose for summer 2010

3.2.2 Winter

From June to August, the subtropical ridge is located over the centre of Australia, and predominantly
westerly airflow is directed over the south west region. The northerly location of the ridge allows the
northern extremities of cold fronts (narrow zones forming the boundary between an advancing mass of
relatively cold air sliding underneath and lifting relatively warmer air ahead of the zone) associated with
extratropical cyclones (deep depressions) located in the Southern Ocean, to pass over southern
Australia.
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At Cape Riche the typical winter wind speed of 0 to 12 m/s is larger than that in summer. Extreme north-
north west events reach speeds of up to 17 m/s over short durations of 1 to 6 hours and are likely to be
related to thunder storms or convective instability. Calm periods (speeds less 2 m/s) are also more
frequent during winter.

Figure 10 Wind speed and direction from the Cape Riche anemometer during the
middle of winter 2010

Figure 11 Wind Rose for winter 2010
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3.2.3 Spring and autumn

Spring and autumn, September to November and March to May respectively, are transition periods,
during which the subtropical ridge is migrating between its summer and winter latitudinal limits. As a
result, the wind direction during these periods is far more erratic than during either summer or winter
(Figure 12 to Figure 15).

Figure 12 Wind speed and direction from the Cape Riche anemometer during the
middle of autumn 2010

Figure 13 Wind Rose for autumn 2010
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Figure 14 Wind speed and direction from the Cape Riche anemometer during the
middle of spring 2010

Figure 15 Wind Rose for spring 2010

3.3 Mesoscale meteorology at Cape Riche
Superimposed upon the general atmospheric circulation over the coastal areas of southern Western
Australia, are two principal mesoscale systems: the land-sea breeze circulation, and the Western
Australian heat trough. These features are most noticeable in summer, when they tend to have a
dominating influence on the weather experiences in the region.
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Other mesoscale phenomena include dissipating tropical cyclones, thunderstorms, tornados and
whirlwinds, and the steering of surface winds by rapid changes in coastal topography. All of these
phenomena have been experienced across the south west region.

3.3.1 Land-sea breeze circulation

The sea breeze is an onshore wind near the coast which frequently sets in during the late morning, rises
to a maximum in the early afternoon and dies away in the evening. It is driven by a disparity between
oceanic and terrestrial temperatures which arises due to the rapid heating of the land surface compared
to the heating rate of the sea (due to waters high specific heat, transmissivity to insolation and ability to
mix heat to depth). As the surface temperature of the land increases during the morning, the air above
the land is heated, causing it to expand and rise. Over the sea, the air remains relatively cool, and a
horizontal pressure differential is established across the coast, causing cooler air over the sea to flow
towards and over the land. This aid is replaced by descending air over the sea, creating a closed vertical
circulation. As the phenomenon is created by the diurnal heating cycle it is more pronounced on hot clear
days than on cold or cloudy days.

Conversely, as the atmosphere cools during the night the temperature of the land surface may drop
below that of the sea surface. The result is an offshore wind known as the land breeze. The land breeze
usually arises during the night and ceases by early morning.

The coastline at Cape Riche is oriented at approximately 28°. The sea breeze in this location is thus
south to south easterly. This can clearly be seen in Figure 8 and Figure 9, though the direction of diurnal
sea-land breeze speed is biased by the near constant summer winds, where the direction has a daily
variability superimposed upon a slow swing from south to east to northeast lasting two to three days,
while speed has a daily variability in the ranges from 4 to 14 m/s.

3.3.2 Western Australian heat trough

During the summer months, a heat trough is usually an elongated zone of relatively low pressure that
often forms near the west coast and has a major influence upon the weather of the region.

The centre of a heat through represents the location of the seaward temperature maximum of an
offshore airflow which has been heated during passage over land before being cooled during its passage
over the ocean. During summer, the synoptic easterly airflow develops a southerly perturbation at the
west coast due to interaction of a horizontal pressure gradient and the Coriolis force (due to the rotation
of the earth). The mechanism for establishment of this horizontal pressure gradient is uncertain. It is
probably due to a combination of cooling of the easterly airflow during continued passage over a
relatively cool ocean, and expansion of the easterly airflow as it leaves the continental plateau.

Once initiated, the trough deepens, with pressure falling due to rising air temperature. This causes
northerly backing of the winds to the east of the trough, and rising temperatures along the west coast,
further intensifying the system. Winds to the west of the trough veer increasingly to the south, and on
maturation a closed depression may form at the southern extremity of the trough.

Usually, at some point during its development, synoptic scale features cause the deep trough system to
move eastwards across Western Australia, bringing in its wake a cool, moist change with generally
southerly winds. Finally, the trough moves further inland and dissipates as the temperature differentials
are eroded.
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The usual lifetime of a Western Australian heat trough system is of the order of 3 to 7 days, with a
frequency of occurrence of about 5 per month during the summer months. The influence of the trough is
difficult to see in the records because of the presence of the sea breeze.

3.3.3 Dissipating tropical cyclones

During summer, tropical cyclones often develop over the tropical waters of the north eastern Indian
Ocean. Occasionally in early autumn (March to April), tropical cyclones may travel down the west coast
of Australia while dissipating, slowly changing their characteristics to become cold-cored. Once in the
southern Indian Ocean, they are almost always influenced by nearby southern depression and cold
frontal systems and the effects of dissipating tropical cyclones on the weather of the south west region of
Western Australia may be similar to those of winter extra tropical cyclones. The last significant
dissipating tropical cyclone to affect the region was tropical cyclone Alby, which passed close to Cape
Leeuwin on 4 April 1978.  Gale-force winds were widespread, occurring throughout most of the South
West Land Division, where the highest gust at Albany was 150 km/h (BoM 2011 ).

3.4 Microscale

3.4.1 Horizontal variation of the surface winds

Figure 16 provides an idea of the horizontal variation of the surface wind speeds and directions between
Albany, Cape Riche and Hopetown North, during the period 15 November to 15 December 2010. An
examination of these Albany, Cape Riche and Hopetown North wind data suggests that:

diurnal (24 hour) and synoptic (2 to 4 day) variations in wind speed and direction under moderate
conditions (3 to 15 m/s) are present across the three stations;

Cape Riche speed data is consistently faster, 5 to 40%, than those corresponding to Albany and
Hopetown North speeds;

Cape Riche adequately (speed within 5%, direction within 10° to 20°) represents the horizontal wind
pattern for the purpose of this study. It is thought that these variations may be due to location of the
anemometers. Cape Riche is within 1 km of the open coast, while the other locations are well inland.

some variations in the horizontal wind pattern occur during calms and the onset of the sea breeze,
but these are anticipated to have only a small effect on the water movement patterns.

under most strong wind conditions the horizontal wind pattern was reasonably uniform across the
three anemometers;

occasionally non-uniform conditions can be seen in the Cape Riche data for wind events of 2 to 4
hours with peak speeds of 12 to 15 m/s;

the time lapse of the wind direction changes between recording stations appears to lie between 10
and 60 minutes.

There are times where the wind direction at either Albany or North Hopetoun deviates from the
directions at the remaining sites. Wind direction at Cape Riche is generally in agreement with at least
one of the other sites.

The above conclusions are broadly confirmed by the cross-plots of wind speeds measured at Albany,
Cape Riche and Hopetown North, which show strong correlation between these three stations at all wind
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speeds. Further, much of the variability is likely due to local topographic effects and thus winds over the
open ocean may be expected to be more uniform than Figure 16 suggests.

Figure 16 Wind speed (top) and direction (bottom). Black - Cape Riche, Red – Albany Airport,
Blue – North Hopetoun.

3.5 Extreme wind conditions in the 2010 Cape Riche data set

3.5.1 Passage of strong cold fronts

During the winter months, the northern extremities of cold fronts pass over the south west region. As a
cold front approaches, north westerly winds ahead of the front may strengthen up to storm force. Often
heavy rainfall occurs as the front passes over the region, and the associated winds gradually back to
south-westerly before abating (Figure 12).

3.5.2 Pressure gradient storms

During summer, a series of anticyclones migrate eastwards along the subtropical ridge which is located
to the south of Western Australia. At irregular intervals (approximately three times per year) an intense
anticyclone with a central pressure in excess of 1035 mb arrives. Such an anticyclone can direct gale
force easterly winds over the south west region prior to the development of a heat trough along the west
coast. An example of the passage of such a system is shown in Figure 8.
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3.5.3 Calms

At the other extreme, extended periods of light winds (less than 2 m/s) occur throughout the year,
particularly during the winter months. Prolonged calms of 1 to 2 days duration, occurring on average
about four times per year, are usually accompanied by cold, clear weather. Within these prolonged calm
periods, wind speeds may drop below 2 m/s for periods of several hours duration.

3.6 Summary
There are a number of seasonally variable synoptic and mesoscale meteorological phenomena
which are likely to affect coastal hydrodynamics;

Winds across the domain are reasonably uniform;

For the purposes of hydrodynamic modelling, the wind field between Albany and North Hopetoun can
be considered spatially uniform; and

Winds from this section play a role in forcing the circulation and dispersion models of the brine
effluent.
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4. Wind Waves and Swell

4.1 Cape Riche wave data
Wave data from Cape Riche is confined to the November-December dataset described in section 2.6.
The data is shown in Figure 17 along with a statistical summary in Table 9. This dataset is not
representative of the full year as this transitional summer period is relatively calm (low sea state)
compared to winter. Important features of the wave climate during November-December at Cape Riche
are:

The median significant wave height was 2.1m during the record period;

The peak period of the 2.1m wave was 12 seconds (not shown in table); and

Predominant direction was from the South and South-East sectors.

These deep water waves propagate into Cape Riche, with little attenuation, to about the 20 m depth
contour. The wave propagation is illustrated in Figure 18, which shows storm wind waves and swell
propagating through Cheyne Bay on the north side of Cape Riche. The storm waves are breaking in
shallow water < 8 m deep. Figure 19 shows the swell wave refracting around Cheyne Island, with Cape
Rich in the background.
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Figure 17 Significant wave height, peak period and direction time series, from the offshore
AWAC.

(a)  Significant wave height

(b) Peak period

(c) Direction

Key: wind wave;        swell;      total sea
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Table 9 Comparison of significant wave height statistics at the offshore AWAC station and at
Albany Wave Rider buoy for the period 15 November to 15 December 2010

Location HS Total (m) HS Sea (m) HS Swell (m) Main Directions

Max Median Max Median Max Median (>15%)

Cape Riche Offshore
(RPS 2011)

3.2 2.1 2.5 1.5 2.8 1.4 S, SSW

Albany (DoT 2011) 4.3 2.5 2.5 1.4 4 2 S, SSW

Figure 18 Swell and breaking waves,
June 2010

Figure 19 Swell refracting around
Cheyne Island, September 2010

4.2 Albany Wave Rider Data
Department of Transport Albany Wave Rider buoy measurements are shown in Table 9 and Table 10.

The comparison in Table 9 shows that, for the period 15 November to 15 December 2010, the median
total significant wave height from the south and south-southwest direction at Albany is 2.5 m and is
similar to that at Cape Riche of 2.1 m.

Subject to winter measurements, it is reasonable to conclude that the wave climate at Albany is
representative of that at Cape Riche.

Other important features of the Albany long term wave data are presented in Table 10 and can be
summarised as follows:

Wave heights were greater than 1 m for 99.9% of the record period (July 2005 to December 2006);

The median wave height was 2 to 3 m with a peak period of 10 to 14 seconds; and

Waves greater than 4 m occurred for 14.4% of the record period.
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Table 10 Annual significant wave height (Hs) and peak period (Tp) percentage joint occurrence
matrix for Albany during period July 2005 to December 2006 (DoT 2011)

% occurrence Tp Cumul
Hs (m) Prob Prob

0 to 1 1 to 2 2 to 3 3 to 4 4 to 5 5 to 6 6 to 7 7 to 8 >8 (%)  (%)

T p
  (

se
c)

 4 - 6 <0.01 0.14 0.16 - - - - - - 0.3 0.3
 6 - 8 <0.01 1.03 1.31 0.31 0.03 - - - 2.7 3.0
 8 - 10 <0.01 2.42 3.21 1.20 0.59 0.99 - - - 8.4 11.4
 10 - 12 - 6.49 10.37 3.31 0.89 0.35 0.02 - - 21.4 32.8
 12 -14 - 5.20 15.34 8.72 2.82 0.80 0.04 - 0.01 32.9 65.8
 14 - 16 - 2.37 8.40 8.67 3.74 0.89 0.08 - 0.03 24.2 89.9
 16  18 - 0.55 2.43 2.35 1.23 0.53 0.04 0.00 0.08 7.2 97.1
 18 - 20 - 0.06 0.62 0.42 0.44 0.10 0.25 0.05 - 1.9 99.1
> 20 - 0.02 0.27 0.08 0.06 0.03 0.02 0.02 - 0.5 99.9

Probability (%) <0.01 18.28 43.20 25.10 9.80 3.69 0.45 0.07 0.12

Cumul prob (%) <0.01 18.3 61.5 86.6 96.4 98.9 99.4 99.4 99.9

Prob (days/year) <0.5 67 157 91 36 11 2 <1 <1
Total
days
365

Exceed
(days/year) 365 298 141 49 14 2 1 ~0 ~0
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4.3 Wave observations
An idea of the extent and nature of the waves (hence mixing) along the coast can be seen from the
irregularity of the white water caused by breaking wind waves and swell against cliffs, fissures and rocky
ledges in Figure 20. On average, the horizontal turbulent layer along the rocky coastline appears to be of
the order of 50 m wide.
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Figure 20 Breaking wind waves (1-2 m at Albany) and swell (2-3 m Albany) about the discharge
site on 15 September 2011.

4.4 Summary
For less than 1% of the year (i.e. < 3 days/year) the significant wave height at Albany is likely to be

1 m

For 87% of the year the significant wave heights at Albany is likely to be below 4 m

The median significant wave height at Albany is likely to be 2.5 m

It is reasonable to conclude that the wave climate at Albany is representative of that at Cape Riche.
Winter wave measurements at Cape Riche are needed to support this conclusion; and

Wind waves and swell will be an important component of the near-field mixing.

Discharge Fissure
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5. Coastal Oceanography

5.1 Introduction
This section examines the coastal dynamics and flow about Cape Riche that influence the dispersion of
brine and other pollutants in the area.

The significant oceanographic factors considered are:

mechanisms effecting coastal circulation;

large scale circulation processes;

coastal currents and circulation;

water levels;

salinity and temperature;

vertical mixing; and

horizontal mixing.

5.2 Mechanisms effecting coastal circulation off the south west coast
The coastal circulation of the south Western Australian coastal waters have been measured, analysed
and modelled by studies such as those of Mills et al (1996), D’Adamo (2002); Steedman and Craig
(1979), and Fandry et al (2006).

These studies show that the principle factors which drive or influence the near shore circulation at the
locations of interest in are:

the presence of the coastal boundary which constrains the flow generally parallel to the bathymetry
and in an east-west direction;

under strong or storm wind conditions in shallow water <20 m depth, the surface wind stress forcing
is significantly more important than the longshore pressure gradient induced by longshore water level
slope;

exposure of the coastal waters to the adjacent open ocean and the Leeuwin Current;

the slope of the sea bed which allows trapped shelf waves;

the persistence of strong longshore thermal and hence density fronts during winter;

weak tidal forcing; and

Coriolis force deflects all currents to the left of the line of force.

5.3 Large scale circulation processes
Several regional studies of the coastal oceanography in the vicinity of Cape Riche have been
undertaken. Church and Craig (1998) discuss the connection between the deep sea and continental
shelf circulation. The availability of real-time oceanographic Blue Link simulations by the Bureau of
Meteorology also provides insights into coastal dynamics. For example, the warm water signature of the
Leeuwin Current’s eastward turn at Cape Leeuwin, and eastward movement along the edge of the
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continental shelf and into the Great Australian Bight at Cape Leeuwin is illustrated in the sea surface
temperature map of Figure 21.

Recently, it has been determined that local air-sea heat fluxes rather than the Leeuwin Current are
responsible for warm surface waters along the southern coast. Herzfeld (in press) investigated the
dynamics of the Great Australian Bight including the eastern portion of the Recherche Archipelago, and
has shown through analyses of sea-surface temperature satellite imagery. Baroclinic numerical
modelling of the Great Australian Bight (Herzfeld, 1997b; Herzfeld and Tomczak 1997) shows that at the
beginning of summer, the western side warms due to the differential effects of solar heating, while the
eastern side of the Great Australian Bight cools due to upwelling.

The warmer water then progressively moves towards the east throughout summer and autumn. Herzfeld
(1997a and 1997b) study shows that the western side of the Great Australian Bight warms ahead of the
arrival of the Leeuwin Current in late autumn.

Figure 21 Sea surface temperature and currents by Blue Link; data from 25 November 2010
(BoM, 2010).

The influence of these physical factors is complicated by the Coriolis force which arises due to the
rotation of the Earth, and causes all currents in the Southern Hemisphere to be deflected to the left of the
direct line of forcing.

These large scale mechanisms are important to the Cape Riche coastal currents and circulation as they
cause an eastward drift current throughout the region, mainly during winter.
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5.4 Coastal currents and circulation

5.4.1 Overview

Coastal constraint

Since the coast acts as an impermeable barrier, all shoreward flows must either be deflected to run along
the coast, or reversed to flow offshore at a level above or below that of the onshore drift. The offshore
distance at which flow deflection or reversal becomes significant is controlled by several factors including
the speed of the onshore flow, the bottom slope, the nature of the longshore bathymetry and the
presence of any horizontal or vertical density gradients.

The subtleties and complexities of these nearshore influences limit their consideration to conceptual
models, such as those discussed by Csanady (1982). Scaling arguments, assuming a momentum
balance between bottom friction and inertia terms, suggest that these influences will become important
within length scales of the order of 1 km from the coast.

Wind forcing

Studies of the coastal circulation and tides about Albany Port (e.g. GEMS, 2006) revealed that the local
wind is responsible for driving the circulation in the coastal waters and harbour. Much of the circulation is
controlled by bathymetry features and thus direct correlation with the wind is weak. However, in the
reasonably uniform bathymetry of the outer harbour, current measurements were strongly correlated with
the wind.

The most obvious feature of current along the south west coast is the transient nature of the currents,
which is in response to wind forcing on time scales associated with the passage of the synoptic weather
patterns (Gentilli, 1971; section 3.3). The dominance of wind forcing on these time scales and the
understanding of the mechanisms involved (e.g. Winant,1980) is the reason why numerical models of
wind-driven circulation in the coastal ocean have been successful; eg use of generalised numerical
model MIKE 21 at Albany by GEMS (2006).

Average flows over longer timescales (of the order of months) are controlled by different dynamics than
those determining synoptic timescale flows. These “drift” flows have been examined by Scott and
Csanady (1976).

Assuming a longshore momentum balance of frictional terms with surface elevation gradients, Scott and
Csanady (1976) propose a simple linear relationship between the longshore current and wind stress.

Oceanic circulation

Current meter data from GEMS (2006) show the pronounced seasonal reversal of longshore drift which
is present even under conditions of zero wind stress.

Near shore circulation of the south west Western Australia and the influence of the Leeuwin current on
this circulation is given by Zaker et. al. (2007), Mills et al (1996). Satellite tracked buoys (Cresswell and
Golding, 1980) and infrared imagery (Legeckis and Cresswell, 1981) have shown this current to flow
preferentially in winter, bringing an intrusion of tropical water southward and eastward along the southern
Western Australian continental slope and shelf. The current is reported to attain speeds of the order of
0.5 m/s in 200 m of water. Longshore velocities forced by offshore motion are proportional to the depth.
This yields winter longshore flow velocities in shallow coastal water of 0.05 m/s. Although it no data are
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available to confirm the summer steady drift, it is believed that the easterly winter drift may change to
westerly direction during summer.

Long period waves

Provis and Radok (1979) have reported the presence of non-tidal sea level variations of the order of 0.5
m in the Albany tide records. These variations were shown to have periods ranging from 1 to 365 days.
Currents associated with these waves are governed by a balance of surface elevation gradient and
Corolis force, coastal bathymetry and friction. For a typical long wave period of 15 days and amplitude of
0.25 m, resulting currents are of the order of 0.01 m/s, indicating that these waves are not of any
importance to coastal water circulation.

However, currents have been measured in Albany Harbour and were probably associated with the
southward progression of a freely propagating, shelf-trapped long wave generated hundreds kilometres
to the west and north. These currents were predominantly southerly, circulating in an anti-clockwise
direction.

Longshore thermal fronts

Monthly surveys have indicated the existence of a persistent longshore thermal front about Albany
harbour during the winter months of May to August. The horizontal density gradient associated with this
front is of the order of 10 gm cm-3, with density increasing towards the shore. Thermal fronts are known
to be zones of convergence of surface waters. In the frontal zone, the surface waters sink to lower levels
before diverging in return flows. This type of motion suggests that there may be little exchange of water
across a frontal region, effectively “insulating” the inshore waters.

5.5 Coastal currents

5.5.1 Measured current speed and direction, and water levels

The vertically integrated current speed and direction from the offshore AWAC station (section 2) are
shown in Figure 22 and Figure 23 for the period 15 November to 15 December 2010.

Figure 24 shows the measured water levels at the 30 m offshore station. The near diurnal astronomical
tide variation is small and of the order of 0.6 m, while Figure 25 shows the bottom and surface vector
plots of the currents which are mainly flowing parallel to the depth contours.

Depth averaged longshore currents measured by an acoustic Doppler current profile (AWAC) meter
adjacent north side Cape Riche, 30 m depth, are show in Figure 27. The variation in the averaged
longshore current velocity is in the range –0.15 < u < 0.40 m/s.

An extreme current event was recorded 2 December 2011 (Figure 22 and Figure 27) where the depth
averaged current speed u~0.40. m/s, and the duration of the storm current was 2 to 3 hours. The Cape
Riche wind speed was U10 ~ 15 m/s during the extreme current event.

Other studies offshore at Albany (GEMS 2006) and Perth (Fandry et al 2006; Mills et al 1996) show
similar results.
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Figure 22 Vertically integrated current speed at Cape Riche, offshore 30m depth.

Figure 23  Vertically integrated current direction at Cape Riche, offshore 30m depth.

Figure 24 Measured pressure (water level) at Cape Riche, offshore 30m depth.
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Figure 25 Vector plots of bottom and surface currents, Cape Riche 30 m depth (period 15
November to 15 December 2010).

(a)  Current speed and direction 3 m ASB  (b)  Current speed and direction 30 m ASB

5.5.2 Pressure (water level) measurements and tidal currents

Astronomical tide heights about  Albany are small and vary from diurnal to semi-diurnal throughout the
year, with a spring tidal range of approximately 0.1 to 1.1 m (GEMS, 2006). The spring to neap tidal
water level elevation (pressure) cycle is visible in Figure 24. However the astronomical diurnal tidal
current speed is difficult to identify in the current meter data (Figure 22).

The magnitude of the tidal velocity may be estimated by scaling the continuity equation. Scaling gives an
order of magnitude of the tidal current speed THLt ~ , where the measured astronomical tidal

component of the water level change ~ 0.6 m (Figure 24). If the length scale is taken as the width of the
coastal waters to be L ~ 104 m and the water depth H ~ 30 m, the scaling yields a tidal velocity <10-3

m/s. Accordingly, tidal currents will have a secondary effect in moving water through the intake and outlet
areas.

The water levels are influenced by the weather systems and sustained winds. Wind driven setup may
vary the residual water levels varied in the range -0.3 m to 2.0 m during moderate wind conditions of
November and December 2010.

Continental shelf waves have been observed (Church and Craig, 1998; Radock and Provis, 1979) along
the south coast of Western Australia. These are large, eastward propagating disturbances to the sea
level in the Great Australian Bight, resulting in water level variations of 0.1 m to 2.0 m.  The large
amplitude of these disturbances is attributed to the wide continental shelf and resonance between the
eastward propagating shelf waves and the eastward propagating weather systems.
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Radock and Provis describe water level variations with periods between 1 and 20 days and the long-term
variations with periods between 20 and 365 days. Fandry et. al. (1984) showed that distant tropical
cyclone storms may cause an easterly propagating shelf wave to pass Albany. These trapped waves
have characteristic periods of around 5 to 10 days, water level fluctuations range between 0.1 m to 0.3
m, with southward speeds of 0.03 m/s to 0.06 m/s (Radok and Provis 1979; Fandry et. al. 1986).

The long wave residual water level between 21 to 20 November and 1 to 13 December 2010 is shown in
Figure 26.

Figure 26 Residual water levels Cape Riche 30 m depth (cf Figure 24).

5.5.3 Averaged wind driven longshore currents

The current speed and direction were resolved into parallel and perpendicular components to the coast,
where north east is positive and northwest is also positive.

Figure 27 shows the AWAC longshore velocity profiles, offshore Cape Riche, 30 m depth. The velocities
are almost constant from the surface to the bottom and from a dynamic view it is reasonable to assume
that the vertical integrated continuity and momentum equations will describe most of the horizontal
features of the circulation.

Figure 27 Longshore vertical velocity profiles, Cape Riche 30 m depth (positive direction
northeast.

Now consider the dynamics of the coastal flow about the rocky coast line to the south of Cape Riche. If
the cross shore wind stress is small either the longshore wind stress or longshore pressure gradient will
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accelerate the water column (Csanady, 1982; Winant 1980). Hence, a balance exists between surface
wind stress and horizontal pressure gradient changes (local sea level) with bottom friction. This wind
driven model forms the basis of longshore current speeds estimation in the areas about the intake and
outlet options.

Wind forcing in the Cape Riche region is illustrated by a comparing the wind speed (Figure 16) and
longshore velocity (Figure 28). The longshore plots exhibit degree of scatter at lower wind speeds, but
are supportive of the correlation of high wind stress with longshore currents.

Figure 28 Longshore vertically integrated velocity component Cape Riche 30 m depth (positive
direction northeast)

Based on measurement, the long shore longshore surface wind stress and the bottom stress and the
show a strong correlation is shown in Figure 29. The surface longshore wind stress is 2

10UCF dax ,

where the density a is taken as 1024 kg m3, Cd = 1.2 x 10-3 is the surface drag coefficient and U10 is the
wind speed reduced to 10 m elevation above MSL. In turn, the longshore averaged bottom stress is

2
bwdwb uC , where = 1024 kg m-3 is the density of seawater, the bottom drag coefficient Cwd= 3x

10-3, and ub is the depth averaged longshore velocity (Figure 22).

 Figure 29 Correlation between longshore surface wind stress and bottom stress Cape Riche 30
m depth (30 hour low pass, positive direction northeast).

Part of the balance between surface wind stress and horizontal pressure gradient changes (local sea
level) with bottom friction is shown in Figure 30.
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Figure 30 Correlation between longshore surface wind stress and pressure Cape Riche 30 m
depth (30 hour low pass, positive direction northeast).

Scott and Csanady (1976) consider a simplified approach to moment equations for low steady velocities
(<0.01 m/s) with linear friction and in the steady state the longshore momentum balance reduces to

Equation 1
x

HgurF bx

where H is the depth of the water column, the bottom stress in this case is assumed to be in a linear form

bwb ur , where r is the bottom linear friction coefficient and x  is the averaged longshore

pressure gradient. At reasonably low bottom velocities the quadratic bottom stress and the linear bottom
stresses are similar, that is for ub small, then bwbwdwb uruC ~2 .

From Equation 1 the bottom velocity becomes a simple relationship with the surface wind stress
assuming the average longshore pressure gradient is negligible ( 0x ) then

Equation 2 bwx urF

Applying this to both Cape Riche and Albany longshore surface wind stress and longshore bottom
velocity (both sets of data were low pass filtered), Figure 31 and Figure 32 show a good correlation
between longshore surface wind stress and longshore bottom velocity. At zero surface gradient ub=0.05
and 0.04 m/s for Cape Riche and Albany, respectively. Note that this drift is due east in both cases,
despite Cape Riche data collected in early summer and Albany data in winter.

This indicates a north east drift along the coast is a regional feature possibly related to the steric height.
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Figure 31 Correlation between longshore surface wind and bottom stress at Cape Riche 30 m
depth (30 hour low pass, positive direction northeast) for the November-December
2010 data.

Figure 32 Correlation between longshore surface wind and bottom stress Albany 40 m depth
(30 hour low pass, positive direction northeast), GEMS (2006) data (winter period).

5.6 Salinity, temperature and density
Salinity and temperature data collected with the Slocum Seaglider during November-December 2010 and
February-March 2011 are presented in Figure 33 and Figure 34. Data from the recent July-August 2011
deployment is presented in Appendix A.

The measured median salinity for the two summer sets of glider data is 35.7 ppt7 (Figure 33 and Figure
34) and 35.2 for winter data (Appendix A). The measured salinity ranged from a winter minimum of 34.8
ppt to 35.8 ppt during a summer maximum (Figure 68, Appendix A). During summer, the variation of
salinity is very small and likely to be controlled by the variability of the water temperature or rain events
(e.g. Figure 33 shows a decrease in salinity to 31.5 ppt during a rain event).

7 For the practical purposes of this report it is assumed that 1 psu = 1 ppt
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Figure 33 Salinity-Temperature diagram of the November-December 2010 deployment
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Figure 34 Salinity-Temperature diagram of the February-March 2011 deployment

Figure 36 and Figure 38 show the cumulative probability of salinity for the November-December 2010
and February-March 2011, respectively. These analyses were used to assess the ambient salinity water
quality.
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Figure 35 Cumulative probability of salinity from the November-December 2010 glider
measurements

Figure 36 Cumulative probability of salinity from the November-December 2010 glider
measurements

5.7 Vertical mixing

Density stratification and vertical mixing

Variations in water density are brought about by atmospheric heating and cooling, inputs of fresh water
from estuaries/groundwater/rivers, evaporation and transport of the buoyant Leeuwin Current waters.
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The effects of heating, cooling, evaporation and freshwater discharges are most significant in the
shallow, near-shore regions.

Net air-sea heat flux

The net air-sea heat fluxes exhibit a strong seasonal variation. Large daily variations in heat fluxes are
experienced, especially during the summer months when the surface receives a net heat flux of ~700
W/m2 during the day and emits ~400 W/m2 during the night. This leads to convective cooling that
promotes mixing at night.

Wind wave and swell mixing

Large wind waves and swell, which are present in the Southern Ocean adjacent to Cape Riche for most
of the year influence the longshore velocity and vertical mixing. These surface waves propagate towards
the coast where they are dissipated at the shore line.

The wind wave and swell will cause a significant increase in the local bottom shear and therefore
significant increase in the vertical mixing in the bottom boundary layer.

Several vertical mixing events were captured by an autonomous underwater vehicle during one of
several (approximately) month long deployments. Two clear examples are illustrated in Figure 37 (first 16
November 2010 from 12 am to 6 pm; second 17 November from 10 am to 6 pm), where solar heating
input at the surface was mixed with colder water from below. On 16 November 2010, while the glider was
approaching deep waters, it recorded a mixing event that took place over depths of ~O(10 m) and
timeframes of ~O(104 seconds). For a vertical eddy diffusivity THKZ

2~ , where T is the time spent on
mixing the water column, the scaling analysis yields an estimated KZ of 10-2 m2/s. Similar KZ values were
obtained from data collected on other days while the glider was ‘flying’ toward shallow waters. Note that
the glider repeated these transects more than once during these surface heating events. Analysis of this
transects confirmed that the observed mixing is not a horizontal spatial heterogeneity feature.

Figure 37 Surface heating and vertical mixing of the water column during near constant salinity
profile for 16-18 November 2010

(a)Cross section of depth and horizontal distance of temperature profiles

(b) Change in temperature and near constant salinity diagram
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5.8 Summary
Large scale circulation processes such as the Leeuwin current contribute to the easterly drift during
winter;

Measurements of surface wind stress, water level and current speed confirmed that currents are
mainly wind driven and may be well described by vertically integrated equations of motion;

Buoyancy is mostly homogeneous and plays a negligible role in the circulation pattern;

The coastal ocean is homogeneous and the circulation processes may be well simulated with a
vertically integrated model forced by surface wind;

The longshore velocity profiles are reasonably constant and generally show little shear;

As there is little density or shear structure, a vertically integrated wind driven model will describe the
coastal circulation;

The dominance of wind forcing on local wind time scales (24 to 96 hours) allows the use of
generalised numerical models of wind-driven circulation, such as MIKE 21; and

A bulk vertical eddy diffusivity coefficient KZ = 10-2 m2/s may be used in three dimensional circulation
and dispersion models.
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6. Near-Field Mixing

To understand the potential change in salinity and chemical composition of the seawater around Cape
Riche due to the brine discharge it is necessary to estimate the mixing of the brine discharge with the
ambient seawater.

Mixing and dispersion of brine outfalls that discharge into the ocean are governed by processes near the
discharge (i.e. near-field or initial mixing) and thereafter by natural dispersion (i.e. far-field mixing). Near-
field mixing is driven by factors related to the discharge characteristics while far-field mixing is dependent
upon currents, winds and density stratification.

The near-field mixing analysis in this report is non-conventional as the brine will not be discharged
through a standard diffuser arrangement (cf KBR 2008) but rather into a fissure in the adjacent wave cut
platform. While brine discharge into the fissure is anticipated to be more efficient, the hydrodynamic
processes are complex and not as well understood as standard diffuser discharge. This section presents
a simplified near-field dilution model based on continuity and forced with small amplitude shallow water
waves.

6.1 Near-field model
The near-field model considers mixing in three regions: First, the initial dilution of the brine within the
fissure. Second, its subsequent mixing as the initially diluted brine is discharged from the fissure as a jet
into the ambient waters and third the mixing that occurs while the diluted brine sinks as a negatively
buoyant plume (Figure 38):

Fissure void (points P2 to P3 in Figure 38);

Outflow jet (P3 to P4); and

Negatively buoyant plume (P4 to P5).

Accordingly, the analytical model was divided into three mixing regions. Each region successively dilutes
the brine and the total near-field dilution (DT) is the product of each individual dilution; that is

	× ×	
, where DF is the dilution which occurs in fissure, DJ is the dilution due to entrainment in the jet region
and DP is the dilution due to entrainment in the plume region.

Further dilution of the brine occurs due to natural processes driven by waves, currents and bed friction. It
will be shown in section 8.5 that the brine is rapidly mixed vertically through the water column.
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Figure 38 Plan view of the fissure and schematic cross section of the three mixing regions.

Plan View

Section A-B

6.2 Dilution in fissure

6.2.1 Fissure dimensions

The horizontal dimensions of the fissure were estimated from aerial photography (Figure 38) and depth
was estimated by observation. The fissure void may be approximated by a triangular prism with an axial
length of 23 m, entrance width of 15 m and depth of 4 m. At mean sea level, the surface area and
volume equate to 172 m2 and 344 m3, respectively.

6.2.2 Observed oscillatory motion in the fissure

Wind waves and swell approaching the fissure were observed to generate oscillatory flow and strong
mixing in the fissure with the following characteristics (Figure 39):

The water level in the fissure oscillates at the same frequency as the incoming coastal waves, which
is particularly true for swell propagating into the fissure;

The amplitude of the modified wave travelling along the fissure is estimated to be equal to the
amplitude of the incoming wave;

The axial flow (parallel to the longitudinal axis of the fissure) is turbulent, vigorous and irregular and
appears to be controlled by the roughness and shape of the fissure;

P2
P1

P3 P4 P5
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The transverse flow (perpendicular to the longitudinal axis of the fissure) is turbulent, vigorous and
irregular, and appears to be controlled by the roughness and shape of the fissure.

The outflow to the sea occurs as the wave recedes.

Figure 39 Flushing fissure under wave action on 15 September 2011 – (a) surging white water
entering the fissure; (b) maximum water level in the fissure, overfill and flooding of
the wavecut platform (c) beginning of the draining cycle (d) formation of a surface jet
during peak outflow.

a) b)

c) d)

6.2.3 Estimation of dilution in the fissure

A dilution model based on continuity assummes that:

the input of brine is low compared to the rate of flushing;

on average (for averaging periods greater than the peak wave period), there are no spatial
concentration gradients in the fissure, i.e. the fissure is completely mixed;
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the sea is simplified to a monochromatic wave;

the background median salinity is 35.7 ppt (section 5.6);

the wave surge causes water level in the fissure to rise to the height of the incoming coastal wave
crest;

the fissure drains to the height of the coastal wave trough;

the fissure is triangular in plan view, has a uniform depth of 4 m, half of which lies above the mean
sea level. The analytical model is thus valid for wave heights Hs<4 m.

the desalination plant operates at peak conditions (Q= 52 ML/d; S= 70 psu);

there is negligible increase in concentration of brine about the fissure entrance (an assumption
consistent with standard practice for near-field dilution models of desalination outfall);

mixing due to fissure overfill and flooding of the wavecut platform is neglected (conservative
assumption);

The model is based on the conservation of mass equation for an incompressible flow. At every time step,
the total mass of salt in the fissure void is calculated as:

Equation 3 11 i
FobgiB

i
FF CVCVMMM .

where, MF and MB are the mass of salt in the fissure and brine, Vi and Vo represent volume influx and
outflow (respectively), and Cbg and CF are the salinities of seawater and fissure water, respectively. The
superscript ‘i-1’ indicates the previous time step. At any given time one or both of Vi and Vo must be
zero.

The model assumes that volume change in the fissure responds to the rise and fall of the wave height h
about mean sea level at the fissure entrance, where the time varying h(t) is obtained with Equation 4.

Equation 4 )sin()( tAth .

Here, A is the amplitude and the frequency of the water level oscillation in the fissure. The dilution in
the fissure is determined with the ratio of the brine discharge salinity (CB=70ppt) to the salinity
concentration in the fissure ( FFF VMC ).

A sample brine dilution curve in the fissure is shown in Figure 40.
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Figure 40 Sample fissure dilution curve for Hs=2.5m and Tp=13s

The model was run for wave heights H<4 m and periods measured at Albany (representative of Cape
Riche) (Table 9). Wave heights H>4 m were excluded in the analysis since these waves overfill and flood
the wave cut platform effectively increasing the initial brine dilution estimated for H=4 m waves (Figure
41).
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Figure 41 Discharge fissure overfill and flood of wavecut platform on 15 September 2011

The resulting fissure dilutions and corresponding fissure discharge concentrations are shown in Table 11
and Table 12, respectively.

Dilution in the fissure ranged from 16 to 85. The most frequent dilution is approximately 41 (Table 11),
which occurs for approximately 25% of the year (cf Table 10) when the wave height is 2 meters and
period is 10 seconds and corresponding brine effluent concentration of 36.54 ppt (Table 17), or 0.84 ppt
above ambient median salinity of 35.7 ppt.
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Table 11 Fissure dilution – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 49 72 - Key
6-8 38 58 85 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 31 48 70 0-0.5
10-12 26 41 60 0.5-1
12-14 22 36 54 1-3
14-16 20 32 48 3-5
16-18 18 28 43 5-10
18-20 16 26 40 >10

Table 12 Fissure discharge salinity (ppt) – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 36.40 36.17 - Key
6-8 36.61 36.29 36.11 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 36.82 36.41 36.19 0-0.5
10-12 37.04 36.54 36.27 0.5-1
12-14 37.24 36.65 36.34 1-3
14-16 37.42 36.77 36.41 3-5
16-18 37.63 36.91 36.50 5-10
18-20 37.78 37.02 36.57 >10

6.3 Dilution in the jet
As per field observations (Figure 39d), a surface jet exiting the fissure during the fissure drainage cycle is
accounted for in the model. The root-mean-square exit velocity, mean flow rate and salinity of the jet are
obtained from the mathematical model of the fissure.

The volumetric flux away from the fissure entrance was calculated from simple jet formulae (Fischer et al.
1979; List 1982) with the following additional assumptions:

the mixing in the pulsing jet can be approximated by a steady round jet of equivalent time-averaged
flow rate;

once the brine exits the fissure, vertical mixing is not enhanced by orbital wave motion (conservative
assumption);

once the brine exits the fissure, mixing against the submerged cliff and seabed is negligible
(conservative assumption). This assumption arises from field observations which suggest that the
seaward edge of the wavecut platform is a steep cliff which drops rapidly to approximately 10m
below MSL; and

transverse currents do not influence mixing (conservative assumption).

Typical root-mean-squared exit velocities (uF) ranged from 3 to 7 m/s with mean flow rates (QF) between
4 and 10 m3/s for the range of dynamic conditions analysed. The Reynolds number of the jet

21MR , where  is the kinematic viscosity of water and FFuQM  is the initial momentum of the

jet, was considerably larger ( 6103~R ) than 4000, indicating that the jet flow was fully turbulent and
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independent of R. Under these conditions, the volume flux QJ of the simple jet at a distance z is given by
(Fischer et al. 1979):

Equation 5 zMQJ
2125.0

where z is the distance from the fissure.

The two characteristic length scales of a buoyant jet are (Fischer et al. 1979) 21MQl FQ  and

BMl M
43 , where FQgB ' , gg '  is the reduced gravity,  is the density difference

between the brine and ambient density . For distances MQ lzl10  the jet is fully developed and

buoyancy effects may be neglected. Hence, the simple jet solution (Equation 5) holds.

The volumetric flux of the jet was calculated with Equation 5 for the following z:

2pF Tuz   for MQ lzl10 ;

Mlz for Mlz ; and

FJ QQ for Qlz 10  (negligible dilution in the jet);

For the conditions presented above, z was approximately 30-40 m (lQ~3 m and lM<500 m). The resulting
jet dilutions and salinities at the end of the jet are shown in Table 13 and Table 14 respectively.

This analysis suggests there is little dilution of the jet before its negative buoyancy causes it to sink as a
plume. This analysis is conservative and neglects the mixing that would be expected to occur due to the
highly turbulent environment (cf. Figure 20). Nonetheless, it is adopted for the purpose of demonstrating
the minimum mixing that might occur.

Table 13 Jet dilution – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 1 1 - Key
6-8 1 1 3 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 1 1 3 0-0.5
10-12 1 1 3 0.5-1
12-14 1 1 3 1-3
14-16 1 1 3 3-5
16-18 1 1 3 5-10
18-20 1 1 3 >10
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Table 14 Salinity at the end of the jet (ppt) – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 36.40 36.17 - Key
6-8 36.61 36.29 35.82 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 36.82 36.41 35.85 0-0.5
10-12 37.04 36.54 35.87 0.5-1
12-14 37.24 36.65 35.89 1-3
14-16 37.42 36.77 35.92 3-5
16-18 37.63 36.91 35.94 5-10
18-20 37.78 37.02 35.95 >10

6.4 Dilution in the plume
The volume flux over the third zone in the model (plume like regime) may be calculated from the simple
plume formulae according to (Fischer et al. 1979; List 1982):

Equation 6 3531 )(15.0 oP hhBQ ,

where ho is the distance from the jet-to-plume transition point to the virtual origin and h=10 m is the
plume travel path (i.e. the water depth). The resulting plume dilutions are shown in Table 13.

Table 15 Plume dilution – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 4 5 - Key
6-8 4 5 7 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 4 4 6 0-0.5
10-12 4 4 6 0.5-1
12-14 4 4 6 1-3
14-16 4 4 5 3-5
16-18 4 4 5 5-10
18-20 4 4 5 >10

6.5 Total dilution
The total near-field dilution and resulting salinities for the measured range of wave heights and periods at
Albany (representative of Cape Riche) calculated with the analytical model are shown in Table 16 and
Table 17, respectively. The estimated joint probability of occurrence of wave heights and periods utilised
in the analysis are shown in Table 10. Waves above 4 m were excluded as the model assumptions
breakdown for these larger waves.

It can be seen that the fissure-jet-plume system is highly effective in diluting the brine, as typical near-
field dilution estimates are DT > 90. The most frequent dilution is approximately 170 (Table 16), which
occurs for approximately 25% of the year (cf Table 10) when the wave height is 2 m and period is 10
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seconds. This corresponds to a brine salinity concentration at the edge of the near-field of 35.90 ppt
(Table 17), or equivalently 0.20 ppt above ambient median salinity.

Based on the length scale of the fissure entrance (15 m), maximum jet length (30-40 m) and plume
dilution, the near-field extent of the brine is expected to range between 30 and 40 m.

Table 16 Total near-field dilution – cell colour indicates probability of occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 215 >300 - Key
6-8 154 260 >300 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 120 210 >300 0-0.5
10-12 100 170 >300 0.5-1
12-14 85 145 >300 1-3
14-16 73 125 >300 3-5
16-18 65 110 >300 5-10
18-20 60 100 >300 >10

Table 17 Salinity at the end of the near-field (ppt) – cell colour indicates probability of
occurrence

Hs (m)
1-2 2-3 3-4

Tp (s)

4-6 35.86 35.80 - Key
6-8 35.92 35.83 35.72 0

Pr
ob

ab
ilit

y 
of

oc
cu

rre
nc

e 
(%

)8-10 35.99 35.86 35.72 0-0.5
10-12 36.05 35.90 35.73 0.5-1
12-14 36.11 35.94 35.73 1-3
14-16 36.16 35.97 35.74 3-5
16-18 36.22 36.01 35.74 5-10
18-20 36.28 36.05 35.75 >10

A schematic of near-field dilution for swell waves of Hs=1.5, 2.5, and 3.5 m and Tp=12-14 seconds is
shown in Figure 42. The respective concentration schematic is shown in Figure 43.
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Figure 42 Schematic diagram of cumulative near-field dilution for three significant wave heights
(1.5, 2.5, and 3.5 m) with a peak wave period of 12-14 seconds.

Figure 43 Schematic diagram of cumulative near-field salinity concentration for three
significant wave heights (1.5, 2.5, and 3.5 m) with a peak wave period of 12-14
seconds.

6.6 Validity of the analytical model
Three fissure dilution regimes exist according to the following notation (Table 18):

Lf and L are the fissure (23 m) and wave lengths;

Hmin is the invert of the fissure;

Hf is the maximum height of the fissure walls (level of wave cut platform); and

H is the wave height, assumed equal to the significant wave height Hs.
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Table 18 Fissure regimes

Regime Characteristics Description Probability
of
occurrence

Total Dilution Consequence

1 Lf < L

Hmin < Hs <= Hf

Dominant
wave longer
than fissure;

Fissure fills
and empties
every Tp

medium 60<DT< greater
than 300

(Table 16)

Analytical
model regime

2 Lf > L

Hmin < Hs <= Hf

Many waves
in fissure

Fissure
volume
exchange
over T >> Tp

low DF ~ 15

DT ~ 60

Analytical
model
assumptions
invalid

3 Lf < L

Hf < Hs

Storm
conditions

Fissure fills
and empties
every Tp

Wave
overtops the
fissure and
spills over the
wavecut
platform

high Substantial (i.e.
>300) initial
mixing dilution
anticipated

Analytical
model
assumptions
invalid

6.7 Comparison of fissure-jet-plume dilution with standard brine effluent seabed
diffuser practice

Table 19 provides a comparison between the dilution achieved by discharge into the fissure and that
achieved by a typical seabed diffuser (cf KBR 2008), which is standard practice in Western Australian
seawater desalination plant outfall design and operation. It is shown that the dilution achieved by the
fissure discharge is more effective.
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Table 19 Comparison of initial dilution by the Cape Riche Fissure discharge and standard
desalination outfall diffusers

Characteristic Fissure Indicative of seabed
diffuser design
practice

Exit flow rate 0.6 m3/s (outfall) 2.8 m3/s total

Mean exit flow rate 50 m3/s (from fissure) 0.06 m3/s per port

Root-mean-square
exit velocity

3 - 7 m/s (from fissure) 6-8 m/s (from port)

Extent of near-field 10-40 m (from fissure) 30 m

Fissure exit area 30 m2 ~0.01 m2 per port

Indicative near field
dilution.

60 to >300 30 to 60

6.8 Summary of near-field mixing
A near-field mixing model has been estimated using three physical regimes, namely: a) fissure
mixing by oscillatory volume exchange with the coastal waters; b) oscillatory outflow jet entrainment
from the fissure; and c) near steady sinking plume;

The total near-field brine dilution is estimated to exceed (i.e. better than) 60 for more than 99% of the
year (i.e. 364 days/year);

The total near field dilution with the highest probability of occurrence is approximately 170;

A near-field 170-fold dilution corresponds to a salinity increase of less than 0.2 ppt above ambient
seawater within 30 to 40 m of the fissure;

For approximately 70% of the year the dilution exceeds 140;

For a dilution of 140, the salinity within 40 m of the fissure is maintained below 0.25 ppt above
ambient;

This near-field model is applicable for approximately 85% of the year. For the remaining 15%, wave
heights exceed 4 m which results in overtopping of the wavecut platform. Nevertheless, wave heights
exceeding 4 m are expected to promote dilution greater than 300.

The near-field mixing will be effective and likely to be equal to or better than standard seabed
diffusers, and is expected to be sufficient to meet the environmental water quality guidelines.
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7. Far-field Circulation Model

7.1 Far-field modelling approach
After initial dilution by near-field mixing processes described in section 6, the diluted brine continues to
mix with the ambient seawater due to natural processes driven by waves and currents.

Two ocean circulation models, one two-dimensional (2D) and the other three-dimensional (3D), were
established to estimate the far-field brine dilution under a range of wind forcing conditions. The 2D model
was calibrated by comparing depth averaged measurements and numerical results of water current at
the offshore station adjacent Cape Riche for one month. The depth averaged assumption was supported
by field observations of temperature and salinity. Numerical results from the 2D model were
subsequently validated by comparing the results with water current data recorded in the embayment
north of Cape Riche (section 8.4).

3D simulations of brine discharge about the fissure showed that the increase stratification is confined to
the vicinity of the fissure and rapidly dissipated over the water column (section 8.5). For efficiency, 2D
modelling was used for all final analyses of the far-field brine dilution.

7.2 Model description
Far-field hydrodynamic modelling was carried out with DHI’s MIKE 21 HD Flow Model (also referred to as
HD-FM). MIKE 21 HD-FM’s ability to resolve oceanographic and coastal processes with intricate
coastlines and complex bathymetries drove the decision to adopt this model. The 2D (vertically
averaged) hydrodynamic model is based on a flexible mesh system that has been specifically developed
to gain an understanding of flow and transport phenomena in shallow water (DHI MIKE 21 HD, 2009).

7.2.1 Hydrodynamic model parameterisation

The flow model from the MIKE 21 suite of models is based on the depth-integrated incompressible
Reynolds-averaged Navier-Stokes equations. Thus, this 2D shallow water model consists of continuity,
momentum, temperature, salinity and density equations. Here, the barotropic mode was used whereby
no vertical density variation was considered8. Sub-grid-scale processes such as friction and viscosity
require careful parameterisation.

The wind friction is parameterised based on a piece-wise linear function of wind speed. The bottom
friction is parameterised based on a quadratic formulation varying with the depth average current using a
spatially and temporally constant Manning roughness. The eddy viscosity is parameterised based on
Smagorinsky formulation.

7.2.2 Computational features

The spatial discretisation of the primitive equations is performed using a cell-centered finite volume
method with an unstructured horizontal grid (details of the horizontal grid development are presented in
section 7.3.1).

8 The 3D model described in section 7.4 accounts for vertical density variations.
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An approximate Riemann solver is used for computation of the convective fluxes, which makes it
possible to handle discontinuous solutions.

An explicit scheme is used for the time integration.

The Courant–Friedrichs–Lewy number is kept under 0.6 at all times to ensure stability and convergence
of the numerical computations.

7.3 Model set up

7.3.1 Horizontal grid

An unstructured grid was selected for its greater ability to resolve flows near complex coastlines. This
increased resolution is essential in this investigation as the study site is located adjacent to a sharp
headland (Cape Riche). Preliminary numerical simulations indicated that the effect of headland eddies
forming at the tip of Cape Riche are quite significant to the local hydrodynamics. These eddies could not
be accurately resolved with a structured grid without extremely fine grid resolution about the headland
which would prove inhibitive.

To optimise the balance between solution accuracy and computational efficiency, the grid was divided
into 8 distinct zones of increasing resolution. The model boundary is approximately circular with its centre
at Cape Riche and a radius of approximately 45 km (Figure 44). Within this area there are three
concentric circles (also centred at the tip of Cape Riche) with radii of 20, 12 and 7.5 km (in order of
increasing resolution). The remaining four regions are also circular, with two centred about the discharge
fissure and early alternate discharge site in Cheyne Bay (Figure 45). These regions have radii of 1500
and 700 m ensuring accurate resolution of the brine discharge.

Figure 44 Full computational domain
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Figure 45 Computational grid near Cape Riche

7.3.2 Bathymetry

The two bathymetry datasets described in section 2.2 were converted to project datum, combined into a
single dataset, and interpolated onto the computational mesh (Figure 46).

Figure 46 Interpolated bathymetry over the model domain
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7.3.3 Surface wind stress forcing

Selection of wind data

Wind data from Albany Airport, Cape Riche and North Hopetoun (section 2.3) were considered for the
model. These data span about 200 km along the coast and show some horizontal variation as described
in section 3.4 and Figure 16.

The data set from Cape Riche was used to force the model and was assumed to be uniform across the
model domain (justification given in sections 3.4 and 8.2). Correction of the wind speed for elevation and
change in surface friction (i.e. land to sea) (CERC, 1980) were considered and the wind speed adjusted.

Wind friction coefficient

The hydrodynamic model made use of a piecewise linear wind friction model. A friction coefficient of
1.255x10-3 was used for winds below 7 m/s and 2.425x10-3 for winds above 25 m/s. For intermediate
wind speeds the friction coefficient was interpolated linearly between these values.

Wind stress
Wind stress is internally calculated within MIKE 21 using the data and coefficients described above.

7.3.4 Boundary conditions

Boundary selection

The model consists of one land boundary and one water boundary (Figure 44). The land boundary was a
zero flux boundary, while the water boundary was forced with a time series of water level. The water
level time series consists of two components: a tidal component and a (temporally) constant steric height
component.

Tidal forcing

The tidal component was extracted along the open boundary of the model domain from the Global Tidal
Model within the MIKE 21 toolbox. The model treats the four major diurnal (K1, O1, P1 and Q1) and
semidiurnal (M2, S2, N2 and K2) tidal constituents with a spatial resolution of 0.25° × 0.25°.

Steric height
The observed north east drift along the coast, possibly related to the steric height (section 5.5.3), was
included in the model as a horizontal surface elevation gradient x 7.6x10-8 along the boundary.

7.3.5 Seabed friction

Bed resistance in MIKE 21 was estimated with a spatially constant Manning’s roughness coefficient.
Manning’s roughness coefficient was used as model calibration parameter, with the best model
performance achieved with a value of 25 m1/3/s (section ).

7.3.6 Coriolis force

The effect of the earth’s rotation (i.e. Coriolis force) was simulated in the model.
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7.3.7 Simulation periods

Five one-month periods were selected for modelling (Table 20). The ‘calibration’ wind condition (15/11-
15/12/2010) was used to force the model during calibration and validation. This period coincides with the
AWAC deployment period (Table 4). The remaining four wind scenarios correspond to four different
seasons (summer, autumn, winter, and spring). For these simulations the recent 2010 wind dataset from
Cape Riche was adopted. This assumes that the recent wind conditions at Cape Riche over the past
year will persist in the future. These four seasonal runs scenarios were run for both 60 fold and 170 fold
dilutions.

Table 20 Time domains for each model scenario

Scenario Analysis Dates Ramp up Time Step (seconds)

Calibration 15/11-15/12/2010 10 days 1800

Summer 15/01-15/02/2010 5 days 1800

Autumn 15/04-15/05/2010 5 days 1800

Winter 15/07-15/08/2010 5 days 1800

Spring 15/10-15/11/2010 5 days 1800

7.3.8 Model initialisation and output time step selection

The model was initialized with zero currents and the water level over the entire model domain at mean
sea level (i.e. ‘cold’ start). A background salinity of 35.7 ppt and temperature of 20 degrees was assigned
uniformly over the model domain.

An output time step of 1800 seconds (half hour) was implemented, which is appropriate to resolve wind-
driven far-field dilution. The initial 5 days of the final simulations (and 10-days for the calibration case)
(Table 20) were sufficient for circulation patterns to become established from the ‘cold’ start after which
simulated results were used for analysis.

7.3.9 Horizontal eddy viscosity

For the conservation equation for a scalar quantity (i.e. salinity) a scaled horizontal eddy viscosity
formulation was adopted. Using the scaled eddy viscosity formulation the dispersion coefficient in the
transport equation is calculated as the eddy viscosity used in the flow equations multiplied by a scaling
factor. Here, an industry standard scaling factor of 1.1 was used. The eddy viscosity in the flow
equations, in turn, was estimated with Smagorinsky's (1963) sub-grid scale transport formulation which
relates the horizontal shear (velocity field) to a characteristic length scale (the size of the grid cell). An
industry standard Smagorinsky constant of 0.28 was adopted.

7.3.10 Sources

Simulations were run for a peak brine discharge dilution as described in section 6.8 and discharged into
a single cell located adjacent to the fissure.
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7.4 Three dimensional model set up
The 3D model was adapted from the 2D model, with several additional features to account for vertical
variability.

7.4.1 Vertical discretisation of the computational grid

A combined z-sigma coordinate system was used for the vertical mesh. The sigma layer consisted of five
cells of equal depth which combined extended to 15 m MSL depth. Beneath the sigma layer an additional
5 cells in sigma coordinate were used.

7.4.2 Vertical eddy diffusivity

Vertical eddy diffusivity (Kz) was input into MIKE 3D model as a constant value of KZ = 10-2 m2/s, as
derived from field observations (section 5.7).

7.4.3 Sources

The brine was discharged to the same horizontal cell described in section 7.4.3. This input cell is less
than 15m deep and is thus within the sigma layer. The brine was discharged at the deepest cell in this
layer. 3D modelling was performed only for the conservative 60-fold dilution case.
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8. Calibration and Verification of the Circulation Model

8.1 Calibration approach
The two main steps in the calibration process were:

1. Confirmation that the data from the Cape Riche anemometer are representative of the local wind
climate; and

2. Adjustment of the bed friction coefficient in the standard quadratic friction law within practical ranges.

Calibration consisted of comparing the model results with project specific measured current data at the
offshore AWAC site (section 2.4). Results were compared for the alongshore and across shore current
directions.

8.2 Confirmation of Cape Riche data to force the model
Model runs were forced with spatially homogeneous, temporally variable wind fields derived from
measurements at the three anemometers (section 7.3.3). These preliminary simulations were undertaken
with a Manning’s coefficient of 25 m1/3/s.

A comparison of the modelled water levels with measured data at the offshore AWAC for the period 24
November to 15 December 2010 (i.e. after 10 days of spin up time) is shown in Figure 47. The
comparison of the model alongshore and cross-shore currents at this site are presented in Figure 48. It
can be seen in

Figure 47 Comparison of modelled (red) versus measured water levels at the offshore AWAC
station water level (black).
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Figure 48 Along shore and across shore current comparison between depth averaged
measurements at the offshore AWAC station (black) and a) Albany Airport (red); b)
Cape Riche (green); and c) North Hopetoun (blue).

Despite the strong correlation between longshore surface wind stress and bottom stress (section 5.5.3,
Figure 29 and Figure 30), the model is unable to accurately reproduce the extreme event on 26-30
November 2010, described in section 5.5.1. However, the model provides a reasonable estimate of the
across shore current and slightly under predicts the along shore current for the remaining of the
simulation period. This underprediction will likely yield a conservative dispersion result (i.e. the model will
tend to underpredict the dispersion of the plume which is proportional to the variability of the currents).

The correlation coefficient and root-mean-square-error (RMSE) between measured depth averaged
current speeds (along shore and across shore) and numerical results from simulations using the three
anemometers are presented in Table 21. The table shows that the highest correlation coefficients
(alongshore of 0.633 and across shore of 0.413) correspond to the simulation forced with wind from
Cape Riche. Similarly, the lowest RMSEs (alongshore of 0.08 ms-1 and across shore of 0.095 ms-1) result
from the Cape Riche simulation. This confirms that the Cape Riche data is the most representative
dataset of the wind condition in the vicinity of the study area.
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Table 21 Quantitative comparison of numerical results with depth averaged current
measurements for simulations run with the three different wind datasets

Anemometer
Location

Correlation Coefficient RMSE (m/s)

Alongshore Across-shore Alongshore Across-shore

Albany Airport 0.586 0.262 0.088 0.099

North Hopetoun 0.481 0.204 0.091 0.101

Cape Riche 0.633 0.413 0.080 0.095

8.3 Manning’s roughness coefficient calibration
Model runs using the modified Cape Riche dataset were tested with the Manning’s number9 (M) in the
range of 15 (rough seabed) to 40 (smooth seabed) m1/3/s (Figure 49). Qualitatively, substantial
differences were observed among the results, with those from simulations considering a rough seabed
(i.e. lower M) comparing better to depth average measurements. This was confirmed by means of the
correlation coefficient and RMSE (Table 22). Best correlation between field measurements and
simulation results was obtained with the simulation run with M=25 m1/3/s, as the alongshore and across
shore correlation coefficients were higher than for other simulations (0.69 and 0.46, respectively).
Similarly, relatively low RMSE was estimated for the simulation with M=25 m1/3/s.

Figure 49 Alongshore and across shore current comparison between depth averaged
measurements at the offshore AWAC station (black) for a range of Manning’s
coefficients.

9 Manning’s numbers used in MIKE 21 FM 2D hydrodynamic simulations is the reciprocal of Manning’s number described in some
hydraulic text books.
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Table 22 Quantitative comparison of numerical results with depth averaged current
measurements for simulations run with different Manning roughness coefficients

Bed Friction
Coefficient
(Manning’s
Coefficient)

Correlation Coefficient RMSE (m/s)

Alongshore Across-shore Alongshore Across-shore

15 0.64 0.40 0.082 0.095

25 0.69 0.46 0.074 0.097

32 0.69 0.48 0.073 0.103

40 0.68 0.50 0.076 0.109

8.4 Model verification: Currents in shallow (<10 m) waters
The selection of Cape Riche winds and a Manning’s roughness of 25 m1/3/s was validated using depth
averaged current measurements from the Cheyne Bay AWAC (Figure 50).

It can be seen in Figure 50 that the model reproduces the current conditions in shallow areas over the
duration of the simulation, with exception of the extreme event on 30 November 2010. Correlation
coefficients of 0.65 in the along-shore direction and 0.59 in the across-shore direction were obtained
(Table 23), with RMSE <0.035 m/s for both directions.
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Figure 50 Comparison between the depth averaged model (-----) and measurements from the
Cheyne Bay AWAC (-----)

Table 23 Validation of the depth averaged model against the Cheyne Bay diffuser data

Verification Correlation Coefficient RMSE (m/s)

Alongshore Across-shore Alongshore Across-shore

Cheyne Bay 0.65 0.59 0.027 0.032

8.5 Model verification: Vertical homogeneity (2D assumption)
The glider dataset shows, on average, a vertically homogeneous environment as described by the
salinity and temperature contours plots (section 5.6). These conditions were observed during both the
November-December 2010 and February-March 2011 deployments even during calm conditions10. Glider
measurements occasionally show surface heating during relatively hot and calm days can cause weak
thermal stratification. This stratification, however, is usually dissipated within 2-3 hours after sunset. In
winter, strong winds and large waves substantially increase vertical mixing and lessen the likelihood of
stratification.

To verify the 2D assumption near the discharge site, 3D numerical simulations of the brine discharging
as described in section 7.4.3 were undertaken. Time series of salinity concentration at four locations
distanced approximately 100 m from the source (Figure 51) were used in the analysis.

10 Glider winter data became available after the modelling was completed. However, a vertically homogeneous environment was
also observed in this recent dataset.
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Salinity contours extracted from the 3D model at these four stations are shown in Figure 52 to Figure 55.
The simulation suggests that the water column will be vertically well mixed for approximately 98% of the
time, and that the few mild stratification events that develop are overcome over periods of only a few
hours. 3D modelling was performed only for the calibration case, with the expectation that vertical mixing
would be even greater during winter.

Figure 51 Output locations of the vertical profiles in the 3D model

Figure 52 Simulated salinity profile for near-field dilution of 60 at station SW (Figure 51)
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Figure 53 As per Figure 52 for station S (Figure 51)

Figure 54 As per Figure 52 for station SE (Figure 51)

Figure 55 As per Figure 52 for station E (Figure 51)
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8.5.1 Comparison of 2D and 3D simulated areal extent of the brine plume

The validity of the vertical mixing assumption is further confirmed by comparing the areal extent of the
brine plume resulting from the 2D and 3D models. Results from the bottom layer of the 3D model were
used in the analysis which yields a more rigorous comparison than if results from other horizontal layers
were used.

A frequency distribution analysis of excess salinity (i.e. above background) was undertaken for the 2D
and 3D runs during ‘calibration case’ simulation period and an initial near field dilution of 60. A spatial
map of the excess brine distribution is provided in Figure 56. This map shows the areal extent in which
the excess salinity was greater than a particular value for 95 per cent of the time. It should be noted that
the brine distribution at any instant in time would be substantially smaller than the area bound by 95th

percentile contour. The brine distribution for both the 2D and 3D simulations was comparable.

Figure 56 Excess salinity contours for 95% of the simulation period (2D model=dashed; 3D=
solid).

Table 24 gives an indication of the error incurred by the 2D assumption. Close to the fissure the 2D
model predicts areal distributions up to 34% higher than the 3D model (95th percentile, 0.5 ppt), however
it produces more comparable results farther from the source (>200 m from the discharge point). These
results reveal that near the source the 2D simulation is more conservative than the 3D approximation.
Far from the source the areal extent of the brine differs by <3% between the 2D and 3D simulations.

Table 24 Areal difference between models (2D-3D)

Error % 80th 90th 95th

0.5 ppt 8% 29% 34%

0.4 ppt 20% 15% 17%

0.3 ppt 12% 3% 3%



6961/26005/08/114600 Cape Riche Seawater Desalination Plant
Hydrodynamic Modelling

8.6 Summary
The 2D model has been calibrated by comparing numerical results with depth average measured
data at the offshore AWAC station;

The 2D model represents well the depth averaged velocities at the offshore AWAC station for a
uniform Manning’s roughness coefficient of 25 m1/3/s;

The 2D model was successfully verified using data from the shallow water station at Cheyne Bay and
during wind-driven periods;

3D model salinity profiles extracted approximately 100 m from the source revealed that the brine is
rapidly mixed over the water column in the order of hours;

The areal ‘footprint’ of the brine plume calculated using the 2D results are similar in shape to those
calculated using results from the bottom layer of the 3D model; and

Far from the source the areal extent of the brine differs by <3% between the 2D and 3D simulations.
Near the source the 2D simulation is more conservative.

To optimise the balance between solution accuracy and computational efficiency, numerical results from
the (conservative) 2D simulations were used in this study.
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9. Far-field Dilution

Two sets of four one-month (for each season) far field simulations were run, one treats the lowest
expected dilution of 60 and another set which treats the more likely event of 170 fold dilution (base case).
The use of 60 fold dilution is conservative as it is not only the lowest dilution expected, but the statistics
suggest such a dilution would occur for only one day per year. It is highly improbable that this low dilution
would be sustained for a full month as is simulated in the ’60 fold dilution’ model, thus the far field
modelled accumulation is overestimated and conservative. The 170 fold dilution simulations give a better
prediction of the mean monthly accumulation.

Far-field brine dispersion was simulated for autumn, winter, spring and summer discharge scenarios. A
steric gradient of 7.6x10-8 was applied in all simulations. This gradient drives an easterly alongshore
current of approximately 0.05 m/s (Figure 31 and Figure 32).

Figure 57 shows the transient nature of the brine. The figure presents the brine distribution for the
conservative 60-fold near-field dilution simulation. As indicated beside each figure, the interval between
successive images is 10 hours. The plume remains trapped against the coast (typically less than 100 m
from the land), and is elongated (up to 500 m in length) by the strong alongshore currents in the region.
The plume swings during reversal of the tidally and wind driven currents, extending up to 300 m offshore.

Figure 57 10 hr snapshots of brine plume for the 60-fold near field dilution case for the
‘calibration’ simulation. First snapshot was extracted 55 hours after spin up time.
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A summary of the temporal and spatial extent of the salinity increase about the fissure may be obtained
with ‘frequency of excess’ plots. As is the common practice in standard desalination plant dilution
studies, the 95th percentile plots are presented in this study.

The seasonal 95th percentile exceedance plots for the 170 fold base case near field dilution are shown in
Figure 58 to Figure 61 while the conservative worst case 60 fold near field dilution conditions in Figure 62
to Figure 65.
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Figure 58 Modelled 95th percentile exceedance plot of the excess salinity in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 170 (most likely
near-field dilution) during SUMMER.

Figure 59 Modelled 95th percentile exceedance plot of the excess salinity  in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 170 (most likely
near-field dilution) during AUTUMN.
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Figure 60 Modelled 95th percentile exceedance plot of the excess salinity  in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 170 (most likely
near-field dilution) during WINTER.

Figure 61 Modelled 95th percentile exceedance plot of the excess salinity  in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 170 (most likely
near-field dilution) during SPRING
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Figure 62 Modelled 95th percentile exceedance plot of the excess salinity in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 60 during SUMMER.

Figure 63 Modelled 95th percentile exceedance plot of the excess salinity in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 60 during AUTUMN.
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Figure 64 Modelled 95th percentile exceedance plot of the excess salinity in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 60 during WINTER.

Figure 65 Modelled 95th percentile exceedance plot of the excess salinity in the plume for a
brine discharge of 52 ML/day at 70 ppt and a near field dilution of 60 during SPRING.

9.1 Summary
A verified numerical model demonstrated that the coastal wind driven currents and natural turbulence
will rapidly disperse the brine from the discharge into the nearshore coastal waters; and

The model results show that the increase in salinity caused by the brine will be <0.2 ppt within 400 m
of the discharge and is expected to be sufficient to meet the environmental water quality guidelines.
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10. Summary and Conclusions

Key findings can be summarised as follows:

10.1 Datasets
Site specific measurements at Cape Riche were complemented by third party wind, waves, water
levels and currents data sets mainly from Albany;

Good quality long records (years) of wind speed and direction data from Albany, North Hopetoun,
and Cape Riche are representative of the surface winds over the coastal waters;

The wind field was assumed to be uniform across the coastal area of interest and is represented by
the Cape Riche wind speed and direction measurements. This anemometer was within 500 m from
the coast near the discharge site, located in a clear area and unobstructed by terrain. This data is
available for forcing the circulation and dispersion model;

High resolution bathymetric survey was undertaken in the embayment on the north side of Cape
Riche; and

The bathymetry in the open coastal waters is sparse and relays on Admiralty Chart AUS 337 and
Mike C-MAP global bathymetry repository. There are no depth soundings in waters less than 10 m
deep.

10.2 Climate and meteorology
There are a number of seasonally variable synoptic and mesoscale meteorological phenomena
which are likely to affect coastal hydrodynamics;

Winds across the domain are reasonably uniform;

For the purposes of hydrodynamic modelling, the wind field between Albany and North Hopetoun can
be considered spatially uniform; and

Winds from this section play a role in forcing the circulation and dispersion models of the brine
effluent.

10.3 Wind waves and swell
For less than 1% of the year (i.e. < 3 days/year) the significant wave height at Albany is likely to be

1 m;

For 85% of the year the significant wave heights at Albany is likely to be below 4 m;

The median significant wave height at Albany is likely to be 2.5 m;

It is reasonable to conclude that the wave climate at Albany is representative of that at Cape Riche.
Winter wave measurements at Cape Riche are needed to support this conclusion; and

Wind waves and swell will be an important component of the near-field mixing.
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10.4 Coastal oceanography
Large scale circulation processes such as the Leeuwin current contribute to the easterly drift during
winter;

Measurements of surface wind stress, water level and current speed confirmed that currents are
mainly wind driven and may be well described by vertically integrated equations of motion;

Buoyancy is mostly homogeneous and plays a negligible role in the circulation pattern;

The coastal ocean is homogeneous and the circulation processes may be well simulated with a
vertically integrated model forced by surface wind;

The longshore velocity profiles are reasonably constant and generally show little shear;

As there is little density or shear structure, a vertically integrated wind driven model will describe the
coastal circulation;

The dominance of wind forcing on local wind time scales (24 to 96 hours) allows the use of
generalised numerical models of wind-driven circulation, such as MIKE 21; and

A bulk vertical eddy diffusivity coefficient KZ = 10-2 m2/s may be used in three dimensional circulation
and dispersion models.

10.5 Near-field mixing
A near-field mixing model has been estimated using three physical regimes, namely: a) fissure
mixing by oscillatory volume exchange with the coastal waters; b) oscillatory outflow jet entrainment
from the fissure; and c) near steady sinking plume;

The total near-field brine dilution is estimated to exceed (i.e. better than) 60 for more than 99% of the
year (i.e. 364 days/year);

The total near field dilution with the highest probability of occurrence is approximately 170;

A near-field 170-fold dilution corresponds to a salinity increase of less than 0.2 ppt above ambient
seawater within 30 to 40 m of the fissure;

For approximately 70% of the year the dilution exceeds 140;

For a dilution of 140, the salinity within 40 m of the fissure is maintained below 0.25 ppt above
ambient;

This near-field model is applicable for approximately 85% of the year. For the remaining 15%, wave
heights exceed 4 m which results in overtopping of the wavecut platform. Nevertheless, wave heights
exceeding 4 m are expected to promote dilution greater than 300.

The near-field mixing will be effective and likely to be equal to or better than standard seabed
diffusers, and is expected to be sufficient to meet the environmental water quality guidelines.

10.6 Far-field mixing
A verified numerical model demonstrated that the coastal wind driven currents and natural turbulence
will rapidly disperse the brine from the discharge into the nearshore coastal waters; and

The model results show that the increase in salinity caused by the brine will be <0.2 ppt within 400 m
of the discharge and is expected to be sufficient to meet the environmental water quality guidelines.
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Appendix A

Winter Glider Data

July – August 2011
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Winter (July-August 2011) Glider data became available after the modelling was completed. The Glider
track for the July-August 2011 deployment is shown in Figure 66 and the data summarised in Figure 68.

To put the winter data in context with the hydrodynamic report, the three deployment periods (November-
December 2010; February-March 2011; and July-August 2011) were combined in a single temperature
salinity diagram (Figure 67). The measured median salinity for the two summer sets of glider data is 35.7
ppt and 35.2 for winter data. The measured salinity ranged from 34.8 ppt during a winter minimum to
35.8 ppt during a summer maximum.

Figure 66 Glider track for the July-August 2011 deployment
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Figure 67 Salinity-Temperature diagram of the July-August 2011 deployment
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Figure 68 Salinity – temperature diagram for the three deployment periods




