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A 3D hydrodynamic model has been used to investigate how different wind conditions can affect the upwelling 

of phosphate in the Gippsland Lakes. Apart from wind speed and wind direction, the study found that changes in 

wind direction also play a very important role in upwelling of bottom water in the lakes. It has been found that 

almost half of the phosphate below the euphotic depth could be mixed in to the surface water within 36 hours 

during an upwelling event.   

1 INTRODUCTION  

Toxic cyanobacterial blooms (TCBs) are a global challenge in lake and estuary management. Based on numbers 

of published papers and TCB event reports [1], the number of global TCB outbreaks has increased by about 25 

times in the early 21st century compared to the level in the 1960s. The dominance of cyanobacteria in estuarine 

and coastal waters is often directly or indirectly related to anthropogenic nutrient enrichment and eutrophication 

[2]. The availability of nutrients is one of the most important factors that control the development of blooms. 

However, it is commonly found that blooms in upwelling systems are less affected by eutrophication than non-

upwelling coastal systems. In upwelling systems, nutrient limitation in surface water caused by stratification can 

be outweighed by upwelling circulation [3]. Upwelling of phosphate-rich bottom water has been found to be one 

of the key drivers for cyanobacterial blooms in systems as diverse as Lake Victoria in Kenya [4] and the Gulf of 

Finland [5]. 

The Gippsland Lakes is an example of a system suffering from recurring TCBs, which are fueled by high 

sediment phosphorus flux during periods of stratification [6].  A previous water quality study using a coupled 

hydrodynamic-ecological model has identified the areas in the lakes subject to substantial upwelling based on the 

mixing of salinity and nutrients [7]. However, it was unable to quantify the significance of upwelling for TCBs 

in these areas, because it was difficult to differentiate the source of salinity and nutrients when all the chemical 

and biological processes were simulated at the same time. The main purpose of this paper is to quantify 

phosphate upwelling during periods of stratification under different wind conditions in the Gippsland Lakes 

using a 3D hydrodynamic model developed in a previous study.  

 

2 METHOD 

2.1 Study Area 

The Gippsland Lakes form the largest estuarine coastal lagoon system in Australia (Figure 1). The system has a 

surface area of about 360 km2 and a 20,000 km2 catchment area. It consists of three main lakes- Lake King, 

Victoria and Wellington. Frequent and long-lasting hypoxia are often experienced in the deeper areas of Lake 

King and Lake Victoria leading to significant release of phosphorus from the sediment, and consequently 

stimulating TCBs in summers [8]. The highest sediment phosphorus flux was found in the ~5.38 km2 region 

corresponding to the -7m AHD (Australian Height Datum) contour (shaded in black (LKN Basin) in Figure 1). 

The maximum daily flux was estimated to be around 0.06 gP/m2/day in this area during the summer periods 

between 2010 and 2012 [7]. The highest observed phosphate concentration in the surface water of Lake King 

was 0.04 mgP/L.  

 



 
Figure 1. the Gippsland Lakes  

 

2.2 Model description  

The current study used the model developed by Zhu [7] based on MIKE3 FM [9] and ECOLAB [10] by DHI 

Water & Environment.  MIKE3 FM is based on the numerical solution of the three-dimensional incompressible 

Reynolds-Averaged Navier-Stokes equations invoking the assumptions of Boussinesq and hydrostatic pressure. 

The governing equations therefore consist of continuity and momentum equations for the flow and advection-

diffusion equations for salinity and temperature and equations of state relating water density to salinity and 

temperature. The evaporation rate is calculated as part of the latent heat flux. The spatial discretisation is 

performed using a cell-centred finite-volume method [9]. ECOLAB provides a framework to couple a series of 

biogeochemical and ecological variables and processes with the hydrodynamic outputs [10]. 

To better represent the topographic features and maintain a manageable simulation time, the vertical domain 

consists of a combination of fixed z-coordinate layers and varying sigma layers. A total of 33 vertical layers are 

included.  There are 7 sigma layers distributed equally from the free surface down to -3.5 mAHD. The 26 z 

layers have variable thicknesses ranging from 0.5 to 5 m with the higher resolution close the surface. Vertical 

turbulence is modelled by the standard κ-epsilon model.  The horizontal turbulence has a much larger length 

scale compared to the vertical turbulence. For improved computational efficiency, the horizontal eddy viscosity 

is therefore specified by a Smagorinsky formulation. This expresses the effects of sub-grid scale turbulence by 

an effective eddy viscosity related to a characteristic length sale and the deformation rate [9].  

In the model, a scaled eddy formulation was used for the horizontal and vertical dispersion processes for 

salinity and temperature, so that the dispersion coefficients are directly linked to the eddy viscosity calculated by 

the turbulence models. A constant value of 1 was used for the horizontal scaling factor, because different 

horizontal scaling factors ranging from 0.5 to 1.5 have shown that the model was not very sensitive to the 

horizontal scaling factors. However, the vertical dispersion coefficient was treated differently. Based on field 

observations, the water column was usually well mixed in the area where the average water depth is less than 4 

m. The halocline was usually observed at between 4 m to 6 m depth. In deeper areas (>4 m), the top 2 m of the 

water column was well mixed most of the time even during stratified periods.  To reproduce these characteristics 

it was necessary to apply a domain-varying scaling factor:  a value of 0.01 was used in areas with average water 

depths of less than or equal to 4 m; 0.01 was assigned to the top 2 m in areas with average water depths greater 

than 4 m; a value of 0.01 was also used for the bottom two layers in these deeper areas.  For the middle layers, 0 

was used for the scaling factor as the numerical diffusion was generally greater than the physical diffusion in the 

region of halocline. 

Hydrodynamic models have been extensively used to study upwelling for different systems [11-14]. Salinity 

and temperature are often used to measure the extent of upwelling. However, it is difficult to quantify upwelling 

of sediment-generated phosphorus with these parameters. In the current study, one tracer was set up in ECOLAB 

and it was released from the sediment of the LKN Basin at a constant rate. It had no other processes involved 

except for transport and mixing.  Dispersion of the tracer was also calculated with scaled eddy formulation. 

Values of 1 and 0.01 were used for the horizontal and vertical dispersion scaling factors respectively.  



2.3 Model Implementation  

It was found that strong upwelling usually occurs at northern Lake King and western Lake Victoria [7]. The 

current study will only focus on the upwelling in Lake King. Upwelling in Lake King is caused by the combined 

effects of both tidal current and wind stress. The tidal range at Lakes Entrance is about 1 m and reduced 

dramatically to be about 0.1 m inside of the lakes. This corresponds to a tidal current speed around 0.05 m/s in 

northern Lake King.  The predominant direction for the tidal currents are easterly and westerly. The prevailing 

wind direction in the study area is westerly and the wind speeds can exceed 15m/s. 

To examine how different wind directions can influence the magnitude of upwelling, we have chosen to 

simulate two partly overlapping 10-day periods with opposite predominant wind directions.  The first period 

(Sim A) was from 17/04/2012 to 27/04/2012. For the first 6 days of this period, the prevailing wind direction 

was easterly (Figure 2a) until 23/04/2012 when the prevailing wind direction changed to westerly for the 

remaining 4 days. The second simulation (Sim B) covered the period from 24/04/2012 to 04/05/2012 during 

which the prevailing wind direction was westerly all the time (Figure 2b).  The wind direction for Sim A is more 

homogeneous than that of Sim B. Time series of the wind speeds and directions for both simulations can be 

found in Figure 4a. During both simulation periods, the river inflows were low and the water level in the ocean 

was dominated by tide. An initial condition with tracer concentration of 0.1 mg/L was set for the bottom water (< 

-5m AHD) of Lake King. The tracer was released at a rate of 0.03 mg/m2/day from the sediment of the LKN 

Basin. 

 

 

 

 

 
Figure 2. Wind rose plots:  17/04/2012- 23/04/2012 (a)  and 24/04/2012- 04/05/2012 (b) 

 

Since upwelled nutrients do not usually end up in the surface water at the location where upwelling 

originally took place, Myrberg and Andrejev [13] introduced the upwelling index, I, to determine where 

upwelling occurs and also describe the persistency of vertical current directions: 
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where wn is the vertical velocity at time step n. A value of 1 or -1 indicates that the vertical current is upwards or 

downwards throughout the simulation period. The closer the index is to 0, the greater the variations of the 

vertical current direction. The upwelling index makes it possible to identify the locations where upwelling occurs 

and can also be used to determine the frequency for upwelling/downwelling. 

 

3 RESULTS AND DISCUSSION 

The upwelling index was calculated using the vertical velocity at 2 m below the surface. When wind blows from 

the east, upwelling mainly occurs in the northeastern part of Lake King (Figure 3a). On the other hand, 

upwelling was mainly found in the northwestern area when the prevailing wind direction was westerly and 

downwelling occurred in other parts of Lake King (Figure 3b). 
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Figure 3. Upwelling index:  17/04/2012- 23/04/2012 (a)  and 24/04/2012- 04/05/2012 (b) 
 

 

The rate of change in total tracer mass in the surface water  (> -3.5 m AHD, approximate maximum euphotic 

depth) of Lake King  and the exchange of tracer between Lake King and other parts of the lakes were calculated 

(Figure 4b). The exchange of tracer between Lake King and other parts of the lakes will be referred as discharge 

in rest of this paper. A discharge rate smaller than 0 indicates net export of tracer from Lake King, and a 

discharge rate greater than 0 indicates tracer enters the Lake King. The discharge rate was much smaller than the 

rate of change in total tracer mass in surface water. Therefore, the later can be used to estimate how much tracer 

upwelled from the bottom water. 

 

 
 

Figure 4. Wind speed and direction (a), and upwelling and discharge rate at Lake King (b). Upwelling/inflow 

occurs then when rate > 0; Downwelling/outflow occurs when rate < 0. Marked points ○1  to ○5  indicate when 

the profiles in Figure 5 were extracted. The profiles were taken every 100 hours after the start of the simulation.  

 

During the first 6 days of simulation, the upwelling rates for both SimA and SimB were low. However, very 

high upwelling rates were found after the sudden change in wind direction in the afternoon of 23/04/2012 for 

SimA. The maximum upwelling rate increased to up to about 27 kg/hr which was 3 times of the rate for the 

sediment tracer released from the LNK Basin. The surface tracer concentration in the northwest of Lake King 

exceeded 0.025 mg/L (Figure 5 A○3 ). Almost 600 kg tracer was stirred up from bottom to the surface water (> -

3.5m AHD) within 36 hours from 2pm on 23/04/2013. This was equivalent to about 49% of the tracer below -

3.5m AHD at the beginning of the upwelling event. About 70% of the upwelled tracer (436 kg) was from the 

lower part of the water column (<-6m AHD). On the other hand, upwelling for SimB only became more obvious 
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after the wind direction changed from westerly to easterly for a short period between 30/04/2012 and 

02/05/2015. There was no significant upwelling found until 03/05/2012.  

For both simulations, significant upwelling of bottom water was not found until the wind changed to the 

opposite direction. The tidal current in Lake King changed directions constantly either from easterly to westerly 

or from westerly to easterly during each tide cycle. The current direction in the surface water followed the wind 

direction. A semi-closed circulation pattern was established. During incoming-tide period, it pushed the bottom 

water upward toward the west, while the bottom water would not be able to reach the euphotic zone within 12 

hours before the current changed to the opposite direction. Since the upwelling velocity was so small and was 

generally in the order 4.3 m/day. The exchange between bottom and surface water was generally low as a result 

of upwelling. However, a change in wind direction and high wind speed could disrupt the circulation pattern and 

increase the upwelling velocity up to 11 m/day. The significant increase in upwelling velocity could possibly 

explain the enhanced upwelling due to changing wind direction and high wind speed. 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
Figure 5. Tracer concentrations and velocity vectors in surface water for SimA (left) and Sim B (right), ○1  to ○5  

were marked in Figure 4 indicating when the profiles were extracted 
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4 SUMMARY 

This study aimed to investigate how different wind conditions can influence the upwelling in the Gippsland 

Lakes, particularly Lake King.  Two periods with opposite prevailing wind directions were simulated. The 

upwelling index showed that upwelling in Lake King mainly occurs in the northeastern part when the prevailing 

wind direction was easterly and in the northwestern part when the prevailing wind direction was westerly. 

During an upwelling event, almost half of the phosphate below the euphotic depth could be mixed up into the 

surface water within 36 hours. It was found that it was not only wind speed and direction but also the change in 

wind direction that played an important role in the degree of upwelling observed in Lake King. This was because 

high wind speed after the change in wind direction could significant increase the upwelling velocity.  
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