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Executive Summary 

The Ohau Channel enters Lake Rotoiti a relatively short distance from the lake outlet to the Kaituna 

River. Therefore there is considerable potential to redirect some or all of the flow from the Ohau 

Channel directly to the Kaituna River. Doing so would remove a large nutrient source from Lake 

Rotoiti that could lead to considerable improvements in lake health. It has been postulated that a 

diversion wall could be built to redirect the Ohau Channel plume toward the Kaituna River.  

This report investigates the placement and effectiveness of such a wall for diverting the Ohau Channel 

plume to the Kaituna River, bypassing the main body of Lake Rotoiti.  

The dynamics of the Ohau Channel plume on entry to Lake Rotoiti were simulated using a 3-

dimensional numerical model that included temperature-controlled buoyancy. The model was 

calibrated against measured currents and temperatures to achieve a good representation of momentum 

and temperature dispersion over an 8-day period.  

Simulations of an underflowing Ohau Channel plume showed the model to be predicting similar 

entrainment values and velocities to those made during a previous field experiment. During underflow 

the plume formed a surface jet to 200 m offshore, where it plunged to meet the lakebed and flowed 

eastward past Te Akau Point, following the bottom contours through the Narrows toward the Eastern 

Basin. The entrainment factor (underflowing plume volume divided by source volume) at the Narrows 

was 2.5–4.5, and underflowing plume velocities were 4–5 cm s-1. Tracer indicated that about 12% of 

the plume volume was exiting to the Kaituna River during underflow. During overflow the plume 

remained at the water surface, and a higher proportion of plume water was drawn down the Kaituna 

River than during underflow. During overflow the plume was pushed around by the wind, indicating 

that regular excursions of the plume into Okawa and Te Weta Bays may occur during overflow 

periods. Hence the diversion wall may directly reduce nutrient loads to these bays during the main 

algal-bloom periods, since overflow conditions occur more regularly during summer.  

Diversion walls were added to the model bathymetry and they were assessed for efficiency at 

preventing Ohau Channel water entering the Western Basin, during average flow rates. Nine wall 

designs were tested, with leakage rates varying between 0 and 32% during underflow-favourable 

conditions. Two efficient designs (wall options A (1%) and D (0.5%) Table 1) were further tested for 

leakage during conditions of overflow and strong winds. The results indicate that either of diversion 

walls A or D would be successful in diverting 98% of the Ohau Channel away from the main body of 

Lake Rotoiti and directly to the Kaituna River.  
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The diversion walls caused a 2.5 cm water level increase at the downstream end of the Ohau Channel, 

which may be transmitted upstream to Lake Rotorua via the hydraulic gradient in the channel. Minor 

increases in water velocity in the vicinity of the Ohau Channel entrance were predicted.  
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1. Introduction 

Water quality in Lake Rotoiti has been declining over many years, resulting primarily 

from increased nitrogen and phosphorus loads to the lake. These nutrients promote 

algal growth leading to increased turbidity near the lake surface; subsequent 

sedimentation and decomposition of algae leads to oxygen depletion near the lakebed, 

which promotes further nutrient release and thus perpetuates this undesirable situation. 

Public interest has been sharpened by the prevalence of blue-green algal blooms, 

which are toxic to human consumption and have caused the closure of the lake to 

contact recreation in summers, particularly since 2000.  

Lake Rotoiti receives nutrients from geothermal sources and catchment runoff, but 

approximately 75% of nutrients are thought to enter the lake from Lake Rotorua via 

the Ohau Channel, which represents about ¾ of the total flow entering the lake. The 

Ohau Channel enters Lake Rotoiti a relatively short distance from its main sink, the 

Kaituna River. Therefore there is considerable potential to redirect some or all of the 

flow from the Ohau Channel directly to the Kaituna River. Doing so would remove a 

large nutrient source from Lake Rotoiti that could lead to considerable improvements 

in lake health almost immediately. It has been postulated that a deflection wall could 

be built to redirect the Ohau Channel plume toward the Kaituna River.  

NIWA and The University of Waikato were jointly contracted by Environment Bay of 

Plenty to model the existing lake system, the potential changes to the system of 

diverting the Ohau Channel flow, and to assist in the design of effective engineering 

options for flow diversion. An extensive field programme supplied data for input and 

calibration of the models. Modelling was undertaken using two approaches: 

1. The University of Waikato used a 1-dimensional model (DYRESM-

CAEDYM) to model the nutrient budget and associated biological response of 

Lake Rotoiti spanning several years. DYRESM was applied to Lake Rotoiti to 

quantify the duration and frequency of underflow, interflow and surface plume 

flows from the Ohau Channel.  Improved knowledge of the composition of the 

Ohau Channel inflow and the way in which it is influenced by 

stratification/mixing events and sediment resuspension was used together with 

the CAEDYM modelling, to more precisely define the impacts of the Ohau 

Channel on concentrations and distributions of dissolved oxygen, nutrients, 

diatom biomass and cyanobacteria biomass in Lake Rotoiti. 
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2. NIWA used a 3-dimensional model (MIKE3) to model the effectiveness of 

engineering options for diverting the Ohau Channel plume, concentrating on 

specific short-term (~5-day model run-time) scenarios e.g., conditions of 

underflow and overflow.  

This report investigates the placement and effectiveness of a diversion wall for 

diverting the Ohau Channel plume to the Kaituna River, bypassing the main body of 

Lake Rotoiti.  

As demonstrated by Vincent et al. (1986) and Hamilton and Uraoka (2004), the fate of 

the Ohau Channel plume upon entering Lake Rotoiti is a function of the density 

structure of the receiving lake water and of the plume itself. Water temperature is the 

main control on density within the lake system, so the Ohau Channel sinks below the 

lake surface to form an underflow when it is colder, and floats at the surface as an 

overflow when it is warmer. The dispersal of the plume within Lake Rotoiti is very 

different for the underflow condition than for overflow. During underflow the “heavy” 

plume sinks to the lakebed after an initial rapid mixing phase, before flowing along 

the lakebed as an underwater river, following the depth contours down and out toward 

the Eastern Basin (Figure 1). During overflow the plume has no buoyancy-driven path 

to the Eastern Basin, but tends to spread near the water surface within the Western 

Basin, where it is pushed around by wind stress and is more likely to be drawn into the 

Kaituna River.  

Before the effects of a deflection wall could be successfully simulated, it was 

necessary to accurately simulate the plume’s natural mixing and dispersal dynamics. 

This required a 3-dimensional model that could account for the plume’s vertical 

position within the lake as well as its horizontal flow path. After calibration, the 3-

dimensional model was used to test the effectiveness of a variety of diversion wall 

designs.  

Considerations for wall designs included alignment, length, height, and the size of the 

opening required to maintain a fish and vessel pass, all of which influence both the 

wall effectiveness and cost. The impacts of the wall had to be assessed under 

conditions of underflow and overflow.  
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Figure 1: Aerial photograph of Lake Rotoiti, with overlaid depth contours and field measurements sites marked.  
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2. Modelling methods 

The three-dimensional model MIKE3 was used to simulate the fate of the Ohau 

Channel plume on entry to Lake Rotoiti (DHI water and environment 2002). MIKE3 

simulates unsteady three-dimensional flows, taking into account density variations, 

bathymetry and external forcings such as meteorology, currents and other 

hydrodynamic conditions.  

The hydrodynamic module solves the mass conservation equation, the Reynolds-

averaged Navier-Stokes equations, including the effects of turbulence and variable 

density, and the conservation equations for temperature in three dimensions. The 

model has a built-in refinement-of-scale facility (so-called dynamic nesting) that 

allows an increase in resolution in areas of special interest (e.g., Figure 3). 

Hydrodynamic model features used for this study were: flooding and drying; density 

variations; transport of temperature; turbulence modelling including buoyancy effects; 

wind friction; isolated sources and sinks; heat exchange with the atmosphere; tracer 

advection-dispersion; tracer mass budget calculations; dynamic nesting. For further 

information about MIKE3, the reader is referred to the WEB site 

http://www.dhisoftware.com/mike3. Details of the sub-grid-scale turbulence schemes 

are given in Appendix 1.  

The model was run twice, first using dynamic nesting (Figure 3), then again using just 

the detailed fine-scale grid (Figure 4). The separate fine-scale simulation included a 

tracer source from the Ohau Channel that allowed the dispersing plume to be mapped, 

which allowed the fate of the plume to be followed into the Eastern Basin. The fine-

scale simulation was forced at the open boundary (boundary with the Eastern Basin) 

by data extracted from the dynamically-nested simulation.  
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2.1 Bathymetry grids and vertical structure 

Lakes Rotorua and Rotoiti were depth-surveyed in 2004 by The University of 

Waikato, who also supplied shoreline location data digitised from geo-referenced 

photographs. The survey was conducted at 10 m spacing around the Ohau Channel, 

30 m spacing in Okawa Bay and the Okere Arm, 100 m spacing in the Western Basin 

out to the Narrows, and 300 m spacing in the Eastern Basin (Figure 2).  

 

Figure 2: Geo-referenced aerial photograph of Lake Rotoiti, with survey-vessel run-lines 
marked in yellow. The survey was conducted at 10 m spacing around the Ohau 
Channel, 30 m spacing in Okawa Bay and the Okere Arm, 100 m spacing in the 
Western Basin out to the Narrows, and 300 m spacing in the Eastern Basin.  

These data were converted into regularly spaced bathymetry grids using a kriging 

interpolation routine (Figure 3). The grids were rotated 25° anticlockwise from true 

north to align the Okere Arm with the y grid axis. The bathymetry grids shown in 

Figure 3 and Figure 4 were used for 3-dimensional modelling of Lake Rotoiti.  

Okawa 
Bay 

Eastern Basin 
Western 

Basin 

Okere Arm 
Ohau 
Channel 

Narrows 
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Figure 3: Plan view of the dynamically nested Lake Rotoiti bathymetry grids, illustrating fine 
resolution grids nested inside coarser resolution grids. The grids are rotated 
anticlockwise 25° from true north. The colour scale represents depth relative to 
279.2 m above mean sea level (Moturiki Datum). Figure 4 provides a zoomed view of 
the high-resolution 30 m grid.  
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Figure 4: Plan view of the high-resolution 30 m bathymetry grid of the Western Basin out to the 
Narrows. The grid is rotated anticlockwise 25° from true north and the colour scale 
represents depth relative to a lake level of 279.2 m above mean sea level (Moturiki 
Datum). Land has been set equal to 9 m.  

In the vertical direction the model was partitioned into 15 × 2 m-thick layers from the 

surface downward and the uppermost grid point was positioned 2 m below the 

reference (datum) level (Figure 5).  

If there is more than one (wet, not lakebed) grid point over the vertical at a given 

location, the lowermost computational grid cell has a height of more than ½ ∆z. 
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Shallow areas, where the water depth is less than ∆z, are permitted. All cases where 

the lakebed position, z, from the bathymetry file is greater than or equal to 2 ∆z and 

less than zland will have only one computational grid cell in the vertical direction. A 

'minimum water depth' or 'drying height' of 0.2 m was specified, this being the depth 

below which computations were not allowed to continue. Figure 5 illustrates the 

vertical grid structure used by MIKE3. It is seen that the top layer can expand or 

shrink in the vertical as water levels change. The 15 × 2 m layers provided a layered 

vertical structure down to 30 m below datum, sufficient to resolve vertically sheared 

flow to below the thermocline level for the modelled period (e.g., Figure 6). The 

lowermost cell extended to the lakebed and had a minimum cell depth of ½∆z = 1 m. 

Therefore, depths below 30 m are represented by a single layer extending from 29 m 

to the lakebed, analogous to a well-mixed hypolimnion.  

 

 

Figure 5: Sketch of the discrete water column in MIKE3.  

 



  

  

 

 
 
 
 
Modelling diversion walls for diverting the Ohau Channel inflow from Lake Rotoiti                                                                                        9 

 

 

2.2 Forcing 

At the start of each simulation, the thermal structure of the lake was set up by 

interpolating between temperatures measured by thermistor chains in the Narrows and 

at the Crater in the Eastern Basin (Figure 6). The model was thereafter forced by 

specifying wind stress, riverine sources and sinks, and heat exchange with the 

atmosphere.  

 

Figure 6: Lake Rotoiti water temperature. Data are for Ohau Channel, Narrows and Crater 
(Figure 1), from top to bottom respectively.  

Stratification would soon break down in the simulation without adequate 

representation of thermal changes in the water body (the simulations assumed constant 

salinity of 0 psu – so temperature was the main control on density). Water inflows 

provide small heat sources and sinks, but the primary heat source and sink comes from 

heat exchange between the lake and the atmosphere. Data required for the heat 

exchange calculations are air temperature, relative humidity and percentage of daily 

bright sunshine hours (clear skies), shown in Figure 7. Calibration parameters for 

lake–atmosphere heat exchange are the standard meridian for the time zone (set to 12 

for New Zealand), Dalton’s wind coefficients and the light attenuation coefficients for 

solar radiation in the water.  
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The time-averaged (over last 5 years) water balance in Lake Rotoiti consists of 

15.84 m3 s-1 entering through the Ohau Channel, 21.09 m3 s-1 exiting via the Kaituna 

River, residual inputs from minor streams and groundwater of 4.93 m3 s-1, 

precipitation of 1.30 m3 s-1, and evaporation of 0.96 m3 s-1 (Hamilton & Uraoka 2004). 

Precipitation and evaporation were ignored and the 3D model was forced using a 

constant source of 15.84 m3 s-1 entering at the Ohau Channel entrance location, a 

constant sink of 21.09 m3 s-1 exiting via the Kaituna River (Okere weir), and a residual 

source of 5.25 m3 s-1 near the Eastern Basin crater. The temperature of the Ohau 

Channel source was varied as measured, while the residual source was set to 13°C, 

which is the approximate hypolimnion temperature in the lake during the simulation 

period.  

 

Figure 7: Data used to control heat exchange in the 3-dimensional model. Air temperature and 
relative humidity were measured by a weather buoy deployed in the Eastern Basin 
(Figure 1), while percent clear skies was calculated from the number of bright 
sunshine hours recorded at Rotorua Airport. The light-blue line shows measured data 
while the black line traces a 24-hour running average.  

Wind stress on the water surface causes currents to flow and induces internal waves in 

a stratified lake. Wind speed and direction were measured at four locations, a weather 

buoy deployed in the central Eastern Basin, and three land-based stations near Ohau 
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Channel, Tokerau Bay and Gisborne Point (Figure 1). The measured winds are shown 

in Figure 8. It is well known that land-based weather stations suffer from under-

measurement of speeds over water and from sheltering effects that distort wind 

directions (Hsu 1986,Laing et al. 1997). Unfortunately the weather buoy mast broke 

just 2 weeks into the deployment, flooding the anemometer. The buoy was repaired to 

measure wind speed for the rest of the deployment and the wind speed was used to 

scale speed measurements from the land-based stations. This was done by a linear 

comparison between wind speeds, treating the four sectors N–E, E–S, S–W and W–N 

separately. A spatially and temporally varying wind velocity file was then prepared for 

input to the model, using a cubic inverse-distance interpolation between wind stations 

at each timestep. Gisborne Point data exhibited obvious sheltering from the SW, so 

only data from NW–SE was included in the interpolation.  

 

Figure 8: Feather plot of measured winds. Directions are shown in true-vectors convention 
(going to).  

Light intensity was measured at the weather buoy deployment site near the Eastern 

Basin crater. This was measured as downwelling irradiance (lumens m-2) in the visible 

spectrum (400–760 nm), from just beneath the water surface and from 1.5 m below. 

Ideally, light attenuation is determined from irradiance measured at 5–10 different 

depths and shallow (e.g., 1.5 m) readings are often discarded due to rapid attenuation 

of certain wavelengths (Davies-Colley et al. 1993). Nonetheless, the measurements 

enabled a crude calculation of light attenuation, sufficient for forcing of the 3D model, 

and provided a valuable check for any major attenuation changes that might have 

arisen from algal blooms for example. Comparison between the two light intensity 

records gave an average midday light extinction coefficient λ of 0.44 m-1, not 

including the period 26 April to 6 May when some measurement error is suspected 
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(Figure 9). The calculated light extinction coefficient is similar to previous 

measurements of 0.27–0.69 m-1 (Vincent et al. 1984), and indicates that the surface 

waters of the Eastern Basin were moderately light attenuating. 

 

Figure 9: Light intensity (upper plot) measured just beneath the water surface (Int0m) and 1.5 m 
below the surface (Int1.5m) in the Eastern Basin (weather buoy), and the light extinction 
coefficient (lower plot) calculated for the modified Beer’s Law as L = -
log(Int1.5 m/Int0 m)/1.5. Plots are based on midday values following smoothing with a 4-
hour running-average window applied.  

For the testing of wall designs, it was necessary to apply some design criteria, and the 

temperature differential between the Ohau Channel plume and surface waters of Lake 

Rotoiti is one of the key parameters controlling the plume’s fate. Comparison of 

temperature records showed that the average differential over a 12-hour period is 

usually less than 1.2°, with a maximum difference of 2.8°. A temperature differential 

of ±2.5° was therefore used to create design underflow (Ohau 2.5° colder) or overflow 

(Ohau 2.5° warmer) conditions during wall testing.  
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Figure 10: Upper: Temperatures measured in the Ohau Channel and at 7.5 m depth at the 
Narrows in Lake Rotoiti. Middle: Differential of the two temperature records, negative 
differentials indicate cooler Ohau Channel water favourable to underflow. Lower: 
Temperature differentials smoothed using a 12-hour running-average. Statistics on the 
smoothed differentials gave mean = -0.3°, standard deviation = 1.2°, minimum = -2.8° 
and maximum = 2.8°.  

2.3 Tracing the Ohau Channel plume 

Tracer simulations were required to track the fate of the Ohau Channel plume in the 

model after its entry to and dispersal within Lake Rotoiti. This was achieved by 

introducing a conservative tracer into the model’s channel source before it entered the 

lake (a conservative tracer is neutrally buoyant and does not decay or grow/multiply). 

The tracer diffusion was set to zero, so that its dispersal was controlled entirely by the 

hydrodynamic transport processes.  

Tracer was counted by computing the mass budget in a series of polygons (Figure 11): 

• Mass within polygon. 

• Accumulated mass transported over lateral limits of polygon. 

• Accumulated mass added/removed by sources/sinks within polygon. 
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Figure 11. Depth-shaded bathymetry map of the 30 m grid showing the boundaries of polygons 
used to count tracer within the model; boundary for polygon 4 is dashed.  

The polygons were strategically placed to account for tracer (plume):  

1. Inside polygon 1 the model counted the total tracer mass introduced from the 

Ohau Channel source, the amount contained within polygon 1 (Western 

Basin), and the amount moving out of the Western Basin into the Okere Arm 

and through the Narrows; 

2. polygon 2 was used to count tracer mass moving into the Okere Arm and 

down the Kaituna River; 

3. polygon 3 was used to count tracer mass exiting the Western Basin through 

the Narrows, and  

4. polygon 4 was used to count tracer mass moving past a diversion wall (Figure 

23A) into the Western Basin.  
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3. Model calibration 

The model was calibrated as thoroughly as possible within the time and resource 

constraints of the study. It is a complex and difficult task to accurately simulate the 

fate of a plume entering a lake environment, especially one whose buoyancy relative 

to the receiving waters changes as frequently and dramatically as the Ohau Channel. 

In addition, the thermocline in Lake Rotoiti is in constant motion, with frequent rapid 

changes in the expected plume insertion depths of 10 m or more at the Narrows (e.g., 

Figure 24, Hamilton and Uraoka 2004). The calibration has achieved a fair 

representation of currents and temperature structure in the model. The behaviour of the 

plume is demonstrated to be sound as it jets into the lake, loses momentum and adjusts 

its vertical position due to buoyancy effects. The entrainment factor and flow 

velocities at the Narrows are similar to measurements presented by Vincent et al. 

(1986), (originally from Spigel 1985), suggesting that the plume has the correct 

mixing characteristics.  

The model was calibrated as follows: 

1. Currents were compared with those measured by an ADCP current-meter, 

deployed in the Narrows from 19th April to 5th July. The Smagorinsky constant 

(a calibration factor inside terms for the horizontal momentum diffusion) and 

maximum horizontal eddy viscosity limits were adjusted until the model 

showed reasonable agreement with measured currents throughout the water 

column.  

2. Temperatures were extracted from the model and compared to those from 

thermistor strings by making eye-comparisons of temperature maps. 

Sensitivity analyses were undertaken for heat-exchange parameters and the 

maximum vertical diffusion limits were adjusted to get the best possible fit.  

3. Vertical temperature diffusivities were calculated from measured data and 

model output and compared.  

4. Simulated velocities were re-checked and further adjustments made as per 

steps 1 and 2.  

Calibration of the 3D model can be achieved through adjustments to the bed friction, 

turbulent diffusion coefficients controlling the dispersion of momentum, diffusion 

coefficients controlling the dispersion of temperature, wind friction coefficients, and 
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heat exchange coefficients. Calibration of the 3D model is a complex task due to the 

large number of adjustable parameters; 111 simulations were made to test the 

sensitivity of heat exchange parameters using area 1 only, and 155 nested simulations 

were made during calibration. The results of the calibration follow, while details of the 

calibration parameters and associated sensitivity analyses are included in Appendix 1.  

The period 26 April–10 May 2004 was chosen for calibration, as temperature and 

current data were available and there was good coverage of key forcing data such as 

relative humidity, air temperature and wind velocity (e.g., Figure 7, Figure 8, Figure 

9). During the calibration period, winds were mainly light from the northeast through 

until 3 May before becoming dominated by southwesterlies, beginning with a strong 

southwest event on 4 May (Figure 12). Figure 13 indicates that the Ohau Channel 

plume was about 1°C colder than the receiving lake waters and was likely to have 

been underflowing for most of the calibration period, except for 2–3 and 9 May when 

the temperature differential decreased.  

 

Figure 12: Wind velocity in the central Eastern Basin of Lake Rotoiti (extracted from the model 
forcing file) between 26 April and 10 May 2004. Directions are in meteorological 
convention (“coming-from”), whereas feathers are plotted in true-vectors convention 
(in the direction toward which the wind is blowing) with scale: 1 day on the x-axis 
corresponds to 5 m s-1.  
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Figure 13: Temperature measured in the Ohau Channel and at 7.5 m depth in Lake Rotoiti at the 
“Narrows”, between 26 April and 10 May 2004. Temperature data have been 
smoothed using a 6-hour running-average.  

Figure 14 shows currents measured in the Narrows between 26 April and 10 May 

2004. This is an energetic period that contained the strongest currents measured during 

the deployment; currents reached speeds of about 0.2 m s-1 at 21–26 m depth on 4 

May.  Obvious trends include:  

1. a northeast flow  of about 5 cm s-1 below 16 m depth 28–30th April, probably 

caused by the underflowing Ohau Channel plume since the channel-lake 

temperature differential was ~1° during this time (Figure 13), 

2. a vertical raising of this flow to 10–18 m depth from 2–4th May as the 

temperature differential decreased, 

3. surface flow toward the southeast until 4th May, corresponding with expected 

wind-driven currents (Figure 12), or a surface return-flow induced by an 

underflowing plume, 

4. strong current flow toward the northeast at the surface during 4th May caused 

by strong southwest winds, with an associated strong return flow toward the 

southwest that reached ~0.2 m s-1. These flows correspond to the expected 

response of a stratified lake to wind stress (Stevens and Imberger 1996), in 

this case involving tilting of the thermocline downward to the east and upward 

to the west, 
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5. strong current flow toward the northeast in the lower water column on 5–6th 

May, as the internal isotherm tilting generated by the initial wind pulse on 4th 

May was released.  

 

Figure 14: Currents measured by ADCP current-meter between 26 April and 10 May 2004. 
Scale: 1 day on the x-axis equals 0.05 m s-1. True north corresponds with the vertical 
axis, depths are relative to the water surface, and “feathers” are in the direction toward 
which the current is flowing. Currents were recorded every 5 minutes, but are plotted 
at half-hour intervals after smoothing with a half-hour running-average.  
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Figure 15: Currents predicted by the calibrated model between 26 April and 5 May 2004. Scale: 1 
day on the x-axis equals 0.05 m s-1. True north corresponds with the vertical axis, 
depths are relative to the water surface, and “feathers” are in the direction toward 
which the current is flowing. Feathers are time-averaged over the preceding half-hour 
and are plotted at half-hour intervals.  

Figure 15 shows a feather plot of the currents output from the calibrated model, which 

became unstable and crashed at 05:30 on 5 May. From comparison of Figure 14 and 

Figure 15, it can be seen that the model was representing the basic flow patterns well 

at the ADCP site. The model reproduced the obvious southwest flow that occurs in the 

lower water column (18–26 m) from 28 to 30 April, and it predicted the interruption of 

this flow before 2 May. Comparison with Figure 13 suggests that an underflowing 

Ohau Channel plume is most likely causing these southwest-directed currents in the 

lower water column during late April, but this conclusion is complicated by an 

apparent correlation between the channel-lake temperature-differential and wind speed 

(compare Figure 12 and Figure 13). The model generally represented the magnitude 
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and direction of the near surface currents well, but under-predicted the magnitude of 

wind-driven return-flow currents in the lower water column during the strong wind 

event on 4 May. This probably occurred due to overly dispersive transport across the 

thermocline, as discussed in the following paragraph.  

Water temperatures at the Crater and in the Narrows are compared in Figure 16 and 

Figure 17 respectively and the temperature maps show a generally good agreement. 

The temperature distributions indicate that the heat-exchange parameters and 

atmospheric forcing data were well represented in the model. The model appears to 

mix too much during strong wind-induced thermocline tilting (e.g., 30 April and 4 

May), and this appeared to occur because too much water was advected across the 

tilted thermocline. For example, late on 4 May the thermocline was tilted down at the 

eastern end of the lake (and up at the western end e.g. Figure 17), and the model, but 

not the real data (e.g. Figure 16), showed that water upwelled at the western end of the 

Eastern Basin and was subsequently advected across the thermocline toward the 

eastern lake end, a phenomenon known as “edge leakage”. Fortunately, the recovery 

of stratification following strong wind-tilting events was rapid, so the temperature 

structure was well represented most of the time.  

The edge leakage would suggest that horizontal dispersion was too high across the 

tilted thermocline at this time (Monismith 1986). To improve this would have required 

the reduction of horizontal diffusion coefficients, but this was practically limited by 

the small timesteps (and large associated run-times) required to prevent instabilities 

developing in the model calculations. To ensure that excessive horizontal dispersion 

was not compromising wall-leakage results, horizontal diffusion coefficients were 

changed during simulations of a diversion wall. Simulations were run using a 

Smagorinsky constant of twice and half the calibrated value. No difference was 

observed for the high-diffusion case, and the low-diffusion case was identical until the 

model became unstable. These results indicate that plume leakage across the diversion 

wall is not sensitive to changes in horizontal diffusion. 
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Figure 16: Measured (upper) and simulated (lower) temperature 0–30 m below the surface at the 
Crater, 26 April to 10 May 2004, following calibration of the model. The calibration 
simulation became unstable at 05:30 on 5 May.  
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Figure 17: Measured (upper) and simulated (lower) temperature 0–26 m below the surface at the 
Narrows, 26 April to 10 May 2004, following calibration of the model. The calibration 
simulation became unstable at 05:30 on 5 May.  

Vertical diffusivities were calculated from measured temperatures (Figure 16) as 

described in Appendix 1. They averaged 0.0010 m2 s-1 (15–30 m depth) during the 

calibration period. Temperature diffusivities calculated from the calibrated model 

output gave an average vertical temperature diffusivity of 0.0009 m2 s-1 (15–30 m 

depth). Figure 18 characterises the variability in vertical temperature diffusivity, 

calculated at 20 m depth. Comparison with Figure 12 shows how vertical mixing 

tended to rise with wind speed, demonstrating the importance of wind mixing in the 

lake. Along with the average values, Figure 18 also illustrates that the model exhibited 

similar vertical dispersion trends to the collected data with the correct order of 

magnitude.  
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Figure 18: Non-zero vertical temperature diffusivity calculated from measured and modelled 
temperatures using a space- and time-centred finite-difference calculation (e.g., 
Appendix 1), centred at 20 m depth.  



  

  

 

 
 
 
 
Modelling diversion walls for diverting the Ohau Channel inflow from Lake Rotoiti                                                                                        24 

 

 

4. Results and discussion 

4.1 Simulations of the Ohau Channel plume 

Figure 19 shows the model’s depiction of the Ohau Channel plume during 

downwelling-favourable conditions. The plume plunges beneath the surface of the 

lake approximately 200 m from the shore, in agreement with the observations of 

Vincent et al. (1986). It undergoes rapid mixing and entrains the surrounding lake 

water before running like an underwater river along the lakebed, following the depth 

contours past Te Akau Point and down toward the Narrows (Figure 20). Entrainment 

factors were calculated from the velocity of the underwater plume, using tracer 

concentrations higher than 1/8 ppt (entrainment factor < 8) to identify the coherent 

plume. The entrainment factor indicates the degree to which the plume has grown 

through entrainment/mixing with lake water. For example, an entrainment factor of 4 

indicates that the plume has grown to 4 times its original volume through mixing, 

which in turn signifies that the plume’s concentration has been diluted. The 1/8 ppt 

threshold concentration is equivalent to a minimum threshold dilution, and was 

deemed necessary in the presence of excessive horizontal diffusion, which allowed 

low tracer concentrations to spread over a greater area than would probably occur in 

reality, see last paragraph this section. The calculated entrainment factors were 

relatively insensitive to cut-off values in the range 1/6–1/16. The results show 

entrainment factors of 2.5–4.5 at the Narrows, during underflow conditions (Figure 

22). These values are similar to those presented by Vincent et al. (1986), who 

demonstrated an entrainment factor of 4.1 from integration of velocity measurements 

at the Narrows. The underflowing plume generated northeasterly-directed currents of 

4–5 cm s-1 through the Narrows (in agreement with estimates from a dye-tracing 

experiment by Vincent et al. 1986), with a southwesterly-directed surface return flow 

of 2–3 cm s-1. Tracer indicated that about 12% of the plume volume was exiting to the 

Kaituna River during underflow.  

Figure 21 shows the model’s depiction of the Ohau Channel plume during 

overflowing-favourable conditions (no wind included). Here the plume remains 

trapped at the water surface by buoyancy forces, and a higher proportion of plume 

water is drawn down the Kaituna River than during underflow. Inclusion of wind in 

the overflow model showed that the wind has a dominant influence on its fate, with 

the plume being pushed in the direction of the wind (see Appendix 2 for examples). 

Southwesterlies moved the plume toward the Kaituna River, whereas northeasterlies 

pushed it back toward Okawa Bay. It is evident from Figure 21 and Appendix 2 that 

not all of the plume migrates down the Kaituna River by default during overflow 
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conditions. Instead, the fate of the plume is sensitive to wind stress during conditions 

of overflow, and regular excursions of the plume into Okawa Bay and Te Weta Bay 

may occur during overflow periods, which are more common in summer (Vincent et 

al. 1986). Hence the diversion wall may directly reduce nutrient loads to these bays 

during the main algae-bloom periods, including reducing the total load to the lake as a 

whole. The overflow simulation became unstable after 2.5 days, insufficient duration 

to assess the proportion of the plume exiting through the Kaituna River. However, it 

was significantly more than during underflow early in the simulation, and the trend 

was increasing.  

During dye release experiments conducted on 10 July 1985 (Vincent et al. 1986) and 

26 February 1986 (Spigel 1986) all of the Ohau Channel plume water underflowed 

into the main body of Lake Rotoiti during underflow-favourable conditions, with none 

exiting to the Kaituna River. Conversely, most of the Ohau Channel plume entered the 

Okere Arm and flowed to the Kaituna River during overflow conditions, a time that 

coincided with light winds. Figure 20 shows that some water does exit to the Kaituna 

River during the simulations, even during strongly plunging-favourable conditions. 

The comparison between the dye-tracing results and the simulations suggests that the 

model contains more horizontal dispersion than is actually seen in reality, and this is 

supported by the observations made in Section 3. Therefore, caution should be 

exercised when interpreting results in an absolute sense. However, the general 

behaviour of the plume is reproduced well, and the model can therefore be confidently 

used to make comparative conclusions regarding diversion wall effects. As outlined on 

earlier, tests showed that excessive horizontal dispersion was not compromising wall-

leakage results.  
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Figure 19: Plan view of a downwelling (set 2.5° cooler than lake surface waters) plume on 
26 April 16:00, i.e., 4-hours from simulation start; A) 0–3 m depth, B) 7–9 m depth. 
Tracer concentration (ppt) is colour contoured relative to an arbitrary source 
concentration of 1 ppt. Arrows indicate relative velocities. The plot covers cells x = 1–
41, y = 46–76 and has been rotated 90° clockwise compared with Figure 4. Land is 
marked green, and dry (underwater land) cells marked yellow.  
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Figure 20: Layered “slice” plot of a downwelling (set 2.5° cooler than lake surface waters) plume 
on 28 April 04:00, i.e., 40-hours from simulation start. Tracer concentration (ppt) is 
colour contoured relative to an arbitrary source concentration of 1 ppt. Arrows indicate 
velocities. The plot covers cells x = 6–76, y = 25–139 (Figure 4), and looks in along 
the eastern y-axis with the close edge running through the Narrows. The Kaituna River 
is at top right. The layers from top to bottom correspond respectively to 0–3 m, 5–7 m, 
9–11 m, 13–15 m, 17–19 m. Land is marked green, and dry (underwater land) cells 
marked yellow.  
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Figure 21: Layered “slice” plot of an overflowing (set 2.5° warmer than lake surface waters) 
plume on 28 April 04:00, i.e., 40-hours from simulation start. Tracer concentration 
(ppt) is colour contoured relative to an arbitrary source concentration of 1 ppt. Arrows 
indicate velocities. The plot covers cells x = 6–76, y = 25–139 (Figure 4), and looks in 
along the eastern y-axis with the close edge running through the Narrows. The Kaituna 
River is at top right. The layers from top to bottom correspond respectively to 0–3 m, 
5–7 m, 9–11 m, 13–15 m, 17–19 m. Land is marked green, and dry (underwater land) 
cells marked yellow.  
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Figure 22: Entrainment factor through the Narrows, calculated as the volume of plume water 
(identified as containing a tracer concentration of > 1/8th the source concentration) 
moving through the Narrows in the positive x-direction, divided by source volume, 
during underflow conditions.  

4.2 Simulating diversion wall effects 

Diversion walls were created in the model by adjusting the 30 m bathymetry grid. An 

opening in the wall is required to allow vessel and fish access between Lake Rotoiti 

and the Ohau Channel, and this gap creates potential for leakage of the Ohau Channel 

plume into the main body of the lake. Therefore, the main aim of the diversion wall 

modelling was to find wall designs that minimised leakage. Wall length, height, and 

water depth at the foundations will all have a bearing on construction cost, and each 

wall will uniquely influence the fate of the Ohau Channel plume. Wall heights trialled 

were full-height (reaching the water surface) and 3 m below the mean water level, a 

height that allows for the safe passage of vessels (~1.5 m) plus a lake level drop of 

~1.5 m. The Ohau Channel enters the lake as a buoyant jet, so walls were required to 

be full-height at the convergence zone to prevent the jet overshooting into the Western 

Basin (e.g., compare Figure 23a, b).  

Simulations were initially undertaken for 9 wall designs that included changes of wall 

alignment and height (Figure 23), and were chosen in conjunction with Peter Dine 

from Rotorua District Council and Beca Infrastructure Ltd engineers. The initial wall 

trials were conducted using an Ohau Channel temperature set 2.5°C colder than the 

Lake Rotoiti temperature (measured 7.5 m below the water surface in the Narrows), 

because the plume is less likely to exit out the Kaituna River and more likely to find 

its way into the Eastern Basin of Lake Rotoiti during underflow.  
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During underflow conditions, it took about 21 hours for the first of the tracer released 

from the Ohau Channel to reach the Kaituna River, in the absence of a wall, and 16 

hours with a diversion wall in place. In the presence of a diversion wall the Okere Arm 

was filled with tracer after 36–48 hours. Most of the diversion wall simulations 

remained stable for a period of 4–5 days so the Okere Arm remained full of plume 

water for 2–3 days, giving sufficient time to assess leakage. The residual 5.25 m3 s-1 

flow from the lake centre opposed the plume’s exit into the main lake body, therefore 

most of the walls with small cross-sectional areas in their openings, had low leakage. 

For example, option A (Table 1) had an opening cross-sectional area of 90 m2, which 

would lead to an average residual velocity of 0.06 m s-1 through the opening, from the 

lake toward the Kaituna River. Conversely, option E had an opening cross-sectional 

area of 1530 m2, which would lead to a low average residual velocity of 0.003 m s-1 

through the opening, and plenty of space available for the Ohau Channel to 

circumvent the wall. The alignment of the wall also influenced leakage. For example, 

option B was more effective than option E despite having a similar opening area, and 

this was caused by squeezing of the plume between wall E and the shoreline, causing 

it to spill over the wall.  

Figure 24 demonstrates the fate of an underflowing plume both with and without a 

wall. Without a wall, most of the underflowing plume moved into the Western Basin, 

some passed through the Narrows (this would be anticipated to increase if the 

simulation had remained stable for a longer duration) and a small amount (< 15%) 

migrated out through the Kaituna River. With a wall present (option A), the plume 

was confined to the Okere Arm, and moved out through the Kaituna River.  

The results of the initial leakage tests (Table 1) were assessed and two wall designs 

(Design A and D, Figure 23, Table 1) were selected by Rotorua District Council and 

Environment Bay of Plenty staff for more rigorous tests. The additional simulations 

included overflow, and a strong wind event (Table 2). The selected wall designs were 

not necessarily the most efficient (for example, design C had 0% leakage), but were 

selected on balance of leakage efficiency, likely construction cost, and practicality 

from a lake-user perspective. Options A and D were relatively efficient while 

minimising distance for vessels travelling between Lakes Rotoiti and Rotorua, and 

were likely to have a smaller visually perceived length (Peter Dine pers comms.).  

The average water level change at the Ohau Channel, due to wall construction, was 

2.5 cm, during normal flows, using either of wall options A or D. This level increase is 

likely to be transmitted upstream to Lake Rotorua, particularly during winter when the 

hydraulic gradient of the Ohau Channel controls the mean level in Lake Rotorua (Peter 

Dine pers comms.).  
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Figure 23: Depth-shaded bathymetry maps showing simulated wall locations. Dry areas (full-
height wall and land) are shaded white.  

Mean flow velocities near the Ohau Channel entrance are presented in Appendix 3. 

These plots are included to assist with sediment transport and wall loading estimates. 

Minor increases in water velocity in the vicinity of the Ohau Channel entrance were 

predicted.  
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Table 1: Name and description of simulated wall options, including the percent leakage (from 
tracer simulations) of Ohau Channel (OC) water into the Western Basin past the wall 
within the specified simulation run time. Inflowing OC temperatures were set 2.5°C 
colder than surface lake water to promote downwelling. Specified contour heights are 
relative to mean sea level Moturiki vertical datum. Key: WB Max (%) = maximum 
percent leakage to the Western Basin side of the wall at any time during the 
simulation; WB (%) = accumulated percent leakage into the Western Basin at 
simulation end; KR (%) = accumulated percent loss down the Kaituna River at 
simulation end. Percentages are calculated relative to the total tracer mass released 
into the model domain. WB (%) and KR ( %) do not sum to 100% due to residual 
tracer remaining in the Okere Arm. Contours are relative to mean water level = model 
domain datum = 279.2 m above mean sea level (Moturiki Datum).  

Name Description Label 
in 

Figure 
23 

WB 
Max 
% 

WB 
(%) 

KR 
(%) 

Run 
time 

(days) 

No wall No wall - 95 66 16 4.7 

Wall 1 271 m contour - full height A 1 1 70 5.0 

Wall 1, 

3 m 271 m contour – 3 m below MWL B 8 7 51 2.9 

Wall 3 

Follows 274m contour from OC - full 

height C 0 0 51 2.2 

Wall 3, 

cut 

Follows 274 m contour from OC, then 

cuts directly to S point D 0.5 0.5 75 4.9 

Wall 3, 

cut, 3 m 

Follows 274 m contour from OC, then 

cuts directly to S point – 3 m below MWL E 32 32 50 5.0 

Wall 4 

Follows 278 m contour from OC - full 

height F 10 10 70 4.4 

Wall 4 

cut 

Follows 278 m contour from OC, then 

cuts directly to S point G 3 3 83 7.2 

Wall 4, 

cut, 3 m 

Follows 278 m contour from OC, then 

cuts directly to S point - cut 3 m below 

MWL H 8 8 75 6.1 

Wall 2 Point to point with gap in centre I 20 18 46 4.6 
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Figure 24: Comparison of tracer fate during underflow conditions with (option A, Figure 23) and 
without a wall present.  
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Table 2: Description of wall leakage results from wall options A and D (Figure 23) during 
overflow, and underflow conditions with strong winds. Key: WB Max (%) = 
maximum percent leakage to the Western Basin side of the wall at any time during the 
simulation; WB (%) = accumulated percent leakage into the Western Basin at 
simulation end; KR (%) = accumulated percent loss down the Kaituna River at 
simulation end. Percentages are calculated relative to the total tracer mass released 
into the model domain. WB (%) and KR ( %) do not sum to 100% due to residual 
tracer remaining in the Okere Arm. Contours are relative to mean water level = model 
domain datum = 279.2 m above mean sea level (Moturiki Datum).  

Name Description Label 
in 

Figure 
23 

WB 
Max 
% 

WB 
(%) 

KR 
(%) 

Run 
time 

(days) 

Wall 1 Overflow A 0.1 0.1 70 4.2 

Wall 3 

cut Overflow D 0 0 54 2.5 

No wall Underflow, strong (95%ile) wind - 94 61 11 3.8 

Wall 1 Underflow, strong (95%ile) wind A 0.7 0.7 63 3.6 

Wall 3 

cut Underflow, strong (95%ile) wind D 0.6 0.6 67 3.6 
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5. Conclusions 

The dynamics of the Ohau Channel plume on entry to Lake Rotoiti were simulated 

using a 3-dimensional numerical model that included temperature-controlled 

buoyancy. The model was calibrated against measured currents and temperatures to 

achieve a good representation of momentum and temperature dispersion.  

Simulations of an underflowing Ohau Channel plume showed the model to be 

predicting similar entrainment values and velocities to those made during a previous 

field experiment. During underflow the plume formed a surface jet to 200 m offshore, 

where it plunged to meet the lakebed and flowed eastward past Te Akau Point, 

following the bottom contours through the Narrows toward the Eastern Basin. The 

entrainment factor (underflowing plume volume divided by source volume) at the 

Narrows was 2.5–4.5, and underflowing plume velocities were 4–5 cm s-1. Tracer 

indicated that about 12% of the plume volume was exiting to the Kaituna River during 

underflow, though this may be an overestimate. During overflow the plume remained 

at the water surface where it was pushed around by the wind, but the simulation was 

not stable for sufficient duration to assess the proportion of the plume exiting to the 

Kaituna River (although the trend indicated significantly more than during underflow). 

During overflow the plume was pushed around by the wind, indicating that regular 

excursions of the plume into Okawa and Te Weta Bays may occur during overflow 

periods. Hence the diversion wall may directly reduce nutrient loads to these bays 

during the main algae-bloom periods, since overflow conditions occur more regularly 

during summer.  

Diversion walls were added to the model bathymetry and they were assessed for 

efficiency at preventing Ohau Channel water entering the Western Basin during 

average flows. Nine wall designs were tested, with leakage rates varying between 0 

and 32% during underflow-favourable conditions. Most of the walls with small cross-

sectional areas in their openings had low leakage, because the residual flow toward the 

Kaituna River from the Western Basin side of the wall opposed the plume’s exit into 

the main lake body. Two efficient designs (wall options A (1%) and D (0.5%) Table 

1) were further tested for leakage during conditions of overflow and strong winds.  

The results indicate that either of diversion walls A or D would be successful in 

diverting 98% of the Ohau Channel away from the main body of Lake Rotoiti and 

directly to the Kaituna River.  
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Inclusion of the walls resulted in a water level increase of 2.5 cm at the downstream 

end of the Ohau Channel, which is likely to be transmitted upstream to Lake Rotorua, 

particularly during winter when the hydraulic gradient of the Ohau Channel controls 

the mean level in Lake Rotorua.  
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8. Appendix 1 – model calibration parameters and sensitivity analyses 

Calibration of the 3D model can be achieved through adjustments to the bed friction, 

turbulent diffusion coefficients controlling the dispersion of momentum, diffusion 

coefficients controlling the dispersion of temperature, wind friction coefficients, and 

heat exchange coefficients. 111 simulations were made to test the sensitivity of heat 

exchange parameters using area 1 only, and 155 nested simulations were made during 

calibration.  

Bed friction has a small impact in a deep (and often stratified) lake such as Lake 

Rotoiti, and was left at default values (bottom-roughness for logarithmic drag 

formulation = 0.05 m).  

The coefficients in Dalton’s law help control evaporative heat loss (or latent heat 

flux); raising the coefficients accelerated cooling of the surface water. A sensitivity 

analysis showed the simulations to be relatively insensitive to small changes in 

Dalton’s coefficients, so they were left at their default values of a1 = 0.5 and b1 = 0.9. 

The model was more sensitive to Beer’s Law, with the light extinction coefficient 

having a noticeable influence on the downward heat penetration into the water 

column. Beer’s Law is specified in the model as deIdI λβ −−= 0)1()( , where I(d) is 

the intensity at depth d below the surface, I0 is the intensity just below the water 

surface, β is a quantity that takes into account that a fraction of the light energy (the 

infrared) is absorbed near the surface (the albedo), and λ is the light extinction 

coefficient. Light intensity data was available from just beneath the water surface, i.e., 

(1-β)I0, and from 1.5 m below, I(d). Comparison between the two light intensity 

records gave an average midday light extinction coefficient λ of 0.44 m-1, not 

including the period 26 April to 6 May when some measurement error is suspected 

(Figure 9), indicating that the surface waters of the Eastern Basin were not strongly 

light attenuating. The calculated light extinction coefficient is at the lower end of the 

typical range of 0.5–1.4 m-1 suggested by DHI water and environment (DHI water and 

environment 2002), but falls in the middle of the range 0.27–0.69 m-1 measured in the 

lake by Vincent et al. (1984), who found even lower attenuation coefficients in other 

deep New Zealand lakes. λ was set to 0.5 m-1 in the model, a value that allows light 

penetration down to about 10 m depth.  

 A number of turbulence schemes are offered in MIKE3 and the mixed k-

ε/Smagorinsky formulation was chosen. In this scheme the horizontal eddy viscosity is 

determined using the Smagorinsky formulation, which is a sub-grid scale turbulence 

closure model in which the eddy viscosity is linked to a filter size (grid spacings) and 
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the large eddy strain rate, ie. velocity gradients of the resolved flow field 

(Smagorinsky 1963). jiijT SSl ⋅= 2ν , )(
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velocity components in the xi-direction. l is a length scale which is replaced by the 

product Csm·∆s where ∆s is the grid spacing and Csm is a constant (Smagorinsky 

constant) indicating that the Smagorinsky formulation is a sub-grid scale turbulence 

closure model. A 1-dimensional k-ε model is applied in the vertical direction. This 

uses transport equations for two quantities to describe the turbulent motion: the 

turbulent kinetic energy, k, and the dissipation rate of turbulent kinetic energy, ε. An 

advantage of the 1D k-ε model is that the empirical constants employed are based on 

an extensive range of experimental evidence, and it is recommended they require no 

further adjustment (DHI water and environment 2002). Thus the only calibration 

parameter for vertical eddy viscosity is the specification of maximum vertical eddy 

viscosity limits. The diffusion coefficient of temperature was assumed to be directly 

proportional to the effective momentum eddy viscosity.  

After many calibration simulations, a value of 0.2 was chosen for the horizontal 

diffusion (Smagorinsky) constant Csm. Decreasing Csm gives a decrease in horizontal 

dispersion in the model and vice versa. Sensitivity analyses showed that under highly 

diffusive conditions (e.g., Csm = 0.4), there was insufficient momentum transfer from 

wind into the water column, for example a decrease from Csm = 0.4 to Csm = 0.02 gave 

about a 100% increase in current speeds averaged over the water column. A trade-off 

of reducing the horizontal eddy viscosity is that the model becomes less stable, and it 

is more difficult to achieve long simulation run-times.  

Because the eddy viscosities vary within the simulation, realistic eddy viscosity limits 

must be specified. The minimum horizontal and vertical eddy viscosity and 

temperature diffusivity were specified to be 1.8 × 10-6 m2 s-1, a value in the order of 

molecular viscosity (DHI water and environment 2002). Maximum horizontal eddy 

viscosity limits of 1093.5, 121.5, and 13.5 m2 s-1 were used for the 270 m, 90 m and 

30 m horizontal grid spacings in the three respective model domains. These fall at the 

upper (most dispersive) limit of the expected range of for the grid size and 5 s timestep 

used (DHI Water and Environment 2003). Applying the maximum horizontal 

diffusion limits had a minor (maximum of 10% change in depth-averaged momentum 

over the expected range) effect on horizontal diffusion compared to Csm.  

Whereas Csm provided the strongest control on horizontal diffusion, the maximum 

limits of eddy viscosity had a strong influence on the vertical mixing of momentum 

and temperature respectively, influencing both the transfer of momentum from wind 
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stress into the water column, and the distribution of temperature. Setting this limit to a 

small value (e.g., 0.002 m2 s-1) reduced vertical mixing, resulting in the Ohau Channel 

plume becoming trapped in the surface layers of the model, fast wind-driven surface 

currents, and low momentum transfer into the lower water column. Conversely, a 

moderate vertical eddy viscosity (e.g., 0.03 m2 s-1) allowed the downward transfer of 

momentum and heat, and allowed buoyancy forces to play a more natural role in 

controlling plume behaviour. 0.03 m2 s-1 is a typical value for the wind-mixed layer 

(e.g., Assaf 1971, Quay et al. 1980), but much higher than normally measured in the 

thermocline or hypolimnion where values are more typically around 10-6–10-4 (e.g., 

Quay et al. 1980, Priscu et al. 1986). It should be remembered that the hypolimnion is 

essentially represented by the bottom layer in the model, with turbulent exchange 

between model layers occurring mainly above the thermocline (see Section 2.1).  

A 1-dimensional (vertical) heat model based on: �
�

�
�
�

�

∂
∂

∂
∂=

∂
∂

z

T
N

zt

T
z , where T is 

temperature, t is time, z is depth, and Nz the vertical diffusion coefficient, was solved 

to calculate vertical eddy diffusion (after Black et al. 2000). Diffusivities calculated 

from measured temperatures (Figure 6) averaged about 0.002 m2 s-1. Diffusivities 

calculated from model output averaged about 0.001 m2 s-1 when the maximum limits 

for vertical eddy viscosity and temperature diffusivity were set to 0.04 m2 s-1, but this 

dropped to around 0.0005 m2 s-1 when the maximum limits were set to 0.002 m2 s-1 

(trialled using a 10 s timestep) A maximum vertical eddy viscosity limit of 0.03 m2 s-1 

was eventually chosen because it gave the closest comparison between measured and 

modelled output diffusivities, while also facilitating wind-driven momentum transfer 

into the lower water column. This value falls at 75% of the upper (most dispersive) 

limit of the expected range of for the 2 m grid size and 5 s-timestep used during final 

calibration (DHI Water and Environment 2003).  
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9. Appendix 2 – Illustrations of wind-induced plume migration during 
overflow 

 

 

Figure 25. Plot of tracer concentration (colour contoured relative to an arbitrary source 
concentration of 1 ppt) and current velocity (vectors) in the surface layer (0–3 m) on 
28 April 11:00, 47-hours from simulation start, caused by an overflowing (set 2.5° 
warmer than lake surface waters) plume. Wind velocity was zero. The plot covers the 
30 m grid (Figure 3).  
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Figure 26. Plot of tracer concentration (colour contoured relative to an arbitrary source 
concentration of 1 ppt) and current velocity (vectors) in the surface layer (0–3 m) on 
29 April 02:30, 62.5-hours from simulation start, caused by an overflowing (set 2.5° 
warmer than lake surface waters) plume. Wind velocity was zero until 11:00 on 28 
April, then blew from NE (45°) with wind speed following a sinusoidal pattern with 
24-hour period and amplitude of 7.7 m s-1 peaking at 23:00 on 28 April. The plot 
covers the 30 m grid (Figure 3).  
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Figure 27. Plot of tracer concentration (colour contoured relative to an arbitrary source 
concentration of 1 ppt) and current velocity (vectors) in the surface layer (0–3 m) on 
29 April 23:00, 83-hours from simulation start, caused by an overflowing (set 2.5° 
warmer than lake surface waters) plume. Wind velocity was zero until 11:00 on 28 
April, then blew from NE (45°) with wind speed following a sinusoidal pattern with 
24-hour period and amplitude of 7.7 m s-1 peaking at 23:00 on 28 April, then blew 
from SW (225°) beginning at 12:00 on 29 April, with amplitude peaking at 23:00 on 
29 April. The plot covers the 30 m grid (Figure 3).  
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10. Appendix 3 – velocity plots near Ohau Channel 
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