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Executive Summary 
 
Numerical modelling has been performed to characterise the effluent plume 
from the proposed Bell Bay Pulp Mill outfall in Bass Strait. This modelling is 
preliminary in the sense that detailed comparisons of model results with 
measured data have not been performed so as to verify the accuracy of the 
model. It does, however, address many of the weaknesses present in the 
previous modelling commissioned by Gunns and performed by GHD. 
 
Under appropriate configuration, and realistic parameterisation and forcing, 
the model indicates that the plume assumes the character of a long ribbon 
extending many kilometres from the outfall (e.g. Figure 4.4.1). The plume 
frequently undergoes extremely large, rapid, variations in position. When 
current speeds are low, the effluent released from the outfall pools at the 
surface. This results in high concentrations within the plume. As current 
speeds increase, the effluent is not simply mixed back to low concentrations, 
but rather transported many kilometres from the outfall by the currents as a 
coherent pool of high concentration (e.g. Figure 4.3.3). 
 
The proposed extent of the mixing zone surrounding the outfall derived from 
modelling performed by GHD is considered to be an underestimate. The 
principal factor responsible for this underestimate has been identified as the 
use of excessive values of horizontal mixing in their model (e.g. Figure 4.6.3). 
For the space and time scales resolved by the model, these values are 
approximately an order of magnitude greater than that expected in the 
oceanic environment surrounding the outfall.  
 
Using definitions of the mixing zone extent and Water Quality Objectives for 
chlorate as prescribed in the State Pulp Mill Permits, the modelling performed 
in this study indicates that the chlorate Objectives are frequently exceeded 
outside the mixing zone. Specifically, during the model simulation periods, 
concentrations in excess of the WQO’s were found in Commonwealth waters 
on almost a daily basis (e.g. Figure 4.4.4). There is every reason to expect 
that the mechanisms responsible for these exceedances would apply in other 
periods. 
 
 
 
 
 
 
 
 
 
 
 
Disclaimer: Information in this report is believed accurate within the bounds stated, but 
CSIRO accepts no responsibility for any subsequent use by the client of the information and 
modelling results provided.
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Introduction 
 
The fate of effluent released from the proposed Bell Bay Pulp Mill has been 
modelled numerically in a study commissioned by Gunns as part of its Bell 
Bay Impact Assessment (Botev, 2006a). Two supplements to this work were 
produced, Botev (2006b) and Botev (2007). Collectively these are referred to 
here as the GHD modelling. This work was formally and informally reviewed 
by a number of sources (e.g; Minister’s Appoval Decision (2007), Franzen and 
Keinanen (2007, their table 10), Britton (2007), Barry and McAlister (2007), 
Godfrey (2007), Miotti (2007, p 13), Moore and Whish-Wilson (2007)) all of 
whom identified some key weaknesses in the modelling. Specifically these 
include: 
 

1. Inappropriate use of 2 dimensional models, 
2. Omission of low frequency sea level as a forcing mechanism, 
3. Lack of stratification, 
4. Insufficient run lengths of the model, 
5. Insufficient vertical resolution in 3-dimensional models, 
6. Use of large horizontal diffusion coefficients, 
7. Insufficient calibration. 

 
This report describes additional modelling of the proposed Bell Bay outfall 
which addresses the issues listed above, excepting that the model has not 
been subjected to a rigorous calibration exercise where certain model 
parameters are ‘tuned’ so as to achieve the optimum correlation between 
modelled output and measured data. As such the results should be treated 
only as a guide to the potential fate of effluent released from the outfall in the 
receiving marine environment, and to provide an indication of expected results 
once identified weaknesses are addressed. However, many of the physical 
processes revealed in this analysis are likely to be represented in any model 
subjected to calibration. This analysis also attempts to identify the sensitivity 
of the mixing zone provided by the GHD modelling to some of these 
weaknesses. The model configuration is described in Section 1, and results of 
large scale, long period simulations in Section 2. Section 3 describes a series 
of sensitivity analyses that were performed and Section 4 presents the results 
of those analyses. Finally a summary of results is presented. The modelling 
was performed with the model SHOC (Sparse Hydrodynamic Ocean Code), 
developed by CSIRO and applied to many regions around Australia. Details of 
the model may be found in Herzfeld (2006). 
inadequate 

1. Model Domains 
 
The area of interest is represented with a three tiered nesting strategy (Figure 
1.1). The largest regional grid covers the whole of Bass Strait with a resolution 
of 2.5 km. This grid has 17 layers in the vertical with 1 m grid spacing at the 
surface. Within this a polar grid of intermediate resolution is nested. This grid 
has resolution of ~500 m in the vicinity of the outfall and ~800 m at the open 
boundary. The intermediate grid has 24 vertical layers with 0.3 m surface 
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resolution. This grid did not include the Tamar Estuary; an alternative general 
orthogonal curvilinear grid including the Tamar Estuary was constructed 
(Figure 1.2) but not used owing to time constraints (note; numerous 
submissions to Dept. Environment & Water Resources during the Minister’s 
approval process expressed concern regarding coupling of the Tamar Estuary 
with Bass Strait). Using this grid would strengthen any analysis of effluent 
distribution on scales of up to 50 km, but is not expected to impact the plume 
distribution on scales of a few kilometres in the vicinity of the outfall. A high 
resolution rectilinear grid with 50 m resolution is nested within the 
intermediate grid, containing 24 layers with 0.2 m surface resolution. Details 
of the grids are presented in Table 1. 
 

Table 1 : Model grid characteristics 
 

 Regional Intermediate Hi-res 
Grid type Geographic 

rectangular 
Polar 

(i.e. curvilinear) 
Geographic 
rectangular 

Horizontal spacing 
(m) 

2500 Mean = 640 
 

50 

Run length 2006 Jan – May 2006 Feb 2006 
Vertical layers 17 24 24 
Surface layer 
thickness (m) 

1 0.3 0.2 

3D Time step (s) 180 44 9 
2D time step (s) 11.25 2 0.5 

Grid size 130 x 200 240 x 200 130 x 200 
Run time ratio 110:1 (4 PEs) 80:1 (2PEs) 3.6:1 (4 PEs) 

Horizontal 
diffusivity (m 2s-1) 

5 ~35 Smagorinsky / 
0.5 / 2.0 / 10.0 

Depth for 100:1 
initial dilution (m) 

0.3 0.8 12 

 
The simulation period was the year 2006; the higher resolution grids were 
simulated for shorter periods owing to time constraints (Table 1). It has been 
demonstrated there was no long term build-up of effluent in the vicinity of the 
outfall (Section 2.2), therefore the short run-length for the high resolution 
model is justified for the purpose of diagnosing mixing zone extent on time-
scales of several days. However, assessment of the effects of seasonality 
would strengthen this study. All grids were forced with MesoLAPS 
(http://www.bom.gov.au/nmoc/bulletins/39/opsbul39.shtml#skip) winds, 
atmospheric pressure and net heat fluxes. Open boundaries and initial 
conditions used synTS (Ridgway et al., 2006) for sea level, temperature and 
salinity. SynTS is a product of spatial and temporal distributions of 
temperature, salinity and sea level where surface distributions derived from 
satellite altimetry are projected through the water column using climatological 
correlations. The mean sea level derived from the global ocean model OFAM 
(Oke et al., 2005), e.g. Figure 1.3, has been added to the synTS sea level 
anomaly. Note that mean north-south sea level gradients across Bass St. are 
close to 10 cm, which would be expected to be in balance with a significant 
mean flow. Of interest also is the expected large positive anomaly associated 
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with the East Australian Current off the east coast. The global tidal model of 
Eanes and Bettadpur (1995), using the methodology of Cartwright and Ray 
(1990), was used to generate amplitudes and phases of 14 tidal constituents 
at every open-boundary node. These are then used to reconstruct the tide at 
every time-step. The resulting sea level distributions used as boundary forcing 
contain the background mean state, low frequency oscillations and variability 
on sub-diurnal time-scales.  
 
A source of passive tracer was input at the outfall site with a unit 
concentration of 1 gm-3 and flow rate of 0.7 m3s-1. Resultant tracer 
distributions are therefore in units of gm-3 (or mg/L). Note that the 
conservation equation for tracers is linear and distributions presented may be 
scaled proportionately with the source concentration; e.g. if the input 
concentration were 3.7 gm-3, then a model output concentration of 0.00148 
may be scaled to be interpreted as 3.7 x 0.00148 = 0.0055 gm-3. Note also 
that this tracer is neutrally buoyant and conservative (i.e. does not settle or 
decay). Throughout this study there has been no attempt to model sediment 
transport dynamics, where particulate matter may settle from the water 
column, undergo flocculation in the water column and experience deposition 
or resuspension in the sediments. 
 
Figure 1.1: Nesting configuration showing how large scale models are nested 
within smaller scale models. 
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Figure 1.2: Alternative intermediate grid including the Tamar Estuary. The 
Tamar Estuary is displayed at higher resolution (right), showing how the 
estuary is coupled to the main polar curvilinear grid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Background mean sea level distribution derived from OFAM. 
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2. Regional Model 
 

2.1 Hydrodynamic Model 
 
The regional domain was simulated for the full year 2006. Surface tracer 
distribution in winter and the time evolution of surface tracer concentration at 
a location offshore from the outfall in Commonwealth waters derived from the 
regional model are displayed in Figures 2.1 and 2.2. Tracer is predominantly 
confined to the northern Tasmanian coast throughout the year, with generally 
westwards net transport during summer and eastward transport during winter. 
Transport out of Bass Strait appears to exist at the north-western and eastern 
margins of Tasmania during these seasons respectively. The transition 
between westward and eastward transport occurs approximately in May. The 
Flinders Island group appears to be a target for tracer advection during winter. 
During this month there is also a tendency for tracer to be transported across 
Bass Strait towards the south-eastern Victorian coast. 
 

2.2 Transport Model 
 
A transport model was used to assess the fate of tracer on decadal time-
scales. This model uses offline data (velocities and vertical diffusion 
coefficients from the regional model annual simulations saved at 1 hour 
intervals) to advect and diffuse tracers throughout the domain. Since the 
transport model does not compute the solutions to the momentum equations, 
and may use a long time step due to the implementation of unconditionally 
stable numerical schemes, the run time is many orders of magnitude faster 
than the hydrodynamic model. If annual solutions are repetitively looped, then 
simulations of decadal length are possible. This exercise allows the 
assessment of possible long term build-up of tracer in Bass Strait.  
 
The surface tracer solutions during winter (July 15) are displayed for the 1st 
year of simulation (directly comparable to Figure 2.1) and the 15th year of 
simulation in Figures 2.3 and 2.4 respectively. The transport model 
reproduces the major features evident in the hydrodynamic model solutions, 
although the distributions are considerably more diffuse due to the diffusive 
nature of the transport model’s advection scheme (a first-order semi-
Lagrangian scheme). Time series of surface tracer near to, and at, the outfall 
site for the 10 year simulation are displayed in Figure 2.5. These Figures 
clearly show that although there is a distinct annual cycle of tracer distribution, 
there is no long-term water column build-up of tracer in the vicinity of the 
outfall characterised by a steadily increasing trend in concentration. Although 
there is no evidence of tracer build-up near the outfall site, analysis of 
solutions reveal that there is a gradual spreading of tracer into the interior of 
Bass St. over time (e.g. as is evident in Figure 2.3 and 2.4). 
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Figure 2.1: Regional Model surface passive tracer in July. 

  
Figure 2.2 (a): Time series of surface tracer from Regional Model. 

(a) near outfall site (black dot above) 

 
 (b) At 1 cell offshore from source cell 
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Figure 2.3: Transport Model surface passive tracer (Jul 2006). 

 
Figure 2.4: Transport Model surface passive tracer (Jul 2015). 
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Figure 2.5: Time series near outfall site showing the lack of increasing 
concentration trend over time. 

(a):  At black dot in Figure 5 

 
(b) At the outfall site 

 
 

3. High Resolution Model Sensitivity Issues 
 
Simulations using the high resolution model were performed to test the 
sensitivity of tracer distribution to horizontal diffusion, the effluent loading 
pattern and the effect of stratification. These sensitivity issues are outlined 
below. 
 

3.1 Effect of Horizontal Diffusion 
 
Effluent released in the marine environment undergoes spreading due to 
turbulent processes, and may be characterised by a horizontal diffusion 
coefficient, AH. Historically, the value of this coefficient has been the focus of 
many studies, and on timescales of 6 – 8 hours may be estimated using 
current measurements (the ‘frozen turbulence hypothesis’), drifter 
displacement measurements or rates of spreading of introduced plumes. For 
example, Middleton and Griffin (1990) conducted experiments to characterise 
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the spreading of effluent released from the Sydney sewage outfall, and 
concluded that the value of the horizontal diffusion coefficient lies between 0.1 
and 0.5 m2s-1.  The works of Okubo (1971) and Talbot (1976) can be used to 
estimate horizontal plume spreading rates (diffusion velocities) of ~0.01 ms-1 
which are applicable in coastal waters on time-scales of hours to days. Okubo 
(1971, their Fig. 2) demonstrates that diffusivity increases with spatial scale; 
for length scales of 50 m, Okubo (1971, Eqn. 4) may be used to estimate 
diffusivities of ~0.02 m2s-1. 
 
The role of horizontal diffusion in hydrodynamic models is to capture sub grid-
scale turbulent processes, and may differ from values expected in the ocean 
since horizontal diffusion must increase as grid size increases and turbulent 
eddies of increasing scale are unrepresented. Conversely, as grid size 
decreases and increasing fine scale structure is resolved, the amount of 
diffusion required also decreases. In fact, Mellor and Blumberg (1985) note 
that if horizontal resolution is small enough, then horizontal mixing is not 
required at all since it is ‘explicitly modelled by resolved small-scale horizontal 
advection followed by vertical mixing, the so-called G.I. Taylor (1954) 
dispersion process’. 
 
Horizontal diffusion is also required in numerical models to stabilize the 
numerical advection scheme used in the model, and often the diffusion 
required for this purpose may take precedence over that required to 
parameterise sub grid-scale processes. Kowalik and Murty (1993), p 147, 
note: 
‘One interesting and moot problem is the role of the horizontal friction in the 
calculations and in the physics of the process…… 
…… Can we conclude from the above that the horizontal eddy viscosity is a 
numerical or physical parameter? The situation is not clear, on the one hand 
the processes like barotropic instability depend on friction, on the other hand 
the presence of friction governs the numerical stability and it is often 
impossible to distinguish between these usages.’ 
The Lax-Wendroff advection scheme may be used as an example for 
stabilizing diffusion; this scheme is a second order spatial scheme using Euler 
forward time-stepping and the minimum amount of diffusion required to 
stabilize it is given by tu D25.0 , where u is the current speed and Dt is the time-
step (Rood, 1987). Therefore, the amount of explicit diffusion required is a 
function of current speed and the time-step used; if u and Dt are large the 
stabilizing diffusion may exceed realistic coastal oceanic values of < 0.5 m2s-1. 
This stabilizing mixing is scheme dependent. 
 
While insufficient horizontal mixing may lead to numerical instability, 
excessive mixing may attenuate genuine flow structure. Mellor and Blumberg 
(1985) noted: 
‘On the other hand, A (horizontal diffusion) can be large, O(102-104 m2s-1); the 
actual value depends on horizontal resolution – too small and the calculated 
fields are noisy, too large and resolvable flow structures are removed.’ 
Furthermore, the maximum amount of diffusion prescribed for a hydrodynamic 
model is also limited by stability constraints, i.e; 
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where Amax is the maximum allowable diffusion and h1 and h2 are the grid 
sizes in each horizontal dimension.  
 
In practice, horizontal mixing is typically chosen to be as small as possible so 
as to retain resolvable flow structures without excessively smoothing real 
features (Blumberg and Mellor, 1986), and reflect realistic diffusion processes 
in the ocean, but large enough to maintain model stability and not introduce 
numerical noise. The value chosen is dependent on grid size and time-step. 
 
An alternative to explicitly prescribing the horizontal diffusion in a model is to 
adopt the Smagorinsky formulation (Smagorinsky, 1963). This formulation 
parameterizes horizontal sub-grid scale processes by computing the 
horizontal diffusion coefficient at each grid cell based on the velocity shear 
encountered at that cell. The formulation does not require the a priori 
prescription of a horizontal diffusion value by the model user, hence rendering 
horizontal mixing independent of user expectations. There exists a scaling 
coefficient in the Smagorinsky formulation, which is determined empirically in 
ocean models (Griffies et al., 2000) and has been suggested to have a value 
of 0.1 by Mellor (1992). The Smagorinsky formulation is commonly 
encountered in ocean models and is a favoured parameterisation of horizontal 
diffusion (e.g: Griffies and Hallberg, 2000). 
 
Several simulations were performed to assess the impact of horizontal 
diffusivity in the model; 

1. Constant diffusivity of 0.5 m2s-1, 
2. Constant diffusivity of 2 m2s-1, 
3. Constant diffusivity of 10 m2s-1, 
4. Smagorinsky diffusivity with empirical constant = 0.1 

 
Note that GHD’s model used a horizontal diffusion coefficient of 10 m2s-1. The 
3D time-step of their model was 15 s, while that of this model is 9 s. These 
time-steps translate to values of Amax of 21 and 35 m2s-1 respectively 
(assuming a grid size of 50 m). Therefore, GHD’s modelling used a horizontal 
diffusion coefficient half of the upper allowable limit, which is in excess of the 
amount required for maintaining stability of common numerical schemes (e.g: 
the Lax-Wendroff scheme would require 0.075 m2s-1 assuming a current of 
0.1 ms-1. Note that an approximate median current speed in the outfall region 
is 0.1 ms-1, Botev (2006a, p12)). Furthermore, the value of 10 m2s-1 is more 
than an order of magnitude greater than values expected in the coastal ocean 
for spatial scales of order 100 m and temporal scales of seconds to hours, 
which is again excessive. 
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3.2 Effect of Loading Pattern 
 
The effluent release rate is 0.738 m3s-1, and the effluent contains a passive 
tracer of concentration 1. The method of introducing this effluent into the 
model (i.e. the loading pattern) was represented by two configurations. Firstly, 
a release in a single model cell was distributed over a depth so as to provide 
an initial steady state dilution of 100:1 (referred to as single cell loading in 
Section 4), assuming a steady current of 0.1 ms-1 (see Appendix 1). This 
resulted in tracer released in the top 12 m of the water column. An alternative 
outfall loading was configured to be identical to that used in Botev (2007, Fig. 
3), based on interfacing the near field modelling results. This configuration 
distributed the 0.738 m3s-1 outflow into 18 cells surrounding the outfall, with 2 
central cells accounting for 10% of the flow and 6 cells on the north and south 
extremities accounting for 2.5% (referred to as GHD loading in Section 4). 
Note that a 5 m depth distribution using the cross section of 6 cells (cross-
shore direction) equates to an initial dilution of ~200:1, assuming a steady 
longshore current of 0.1 ms-1.  
The effluent has temperature and salinity of 18oC and 2 psu respectively. 
 

3.3 Effect of Stratification 
 
The initial temperature and salinity (T/S) distribution for the simulations was 
derived from synTS, and contained stratification in the vertical direction. The 
heatflux applied at the surface acted to enhance stratification when large 
quantities of heat were input into surface layers. The high resolution domain 
was also simulated without effects of stratification by fixing the temperature to 
a constant value of 16.4oC, salinity to 35.6 psu and removing the surface 
heatflux. The GHD model was run without stratification in this manner. 
Although uniform density is used, the model is not configured to execute in 
depth averaged (2-dimensional) mode, and remains fully three dimensional. 
 
Note that the effluent is released into the surface layers of the model. The 
actual outfall will release effluent at the sea floor, and the lower density of the 
effluent will cause it to ascend, entraining oceanic water and thus mixing as it 
rises to achieve initial dilutions of ~100:1. This type of dynamic interaction of 
the plume with ambient density structure is not attempted in these far-field 
modelling exercises and is assumed to be assessed through independent 
near field analyses using plume rise models. The definitions of near-field, far-
field and mixing zone used in this study are adopted from Botev (2007).  
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4.  High Resolution Mode Sensitivity Tests 
 
The sensitivity of the model to the factors described above was investigated 
by performing the following tests: 
 

1. synTS initial T/S, AH=0.5 m2s-1, single cell loading (6 day run) 
2. synTS initial T/S, AH=2 m2s-1, single cell loading (4 day run) 
3. synTS initial T/S, AH=Smagorinsky, single cell loading  (24 day run) 
4. synTS initial T/S, AH=Smagorinsky, GHD loading (19 day run) 
5. Constant T/S, AH=Smagorinsky, GHD loading (4 day run) 
6. synTS initial T/S, AH=10 m2s-1, GHD loading (6 day run) 

 
Acceptable concentrations of tracer in the environment surrounding the outfall 
were assessed based on conditions outlined in the Pulp Mill Permits (2007). 
The maximum extent of the mixing zone is governed by the concentration of 
Chlorate. The maximum allowable concentration of this constituent in the 
effluent is 3.7 mgL-1 (Minister’s Approval Decision, 2007) and the maximum 
allowable concentration in the receiving waters is 0.008 mgL-1 (Water Quality 
Objectives, Pulp Mill Permits, Annex W1, Schedule EM1, p. 23), 
corresponding to a target dilution factor of 673:1 assuming a background 
concentration of 0.0025 mgL-1 (Botev, 2007, Table 2).  Using a passive tracer 
input concentration of 1 mgL-1 and a background concentration of zero, this 
minimum dilution factor corresponds to a maximum passive tracer 
concentration in receiving waters of 0.00148 mgL-1. Note that the mixing zone 
is defined in the Pulp Mill Permits as the water column ‘… whose horizontal 
cross section is the area enclosed by the boundary at 500 metres from the 
closest point to the length of pipe between the first and last diffuser outlets of 
the offshore wastewater pipeline’, (MZ 1.1, Schedule EM1 p 13). Also, MZ 2.1 
(Schedule EM1 p 13) states ‘if the ambient water quality, when measured at 
and beyond the edge of the mixing zone, exceeds the water quality objectives 
specified in Annex W1 to these conditions, or any revised version thereof 
specified in writing by the Director, then …’. Therefore, based on the Pulp Mill 
Permits (2007), if a concentration is encountered in the model greater than 
0.00148 at a distance greater then 500 m from the outfall location, then the 
effluent dispersal fails to comply with the permit conditions. 
 
Note that the effluent outfall lies 2.7 km offshore from the Tasmanian coast 
(specifically, Five Mile Bluff), and the Commonwealth marine boundary lies 
2.9 km further offshore from the outfall. The offshore boundary of the high 
resolution model lies within Commonwealth waters. 
 

4.1 Test 1; A H = 0.5 m2s-1 
 
The surface distribution of temperature from the high resolution model is 
displayed in Figure 4.1.1a, with the vertical profile corresponding to the blue 
dot in Figure 4.1.1b. These figures show the water column is stratified in 
February, with a mixed layer depth extending to ~5 m (note; tidal level is 
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~1.64 m below mean sea level on 4 Feb 2006, hence the profile does not 
begin at depth = 0 m). 
 
A snapshot of passive tracer distribution is displayed in Figure 4.1.2, with the 
upper limit of the concentration range in the colour bar set to 0.0015 (i.e. red 
indicates concentration greater than the allowed value of 0.00148). Note that 
the zone encompassing the 673:1 dilution extends as a distinct ribbon more 
than 2.5 km from the source at this point in time. 
 
Figure 4.1.1: Temperature distribution in Feb. showing stratified surface layer. 
         (a) Surface distribution                                   (b) Vertical Section 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1.2: Snapshot of high resolution distribution on 4 Feb 2006. 
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The effect of stratification in the receiving waters on the concentration of 
tracer near the source can be observed.  Figure 4.1.3 (a) & (b) show 
temperature profiles at the source cell on 3rd and 4th Feb 2006. Clearly 
stronger mixing exists on 4 Feb, with a well mixed layer extending to ~6 m, 
whereas a surface mixed layer only ~2 m deep exists on 3 Feb with a linear 
decrease in temperature below this to ~15 m. A 2.6oC temperature difference 
exists between top and bottom on 3 Feb, whereas on 4 Feb the difference is 
approximately half this at 1.4oC. The corresponding passive tracer profiles are 
displayed in Figure 4.1.3 (c) and (d), from which it is observed that tracer is 
confined to a smaller vertical extent at the surface on 3 Feb, with much larger 
surface concentrations than on 4 Feb (0.016 for 3 Feb, 0.003 on 4 Feb). This 
implies that stratification may be important when modelling the ocean 
response to the source in the far-field, particularly at times of significant 
surface heating (e.g. summer). 
 
 

Figure 4.1.3: temperature and passive tracer profiles at the source. 
Note; sea level = -1.54 m on 3 Feb and -1.64 m on 4 Feb. 

                      windspeed = 3.3 ms-1 on 3 Feb and 5.2 ms-1 on 4 Feb. 
  (a) 3 Feb 2006             (b) 4 Feb 2006             (c) 3 Feb 2006          (d) 4 Feb 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Of greater concern is the phenomena of concentration pooling. In balance 
with one-dimensional advection due to a steady current of u ms-1 and input of 
Fin (kgs-1) into volume V (m3), the concentration of tracer, C, may be simply 
written as: 
 

VF
x
C

u
t
C

in /=
¶
¶

+
¶
¶

 

 
If the velocity is zero, then the solution is: 
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VtFtC in /)( =  

 
This indicates that concentration increases with time, having an upper bound 
equal to the effluent concentration. In reality a steady state would be achieved 
where the flux in of tracer is equal to the diffusive flux out. However, the basic 
premise that concentration increases under low flow holds. As flow increases, 
the concentration around the source is not simply diffused, but rather is 
advected as a coherent pool with the flow. This creates the potential for pools 
of significant concentration to exist at considerable distance from the source 
(e.g. Figure 4.1.4). 
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Figure 4.1.4: Plume evolution demonstrating pooling. 
              (a)  2 Feb 1030                                   (b) 02 Feb 1430 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (c) 02 Feb 1500                             (d) 02 Feb 1530 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
 
               (e) 02 Feb 1600                             (f) 02 Feb 1630 
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The 95-percentile distribution of tracer over the period 1 Feb – 6 Feb 15:00 is 
displayed in Figure 4.1.5. This indicates that over this relatively short period, 
the mixing zone (based on 1:673 dilution) has an east – west dimension of the 
order of 2 km. 
 
Figure 4.1.5: Surface 95-percentile distribution of tracer (derived from 240 
snapshots). 

 
 

4.2 Test 2; A H = 2 m2s-1 
 
A snapshot comparable with Figure 4.1.1 is displayed as Figure 4.2.1. The 
influence of increasing lateral mixing in the model is clearly observed, where 
concentrations in the plume become less with increasing horizontal mixing 
coefficients. The plume generally assumes a more elliptic, less linear nature, 
and resolvable eddy structure in the conservative tracer field is diminished. 
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Figure 4.2.1: Surface tracer distribution on 4 Feb 2006 using horizontal 
diffusion = 2 m2s-1. 

 

 

4.3 Test 3; A H = Smagorinsky 
 
A typical distribution of the diffusion coefficient as computed via the 
Smagorinsky scheme is displayed in Figure 4.3.1. Values are generally less 
than 0.5 m2s-1, which is in agreement with values expected in the coastal 
ocean for small spatial scales. These small values of diffusion generated by 
the Smagorinsky scheme are sufficient to maintain stability of the advection 
scheme. Results comparable to Figures 4.1.1, 4.1.4 and 4.1.5 are displayed 
as Figures 4.3.2, 4.3.3 and 4.3.4 respectively. The pool of high concentration 
on 7 Feb undergoes a north-eastward trajectory compared to a northerly 
trajectory in Test 1, and the 95-percentile distribution does not posses the 
eastward bias of Test 1. Note that Smagorinsky diffusion is also used for 
horizontal mixing of temperature and salinity in this test, and the altered 
circulation, and associated plume behaviour, implies a different distribution of 
density and associated baroclinic pressure forcing using this formulation. 
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Figure 4.3.1: Surface horizontal diffusion (m2s-1) computed from the 
Smagorinsky scheme. 
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Figure 4.3.2: Surface tracer distribution on 4 Feb 2006 using Smagorinsky 
diffusion. Compare with Fig. 10. 

 
 
 

Figure 4.3.3: Plume evolution using Smagorinsky horizontal diffusion. 
              (a)  2 Feb 1030                                   (b) 02 Feb 1430 
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  (c) 02 Feb 1500                             (d) 02 Feb 1530 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (e) 02 Feb 1600                             (f) 02 Feb 1630 
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Figure 4.3.4: Surface 95-percentile distribution of tracer using Smagorinsky 
diffusion : 1 – 24 Feb 2006 (derived from 1108 snapshots). 

 

4.4 Test4; GHD loading pattern 
 
This simulation used a loading pattern identical to that used in Botev (2007) 
described in Section 3.2, based on interfacing the near-field and far-field 
modelling in Botev (2006a). The depth over which the effluent was distributed 
was 5 m, yielding an initial dilution in the longshore direction of ~200:1 
assuming a steady current of 0.1 ms-1. The Smagorinsky diffusion outlined in 
Section 3.1 was used for the horizontal diffusion coefficient. This simulation 
represents the most accurate estimate of plume behaviour, however, the 
mixing zone extent is probably conservative due to the large initial dilution. 
 
The solutions analogous to the snapshots of Figures 4.1.1 are displayed in 
Figure 4.4.1, the pooling plume progression in Figure 4.4.2 and the 95-
percentile plot in Figure 4.4.3. Distributing the outfall flow over a larger area at 
reduced rate in each cell does not significantly alter the plume behaviour. 
Also, decreasing the depth over which the outflow is distributed has not 
significantly reduced the 95-percentile mixing zone extent. The modelling 
indicates that even at these relatively high initial dilutions, high concentrations 
are encountered at a considerable distance from the source. The effects of 
stratification and pooling probably contribute to these high concentrations. 
The maximum concentration encountered in Commonwealth waters is 
displayed in Figure 4.4.4, from which it is seen that the model indicates the 
limit of 0.00148 representing the State Water Quality Objectives for chlorate 
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are violated on almost a daily basis (24 times in 19 days). Although these 
results are applicable to Feb 2006, there is every reason to expect that the 
mechanisms responsible for these exceedances would apply in other periods. 
The effects of non-conservative (e.g. decay) or non-neutrally buoyant 
behaviour may alter the maximum concentrations reaching Commonwealth 
waters. 
 
 
Figure 4.4.1: Surface tracer distribution on 4 Feb 2006 using the outfall 
loading configuration identical to Botev (2007).  
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Figure 4.4.2: Plume evolution using the outfall loading configuration identical 
to Botev (2007). 
              (a)  2 Feb 1030                                   (b) 02 Feb 1430 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  (c) 02 Feb 1500                             (d) 02 Feb 1530 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (e) 02 Feb 1600                             (f) 02 Feb 1630 
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Figure 4.4.3: Surface 95-percentile distribution of tracer using the outfall 
loading configuration identical to Botev (2007): 1 – 11 Feb 2006 (derived from 
849 snapshots). 

 
 
 

Figure 4.4.4: Maximum concentration in Commonwealth waters 
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4.5  Test 5; Constant T/S 
 
The model was simulated using a constant value of 16.4oC and salinity of 
35.6 psu with no heatflux applied, as used for the initial condition in the GHD 
modelling. The surface distribution is displayed as Figure 4.5.1, plume 
evolution is displayed as Figure 4.5.2 and the 95-percentile distribution as 
Figure 4.5.3. The snapshot of 4 Feb does not extend as far from the source, 
the pooling is less distinct on 2 Feb and the 95-percentile distribution appears 
larger, therefore stratification clearly has an impact on the plume behaviour. 
However, over the course of the simulation, the plume length to width ratio is 
similar to the stratified case.  
 
Initial conditions for the stratified case correspond to (T,S,r o)=(19oC, 35.3 psu 
1025.25 kgm-3). Note that the temperature for the stratified case undergoes 
diurnal oscillation due to the large diurnal variability in the heatflux (Figure 
4.5.4). The unstratified case has an initial condition of (T,S,r o)=(16.4, 35.6, 
1026.12) which remains constant throughout the simulation except in the 
vicinity of the source, where the effluent has (T,S,r o)=(18, 2, 1000.13). 
Therefore the unstratified case has a density contrast with the effluent of ~1 
kgm-3 greater than the stratified case, predominantly due to the cooler 
ambient surface water. The introduction of the less dense effluent into the 
ambient near-surface water column represents a source of buoyancy. The 
greater the density contrast between effluent and ambient water, the greater 
the amount of shear required to overcome the buoyancy associated with the 
introduced effluent and mix vertically to an equivalent depth. Since shear 
production at the surface is dominated by the wind stress, under light to 
moderate winds the unstratified case is therefore expected to have shallower 
mixed layers containing higher concentration of tracer. This is demonstrated 
in Figure 4.5.5 (for 6 Feb 2006 at the location of greatest tracer concentration 
in the loading region, wind-speed ~2.5 ms-1), where the mixed layers are ~ 3 
and 0.3 m for the stratified and unstratified case respectively, resulting in 
greater tracer concentration in the unstratified case by almost a factor of 4.  
 
These results are consistent with the analysis of Section 4.1, where in Figure 
4.1.3 the shear (wind stress) was responsible for differences in mixed layer 
depths, hence magnitude of tracer concentration in the mixed layer. In the 
tests presented in this Section, the effluent was released into differing ambient 
density environments subject to the same shear; hence the buoyancy 
controlled mixed layer depth and surface tracer concentration. 
 
Note that vertical mixing in this model is parameterised by the balance 
between shear, buoyancy, dissipation and turbulent kinetic energy as 
estimated by the k-e turbulence closure scheme (e.g. Burchard et al., 1998), 
and does not account for entrainment of ambient water (hence additional 
dilution) as a plume rises from a diffuser located on the sea floor. Near field 
modelling using plume rise models which capture these processes is typically 
de-coupled from far-field modelling, and is not attempted here. Rather, the 
results from Botev (2007) have been interfaced into the far-field model 
assuming entrainment has been accounted for. 
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These analyses indicate that the density in the receiving waters, as well as 
the density of the effluent stream, may impact on the plume behaviour and 
concentration. However, these factors do not appear to translate into 
significant differences in the statistical spatial distribution of the plume. It is 
anticipated that a complex relationship exists between the pooling 
phenomena and temporal variability of vertical mixing as a consequence of 
stratification and the applied wind-stress, which is best diagnosed from a 
model that incorporates all these effects. 
 
 
 
 
 
Figure 4.5.1: Surface tracer distribution on 4 Feb 2006 with no stratification. 
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Figure 4.5.2: Plume evolution with no stratification. 
              (a)  2 Feb 1030                                   (b) 02 Feb 1430 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  (c) 02 Feb 1500                             (d) 02 Feb 1530 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              

(e) 02 Feb 1600                             (f) 02 Feb 1630 
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Figure 4.5.3: Surface 95-percentile distribution of tracer with no stratification 
(derived from 254 snapshots). 

 
 
 
 
 
Figure 4.5.4: Time series of surface temperature (for stratified case) showing 
diurnal variability due to the heatflux. Taken in the north-west corner of the 
domain. 
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Figure 4.5.5: Vertical sections on 6 Feb 2004 taken at the location of highest 
tracer concentration in the effluent loading grid. Note; sea level = -0.5 m and 
wind-speed = ~2.5 ms-1 on 6 Feb. 
           (a) Stratified case                                      (b) Unstratified case 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.6  Test 6; A H = 10 m2s-1 
 
The model was simulated using a stratified initial T/S distribution, the GHD 
loading pattern and the horizontal diffusion used by GHD (10 m2s-1). The 
surface distribution on 4 Feb 2006 is illustrated in Figure 4.6.1, and the plume 
evolution on 2 Feb 2006 in Figure 4.6.2. These solutions bear more 
resemblance to the results provided by GHD, showing an elliptical, less linear 
plume shape of smaller spatial extent. Most of the resolvable flow structure 
evident in solutions using lower values of horizontal diffusion is absent, as is 
the pooling effect, thus demonstrating the effect of excessive horizontal 
diffusion. The 95-percentile distribution corresponding to this simulation 
(Figure 4.6.3) reveals a mixing zone diameter of ~1 km, which again more 
closely resembles the results produced by GHD. Therefore, the plume 
behaviour generated by the GHD modelling appears to be primarily a 
consequence of the use of a large value of horizontal diffusivity relative to the 
length and timescales represented in the model. Since this diffusivity is 
considered excessive, the plume behaviour associated with using this 
diffusivity is highly likely to be erroneous. 
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Figure 4.6.1: Surface tracer distribution on 4 Feb 2006 with AH = 10 m2s-1. 
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Figure 4.6.2: Plume evolution with no stratification and AH = 10 m2s-1. 
              (a)  2 Feb 1030                                   (b) 02 Feb 1430 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
            (c) 02 Feb 1500                             (d) 02 Feb 1530 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
              (e) 02 Feb 1600                             (f) 02 Feb 1630 
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Figure 4.6.3: Surface 95-percentile distribution of tracer AH = 10 m2s-1 (derived 
from 335 snapshots). 
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Summary 
 
Analysis of model results indicates that all of the applied forcing mechanisms 
may influence modelled circulation in Bass Strait. Stratification is evident in 
the model solutions in the summer months, potentially confining tracer 
released at the outfall to thin surface layers, thus increasing its concentration. 
The density of the receiving water in relation to that of the effluent also 
impacts the vertical distribution of the plume (and hence concentration), with 
greater vertical mixing occurring at the outfall when the receiving water is less 
dense. The relationship between the buoyancy of the plume, stability of the 
receiving water column, mixing energy due to the wind and plume advection is 
complex, and is best assessed using a model that incorporates all these 
effects. 
 
The regional model indicates that tracer is advected towards the west during 
the summer months, with a reversal observed in May resulting in eastward 
advection. There does not appear to be any long term water column build-up 
of tracer over time in the vicinity of the outfall. 
 
The plume resulting from release at the outfall source may resemble a thin 
ribbon extending many kilometres from the source when horizontal diffusive 
effects do not dominate. The extent of plume spreading is controlled by the 
value of horizontal diffusion used in the model, hence careful selection of this 
parameter is warranted. The Smagorinsky formulation parameterizes 
horizontal diffusion based on the ambient horizontal velocity shear, and 
constitutes a robust approximation of the diffusion without the requirement of 
user prescription of the diffusion value. The use of this formulation resulted in 
high concentrations of effluent considerable distance from the source (as did 
using constant diffusion of 0.5 m2s-1, and to a lesser extent 2 m2s-1). As 
anticipated, the mixing zone extent decreased as horizontal diffusion 
increased. 
 
When currents are small, there exists the potential for tracer build-up above 
the source. This often occurs when wind speeds are low and the tide is at low 
or high water. Increasing currents do not diffuse this concentration build-up, 
but advect the high concentration away from the source as a coherent pool. 
This creates the possibility for high concentrations to be carried significant 
distances from the source, and will certainly reach Commonwealth waters 
(and the coast) under conducive forcing conditions.   
 
Based on criteria prescribed in the State Pulp Mill Permits (2007), maximum 
effluent concentration for Chlorate (the most prescriptive constituent in terms 
of mixing zone extent) and target dilutions prescribed by GHD, the modelling 
indicates that during the periods simulated the effluent dispersion would be in 
breach of the State permit conditions on an almost daily basis. There is every 
reason to expect that the mechanisms responsible for these exceedances 
would apply in other periods. 
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This analysis would be strengthened by the inclusion of a comprehensive 
calibration, inclusion of the Tamar Estuary in the intermediate model, high 
resolution model simulations during different seasons, use of actual effluent 
concentrations & background values and detailed statistical representation of 
the plume. As such the modelling contained in this report cannot be 
considered definitive, but rather a better indication of expected plume 
behaviour when the weaknesses in the modelling performed to date have 
been addressed. 
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Appendix 1 : Steady State Point Source Input Approx imation 
 

The steady state concentration resulting from a point source input into a grid 
cell is dependent on the grid size, and can be approximated via the following. 
Assume a flux Fin (kgs-1) is input into a cell with dimensions (Dx,Dy,Dz) in the 
(e1,e2,z) directions. The e1 direction only is considered, it is assumed that a 
constant e1 velocity of u (ms-1) exists, and the horizontal diffusion is AH (m2s-

1). The concentration of tracer, c (kgm-3), at time t+1 can be written in terms of 
mass as: 
 
Vct+1=Vct+(source input)–(mass advected out)+(mass advected in)-(mass diffused out) 
 
where V=DxDyDz. Over a time-step Dt, this is equivalent to: 
 

t
x
cc

zAytzuyctzuyctFVcVc
t
i

t
i

H
t
i

t
iin

t
i

t
i D

D
-

DD-DDD+DDD-D+=
+
-

+
+
-

++
1
1

1
1
1

11  

 
It is assumed that the concentration of tracer advected in ( t

ic 1- ) is zero, and 

that a zero gradient of tracer exists down-current from the source ( t
ic 1+ = t

ic ). 
This is simplified to: 
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At steady state, 0/ =¶¶ tc , thus steady state concentration, cs, is; 
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For uniform grid size (Dx=Dy), this reduces to: 
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Therefore, as the horizontal grid size decreases, then the steady state 
concentration will increase to a limit where horizontal diffusive process 
dominate. 
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