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ABSTRACT 
 

Thermal stratification is a major factor influencing the growth and succession of 

phytoplankton and overall water quality in lakes. In particular, calm stratified conditions have 

previously been shown to favour the proliferation of problematic cyanobacteria in water 

bodies. This is attributed mainly to their ability to out-compete other algae by regulating 

buoyancy, and in some cases by fixing atmospheric nitrogen. These biological features allow 

them to thrive in stratified conditions, commonly associated with low nutrients in the surface 

layers. Recently, blooms of toxic cyanobacteria in the Waikato hydro lakes have had 

detrimental effects on domestic, industrial and recreational uses of the lakes. The objective of 

this thesis is to investigate the thermal stratification patterns in the hydro-lakes, and to 

determine its impacts on the growth of cyanobacteria. This will aid in determining the most 

suitable management options for control of blooms in the future.  

 

A one dimensional computer model, DYRESM, was used to simulate the 

hydrodynamics of the eight hydro lakes. The model predicts the thermal stratification of the 

lakes using conservation of mass and momentum principles. Results suggest that the lakes are 

well mixed throughout the water column for the majority of the year, with only the deeper 

lakes showing some seasonal stratification patterns during the summer months. The thermal 

stratification is influenced by several characteristics of the lakes, including: lake 

morphometry, exposure to wind and intrusions by inflows. Results predict that cyanobacteria 

dominate during periods when the water column is warm and partially stratified. This may be 

attributed to their higher optimum growth temperature and capability to out-compete other 

algae during stratified conditions.  
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GLOSSARY OF TERMS 
 
Algal Bloom: High accumulation of biomass leading to domination by a specific species, 

often accumulating at the surface as scum or in the water column. 
 
Cyanobacteria: Blue-green algae; phylum of organisms that are biochemically bacterial in 

nature but perform plant photosynthesis. 
 
Dry Bulb Temperature: Air temperature to tenths of a degree Celsius. It is the measurement 

of the heat content of the air.  
 
DYRESM: (DYnamic REServoir Simulation Model) is a one-dimensional hydrodynamics 

model for predicting the vertical distribution of temperature, salinity and density in lakes 
and reservoirs. 

 
Euphotic Zone: The surface zone of the water column where light is sufficient to stimulate 

primary production.  
 
Eutrophic: A water body rich in dissolved nutrients, photosynthetically productive and often 

deficient in oxygen during warm weather. 
 
Homothermus – A lake is said to be homothermus when the water column is of equal 

temperature with depth. 
 
Hypolimnion: The bottom, and most dense layer of a stratified lake. It is isolated from wind 

mixing and typically too dark for much plant photosynthesis to occur. 
 
Metalimnion: The middle or transitional zone between the well mixed epilimnion and the 

colder hypolimnion layers in a stratified lake. This layer contains the thermocline, and is 
defined as being between the maximum and minimum points for d2T/dz. 

 
Model: A representation of reality, developed in order to understand the functioning of a 

system. 
 
Morphometry: Relating to the shape of a lake basin; includes parameters needed to describe 

the shape of the lake such as volume, surface area, mean depth, maximum depth, 
maximum length and width, depth versus volume and surface area curves. 

 
Nitrogen Fixation: The conversion of elemental nitrogen in the atmosphere (N2) to a form 

(e.g., ammonia) that can be used as a nitrogen source by organisms. Biological nitrogen 
fixation is carried out by a variety of organisms; however, those responsible for most of 
the fixation in lakes are certain species of blue-green algae. 

 
Oligotrophic: Describes a body of water in which nutrients are in low supply.  
 
Primary production: The conversion of inorganic carbon to organic carbon through the 

process of photosynthesis. 
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Phytoplankton: Microscopic floating plants, mainly algae, that live suspended in bodies of 
water. 

 
Resource Limitation:  A law which states that the productivity of an organism at a given 

time is limited by the resource that is in shortest supply, relative to demands. 
 
Thermal stratification:  Existence of a turbulently mixed light layer of water (epilimnion) 

overlying a mass of dense, relatively stagnant water (hypolimnion) in a water body. 
 
Thermocline: The depth at which the temperature gradient is steepest during the summer; 

usually this gradient must be at least 10C per meter of depth. 
 
Turnover: the continuous process of loss and replacement of a constituent (nutrients and 

cells) of a living system. 
 
Weathering: The mechanical and chemical breakdown and dissolution of rocks. 
 
Wet Bulb Temperature: That temperature at which water evaporated into the air brings the 

air to saturation at the same temperature.   
 
Validation: The process of comparing calibrated model parameters against field data to asses 

the ability of the model to simulate actual field conditions. 
 
Water balance: The balance of inflows, outflows, rainfall and evaporation. 
 
Water Quality: A term that encompasses characteristics including water transparency, algal 

biomass, and the dominance of noxious phytoplankton, such as cyanobacteria and their 
often-associated toxicity and unpleasant odour. 

 
Zooplankton: The animal portion of the living particles in water that freely float in open 

water, eat bacteria, algae, detritus and sometimes other zooplankton and are in turn eaten 
by planktivorous fish.



  Table of Contents 

Thermal Stratification in the Waikato hydro lakes V 

TABLE OF CONTENTS 
 
ABSTRACT.....................................................................................................................................................I 
ACKNOWLEDGEMENTS........................................................................................................................... II 
GLOSSARY OF TERMS .............................................................................................................................III 
TABLE OF CONTENTS............................................................................................................................... V 
LIST OF FIGURES.................................................................................................................................... VII 
LIST OF TABLES.....................................................................................................................................VIII 
1.0 INTRODUCTION..................................................................................................................................... 1 
2.0 THE WAIKATO RIVER AND ITS HYDRO-LAKES ............................................................................ 3 
3.0 LITERATURE REVIEW ......................................................................................................................... 8 

3.1 THERMAL STRATIFICATION.............................................................................................................. 8 
3.2 FACTORS CONTROLLING OCCURRENCE OF CYANOBACTERIA............................................................ 11 

3.2.1 Mixing and Turbulence ............................................................................................................ 13 
3.2.2 Wind Strength and Rain Intensity.............................................................................................. 13 
3.2.3 Light Availability ..................................................................................................................... 14 
3.2.4 Retention Time......................................................................................................................... 15 
3.2.5 Nutrient Availability................................................................................................................. 16 
3.2.6 pH ........................................................................................................................................... 17 
3.2.7 Buoyancy Regulation................................................................................................................ 17 
3.2.8 Species Competition and Grazing............................................................................................. 18 

3.3 MANAGEMENT OPTIONS FOR CONTROLLING ALGAL BLOOMS ......................................................... 19 
3.3.1 Flow Regime Control ............................................................................................................... 19 
3.3.2 Other Management Methods .................................................................................................... 19 

4.0 METHODS.............................................................................................................................................. 21 
4.1 EVAPORATION AND WATER BALANCE CALCULATION..................................................................... 21 

4.1.1 Mass Transfer Method of Lake Evaporation ............................................................................. 21 
4.1.2 Water Balance ......................................................................................................................... 22 

4.2 DYRESM HYDRODYNAMIC MODEL.............................................................................................. 24 
4.2.1 Morphometry file ..................................................................................................................... 26 
4.2.2 Configuration file..................................................................................................................... 26 
4.2.3 Withdrawal file ........................................................................................................................ 26 
4.2.4 Meteorological file................................................................................................................... 27 
4.2.5 Profile file................................................................................................................................ 27 
4.2.6 Parameters file......................................................................................................................... 28 
4.2.7 Inflows file ............................................................................................................................... 28 

5.0 DYRESM MODEL VALIDATION........................................................................................................ 29 
6.0 TEMPERATURE PROFILE RESULTS................................................................................................ 33 
7.0 BIOLOGICAL RESULTS...................................................................................................................... 35 
8.0 DISCUSSION.......................................................................................................................................... 39 

8.1 FACTORS CONTROLLING THERMAL STRATIFICATION ....................................................................... 39 
8.1.1 Wind Effects............................................................................................................................. 40 
8.1.2 Inflow Effects ........................................................................................................................... 41 

8.2 ROLE OF THERMAL STRATIFICATION IN CYANOBACTERIA BLOOM FORMATION.................................. 41 
8.2.1 Temperature Limitation............................................................................................................ 42 
8.2.2 Other Factors .......................................................................................................................... 43 

8.3 MANAGEMENT OPTIONS FOR WAIKATO HYDRO LAKES..................................................................... 45 
8.3.1 Catchment Management........................................................................................................... 46 

9.0 LIMITATIONS OF STUDY................................................................................................................... 47 
9.1 APPLICABILITY OF DYRESM MODEL TO A RIVER WEIR SYSTEM................................................. 47 

9.1.1 Spatial Variability.................................................................................................................... 47 
9.2 MODEL INPUT VALIDITY ............................................................................................................... 49 



Table of Contents 
 

Thermal Stratification in the Waikato hydro lakes  VI 

10.0 CONCLUSIONS ................................................................................................................................... 50 
11.0 FUTURE RECOMMENDATIONS...................................................................................................... 51 
12.0 REFERENCES...................................................................................................................................... 53 
13.0 APPENDICES....................................................................................................................................... 58 
APPENDIX A: NIWA MONITORING STATIONS AND METHODS...................................................... 58 
APPENDIX B: EXAMPLE DYRESM INPUT FILES................................................................................. 60 

EXAMPLE MORPHOMETRY FILE................................................................................................................... 60 
EXAMPLE CONFIGURATION FILE.................................................................................................................. 60 
EXAMPLE WITHDRAWAL FILE ..................................................................................................................... 61 
EXAMPLE METEOROLOGICAL FILE .............................................................................................................. 61 
EXAMPLE PROFILE FILE .............................................................................................................................. 62 
EXAMPLE PARAMETERS FILE....................................................................................................................... 62 
EXAMPLE INFLOWS FILE ............................................................................................................................. 62 



  List of Figures 

Thermal Stratification in the Waikato hydro lakes VII 

LIST OF FIGURES 
 

Figure 2-1: Waikato River catchment map (Mighty River Power 2000). .................................4 
Figure 2-2: A cross-section and the key features of a typical hydro station (Mighty River 

Power 2000). ..................................................................................................................5 
Figure 3-1: Seasonal cycle of thermal stratification.................................................................8 
Figure 3-2: Layers in a stratified water body...........................................................................9 
Figure 3-3: Chemical profile of Lake Kinneret in summer (Nishri et al. 2000). .....................10 
Figure 3-4: Factors controlling growth and composition of algae in a water body. Chemical 

factors are outlined in yellow, physical in blue and biological in green. The arrows show 
direct links between the factors, whereas dashed arrows show indirect relationships 
between the components. ..............................................................................................11 

Figure 3-5: Vertical distribution of Anabaena sp. in a thermally stratified lake during bloom 
conditions (World Health Organisation 1999). ..............................................................12 

Figure 3-6: Sketch of vertical profiles of light availability and corresponding rate of 
photosynthesis in water column ....................................................................................14 

Figure 3-7: Light attenuation in a water body (modified from (Lawrence et al. 2000). ..........15 
Figure 4-1: DYRESM input flow diagram. ...........................................................................24 
Figure 5-1: Lake Ohakuri DYRESM simulated temperature .................................................30 
Figure 5-2: Lake Atiamuri DYRESM simulated temperature................................................30 
Figure 5-3: Lake Ohakuri field temperature ..........................................................................30 
Figure 5-4: Lake Atiamuri field temperature.........................................................................30 
Figure 5-5: Lake Aratiatia DYRESM simulated temperature ................................................31 
Figure 5-6: Lake Whakamaru DYRESM simulated temperature ...........................................31 
Figure 5-7: Lake Aratiatia field temperature .........................................................................31 
Figure 5-8: Lake Whakamaru field temperature....................................................................31 
Figure 5-9: Lake Ohakuri difference between surface and bottom temperatures. ...................32 
Figure 5-10: Lake Atiamuri difference between surface and bottom temperatures.................32 
Figure 5-11: Lake Aratiatia difference between surface and bottom temperatures. ................32 
Figure 5-12: Lake Whakamaru difference between surface and bottom temperatures............32 
Figure 6-1: Lake Maraetai Simulated Temperature Profiles ..................................................33 
Figure 6-2: Lake Waipapa Simulated Temperature Profile....................................................33 
Figure 6-3: Lake Karapiro Simulation Temperature Profile ..................................................34 
Figure 6-4: Lake Arapuni Simulation Temperature Profile....................................................34 
Figure 7-1: Lake Ohakuri temperature versus cyanobacteria % composition. Note the 

phytoplankton data is taken from years 2003-2004 and the temperature profile is for 
years 1997-1998. ..........................................................................................................35 

Figure 7-2: Lake Ohakuri temperature versus total phytoplankton and cyanobacteria 
concentration. Note the phytoplankton data is taken from years 2003-2004 and the 
temperature profile is for years 1997-1998. ...................................................................36 

Figure 7-3: Cyanobacteria net growth/loss rate for Lake Ohakuri..........................................37 
Figure 7-4: Lake Ohakuri simulated surface temperature and ∆T versus cyanobacteria 

concentration. Note the phytoplankton data is taken from years 2003-2004 and the 
temperature profile is for years 1998-1999. ...................................................................38 

Figure 8-1: Steps for development of cyanobacteria blooms (Elser 1999). ............................43 
Figure 9-1: Longitudinal zonation of a typical river impoundment. .......................................47 



  List of Tables 

Thermal Stratification in the Waikato hydro lakes VIII 

LIST OF TABLES 
 
Table 2-1: Waikato River catchment characteristics................................................................3 
Table 2-2: Characteristics of the Waikato hydro lakes (Devgun et al. 1999)............................6 
Table 4-1: DYRESM parameter values and forcing data variables. .......................................25 
Table 4-2: Meteorological data sources.................................................................................27 
Table 8-1: Characteristics and stratification regimes of the hydro lakes.................................39 
Table 9-1: Characteristics of different zones in a river impoundment. ...................................48 



1. Introduction 

Thermal Stratification in the Waikato hydro lakes  1 

1.0 INTRODUCTION 
 

The eutrophication of lakes and reservoirs and associated algal bloom formation are a 

major water quality issue worldwide. Eutrophication is the naturally occurring process by 

which water bodies become more productive, changing from oligotrophic (low nutrient 

supply) to eutrophic (rich in nutrients)(Bayly & William 1973). This nutrient enrichment is 

coupled with an increase in phytoplankton growth, often dominated by large, colony-forming 

genera of cyanobacteria, such as Microcystis, Planktothrix, Limnothrix and Anabaena 

(Dokulil & Teubner 2000). Excessive abundance or ‘blooms’ of cyanobacteria generally has 

detrimental effects on the domestic, industrial and recreational uses of water bodies. During 

periods of algal blooms oxygen depletion occurs in the lower water column, often resulting in 

fish kills. Furthermore, as the algae grow and decompose, aesthetic and odour problems arise, 

due to the accumulation of scum on the water surface and shores (Soranno 1997). Potentially, 

cyanobacteria toxins can be a serious health risk to humans and animals, and have been 

implicated with numerous poisoning incidents worldwide (Carmichael et al. 2001). 

 

The proliferation of cyanobacteria in a water body results from complex interactions 

involving physical, chemical and biological factors. The most important factors controlling 

the growth and composition of algae are availability of nutrients, light and mixing conditions, 

the water residence time and temperature (Lawrence et al. 2000). Previous studies that have 

investigated the links between these factors and the growth of cyanobacteria (Beyruth 2000; 

Reynolds 1984; Dokulil & Teubner 2000; Kotut et al. 1998; Paerl & Ustach 1982) show great 

complexity and variation between the dominating factors in different types of water systems. 

In particular, in river-impoundment systems, the mixing conditions and thermal stratification 

may be significant in controlling algal blooms (Vant 1987).  

 

The present study focuses on the role of thermal stratification in formation of 

phytoplankton blooms in the Waikato hydro lakes. The flow regime of the Waikato River is 

regulated on a daily basis due to the operation of hydro-electric dams along its length.  The 

thermal stratification in the river impoundments will be influenced by the river flow regimes 

(Vant 1987), and may affect the proliferation of phytoplankton in the dams. 
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Water quality is of high importance for the Waikato River system in New Zealand in 

particular because of the multiple uses of the river and because it can lead to development of 

problematic algal growths. In the summer of 2003, a bloom of the potentially toxic 

cyanobacterium Anabaena planktonica caused widespread odour and taste problems in water 

from the river, which is used as a drinking water supply for the city of Hamilton (Rutherford 

2003). Anabaena sp. produce a highly odorous compound, geosmin (Bowmer et al. 1992), 

which was the primary cause of the taste and odour problems during this bloom event.  

 

Adequate knowledge of the seasonal thermal stratification patterns in the lakes is vital 

in determining what management options should be taken to avoid, remedy or mitigate the 

effects of problematic algal blooms. It is important to determine whether thermal stratification 

is a key factor controlling the growth of cyanobacteria in the hydro lakes. In this case, 

manipulating the flow regimes in the hydro lakes, may offer an opportunity for short-term 

management of algal blooms, as has been previously demonstrated successfully in river-

impoundment systems in Australia (Burch et al. 1994).  

 

Therefore, the overall objectives of this study are: firstly, to predict the seasonal 

thermal stratification patterns in the Waikato River hydro lakes; secondly, to determine the 

relationship between cyanobacteria assemblages in the lakes and the physical thermal 

stratification patterns, that may influence their growth; and thirdly, to asses whether altering 

flow regimes for controlling thermal stratification, may provide effective management of 

algal blooms. 
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2.0 THE WAIKATO RIVER AND ITS HYDRO-LAKES 
 

The Waikato River system (Figure 2-1) is the longest and one of the largest by volume 

in New Zealand. The River emerges from Lake Taupo in the centre of the North Island, flows 

northwards for a distance of approximately 425 km and discharges into the Tasman Sea near 

Auckland (Devgun et al. 1999). The River drains 13% of the North Island with a total 

catchment area of 14,260 km², the main characteristics of which are outlined in Table 2-1. The 

upper catchment is dominated by the volcanic Lake Taupo and Mounts Ruapehu, Ngauruhoe 

and Tongariro, from which water for the River is sourced. The lower catchment is made up of 

mainly swampy lowlands, lakes and peat bogs (OPUS 1999).  The catchment area is 

dominated by exotic plantations (17%); native forests cover about 13% of the area, while the 

rest of the land is made up with pasture, horticultural and some residential land. The total 

human population in the catchment is 340, 000. The catchment has been heavily modified in 

the past, mainly due to human land use activities such as agriculture, intensive dairy farming, 

forestry and urbanisation. The River is of high economic, social and recreational significance 

to New Zealand, with domestic and industrial water uses, as well as power generation.  

 

 

 

Table 2-1: Waikato River catchment characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristic Dimensions 

  

River Length 425 km 

Change in elevation 330 m 

Total Catchment Area 14,260 km² 

Exotic Plantations 17% 

Native Forests 13% 

Pasture/Horticulture/Residential 70% 

Population 340,000 people 
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Figure 2-1: Waikato River catchment map (Mighty River Power 2000). 
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The Waikato River has 11 power stations located along its length. Of these, 8 are 

hydro electric dams, which generate electricity for the North Island, providing over one-third 

of New Zealand’s total power generating capacity. The dams take advantage of the natural fall 

of about 330m, between Taupo and Cambridge below the bottom dam. As the River flows 

down the cascade of eight power stations, the kinetic energy of the falling water is captured 

for electricity generation. A typical outline and the main features of one of these hydro-

electric dams are shown in Figure 2-2. The man-made dam impoundments along the Waikato 

River are: Lakes Aratiatia, Ohakuri, Atiamuri, Maraetai, Waipapa, Arapuni and Karapiro. The 

main characteristics of each dam are outlined in Table 2-2. The water retention times in the 

dams vary from 2-15 days, depending on rainfall as well as power demands and flow 

operations.  

 

The other stations along the Waikato River, consist of a geothermal power production 

plant at Wairaki and Ohaaki, as well as a thermal power station at Huntly. Water is used for 

cooling purposes at these plants and is subsequently discharged back into the River. These 

geothermal inputs are at elevated temperatures, as well as being rich in arsenic, chloride, 

lithium, mercury and boron (Jolly & Brown 1975; Huser 1990). 

 

 

 

Figure 2-2: A cross-section and the key features of a typical hydro station (Mighty River Power 

2000). 
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Table 2-2: Characteristics of the Waikato hydro lakes (Devgun et al. 1999). 

Name of 

Lake 

Catchment 

Area 

 

km² 

Area of 

Lake 

 

km² 

Maximum 

length of Lake 

 

km 

Maximum height of 

lake (above sea level) 

 

m 

Depth of 

Lake 

 

m 

Aratiatia 233 0.5 6.3 341 11 

Ohakuri 1295 14.5 35 290 40 

Atiamuri 337 2.3 7.2 255 31 

Whakamaru 453 7.4 22.8 229 36 

Maraetai 635 4.1 12.2 192 68 

Waipapa 285 1.4 9.7 131 22 

Arapuni 402 9.1 26.4 98.5 49 

Karapiro 583 7.5 27.7 54.0 34 

 

Apart from power generation, water from the River provides for community water 

supplies and irrigation, with over 30 communities using the water from the River as a 

drinking water source, and more than 200 withdrawals for irrigation purposes (Chapman 

1996). The Waikato River also receives several consented waste discharges from treatment 

plants and industries in the region, including: treated sewerage, quarrying and mining 

discharges and storm water runoff (Chapman 1996). These wastes vary in degree of treatment, 

from primary to tertiary.  In addition, the River supports commercial and recreational 

fisheries, and is widely used for water-based recreation and sports (Mighty River Power 

2000). 

 

Water quality in the Waikato River has been monitored by Environment Waikato over 

the past 20 years, with numerous physical and chemical parameters recorded.  Several spatial 

patterns have been observed. In particular, the magnitudes of the trends in: conductivity, 

visual clarity, dissolved colour, total nitrogen, ammonia, total phosphorus and dissolved 

reactive phosphorus, have been found to be significantly correlated with the proportion of the 

catchment area that is in pasture (Vant & Smith 2004). This is highly significant for the 

future, with further development of land on the catchments. 
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The main features of the catchment downstream of Lake Taupo are low intensity sheep 

farming areas and high intensity sheep and dairy farming areas (Magadza 1980). These land 

uses have clearly been shown to contribute nitrogenous and phosphorus compounds to the 

River (Jolly & Brown 1975) . As a result, there is an expected progressive enrichment of 

nutrients with distance downstream in the River. However, the chlorophyll a concentration, 

representative of phytoplankton biomass, shows no similar significant spatial trends(Vant & 

Smith 2004). 
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3.0 LITERATURE REVIEW   

3.1 THERMAL STRATIFICATION 

 

Moderate to large-sized temperate lakes go through pronounced annual temperature 

cycles, as a result of heat exchange between them and the surrounding environment (Vant 

1987). Exchanges occur between the atmosphere and water surface, including: longwave 

radiation, shortwave radiation, conduction and evaporation; as well as temperature exchanges 

between the different vertical layers in the lake and the sediments.  

 

The commonly observed seasonal temperature cycle in New Zealand lakes is outlined 

in Figure 3-1. During late autumn and much of winter, after the water has cooled, lake 

temperature and water density are fairly uniform, and the mixed layer extends all the way to 

the bottom of the lake (Jolly & Brown 1975). As spring approaches, the upper water layer 

warms and decreases in density, eventually becoming thermally isolated from, and virtually 

floating on top of, the cooler, denser water layer (Vant 1987).  Finally, in late autumn, surface 

temperatures become close to those of the bottom waters, breaking the thermal separation, and 

there is general mixing of the water column again. 

 

 

 

Figure 3-1: Seasonal cycle of thermal stratification. 
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Based on their seasonal temperature cycles, lakes are recognised as having either a 

homothermus or stratified regime. A homothermus regime is one in which there is little 

difference at any one time between the surface and bottom water temperature; though, there 

may be a wide annual range of temperatures (Jolly & Brown 1975). Lakes are regarded as 

being stratified, when they have the following thermally isolated horizontal layers in the 

vertical plane: the epilimnion, metalimnion and hypolimnion: (Figure 3-2). 

 

 

 

Figure 3-2: Layers in a stratified water body  

 

The upper, well lit, well-mixed and relatively warm stratum is know as the epilimnion 

and is identifiable by a very small variation in temperature with depth. In general, this layer 

experiences high primary production, with most of the organic material, necessary for 

supporting biological life in all layers of the lake, originating here(Barnes & Mann). The 

middle layer, the metalimnion, is the plane of maximum decrease of temperature, (Hutchinson 

1957) referred to commonly as the thermocline. The bottom layer, extending from the 

thermocline to the bottom of the lake, is defined as the hypolimnion and experiences a very 

slow temperature decline with depth (Schindler 1978). This bottom zone accumulates the 

products of decomposition from the whole water column and is therefore high in nutrients. 
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When lake stratification occurs, the thermocline acts as a barrier to mixing between the 

upper and lower layers of the water column. As a result, water chemistry and biology diverges 

significantly in each layer. Active turbulence and mixing are confined mostly to the top mixed 

layer, inhibiting replenishment of nutrients to the epilimnion and oxygen supply to the 

hypolimnion (Vant 1987). Therefore, a vertical distribution of nutrients and dissolved oxygen 

is commonly observed during stratified conditions, with the epilimnion becoming low in 

nutrients while the hypolimnion is depleted in dissolved oxygen (DO).  

 

For example, a study of Lake Kinneret during stratified summer conditions showed 

variations of DO and nutrients in the vertical layers of the lake: (Figure 3-3). In particular, the 

following trends were observed: (a) relatively high levels of DO in the surface water, as 

expected due to photosynthetic activity and air–lake gas exchange; (b) complete depletion of 

DO in the metalimnion, below the seasonal thermocline; (c) low concentration of DO in the 

hypolimnion; and (d) an oxygen depleted benthic boundary layer (Nishri et al. 2000). Also, 

the nitrate concentrations were highest in the upper hypolimnion and declined to low 

concentrations at the epilimnion. Overall, thermal stratification has profound effects on the 

chemistry of the water column, consequently impacting the primary productivity in the water 

body.  

 

 
Figure 3-3: Chemical profile of Lake Kinneret in summer (Nishri et al. 2000). 
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3.2 FACTORS CONTROLLING OCCURRENCE OF CYANOBACTERIA  
 

The occurrence of cyanobacteria (also known as blue-green algae) has been 

documented at length in many aquatic ecosystems worldwide (Vant 1987; Steffensen et al. 

1999; Paerl 1988). Excessive abundance or ‘blooms’ of cyanobacteria occur either throughout 

the mixed layer or as scums at the surface of water bodies.  These occurrences may be due to 

specific combinations of physical, chemical and biological factors and the links in between 

these.  Figure 3-4 illustrates the range and complexity of the main factors controlling the 

growth and composition of algae in a water body. 
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Inputs

Algal Biomass

Mixing and 
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Flow rate
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Chemistry

Microbial BiomassOrganic Carbon

Total Nutrients

Gas Balance
Kkk
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Figure 3-4: Factors controlling growth and composition of algae in a water body. Chemical 

factors are outlined in yellow, physical in blue and biological in green. The arrows show direct 
links between the factors, whereas dashed arrows show indirect relationships between the 

components. 
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Natural phytoplankton assemblages are composed of numerous species; each 

potentially optimised for different environmental conditions. In particular, characteristics of 

some species of cyanobacteria, such as buoyancy regulation and nitrogen fixation, enable this 

group to dominate and out-compete other species of phytoplankton under certain water 

conditions. In particular, cyanobacteria commonly dominate during stratified water column 

conditions, positioning themselves just below the surface of the water column: (Figure 3-5). 

 

 

 

Figure 3-5: Vertical distribution of Anabaena sp. in a thermally stratified lake during bloom 
conditions (World Health Organisation 1999). 

 

Pre-requisites and driving factors for the growth of phytoplankton, and in particular 

cyanobacteria dominance, have been examined in some depth in previous studies (Beyruth 

2000; Reynolds 1984; Dokulil & Teubner 2000; Kotut et al. 1998; Paerl & Ustach 1982), 

which are analysed in detail below. 
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3.2.1 Mixing and Turbulence 
 

The amount of mixing and turbulence occurring in a water body, determines the 

stability of the water column. During periods of low wind strength, coupled with low inflows 

and thermal stratification, stable water column conditions exist. For most species of 

phytoplankton, stable waters result in a reduction in their abundance, mainly due to reduced 

nutrient levels and conditions that no longer allow for active suspension of cells (Jolly & 

Brown 1975). For example, diatom blooms in Lakes Taupo and Rotongaio, New Zealand, 

occur during the winter when the water column is homothermus and deep mixing occurs 

(Viner & Kemp 1983; Vincent 1983). 

 

On the other hand, a stable water column is advantageous for the buoyant 

cyanobacteria species. They can either accumulate at some intermediate depth, where 

conditions favour them; or rise to the water surface, where light and carbon dioxide are 

available (Dokulil & Teubner 2000). Under very calm stratified conditions, buoyant 

cyanobacteria such as the Anabaena spp., are no longer mixed homogeneously throughout the 

epilimnion, and may form blooms at the water surface (Hamilton 2004). Thermal 

stratification in summer also causes elevated temperatures in the epilimnion. This may be the 

cause of increased dominance of cyanobacteria, especially because of their higher temperature 

growth optima than most other algal groups (Dokulil & Teubner 2000).  

3.2.2 Wind Strength and Rain Intensity 
 

Wind and rainfall are the main climatic conditions that influence the formation of algal 

blooms. Both wind and rain, depending upon intensity, may carry materials from the 

catchment area to the water (Beyruth 2000), thus increasing the nutrient supply for 

phytoplankton growth. Furthermore, mixing and dilution can also occur due to high intensities 

of wind and/or rain across the water body (Beyruth 2000). This decreases water column 

stability, and consequently, the ability of the buoyancy regulating cyanobacteria to dominate. 

 

The effect of wind is most noticeable in exposed large lakes, whose long axis lies in 

the path of the prevailing winds. However, in the case of long narrow impoundments, 

particularly those lying in a direction at right angles to the prevailing winds, there is unlikely 

to be a large effect on the internal mixing between the layers (Jolly & Brown 1975). 
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3.2.3 Light Availability 
 

In all aquatic systems, even those with very clear water, light intensity diminishes with 

depth (Figure 3-6). This is due to absorption and scattering by dissolved compounds and 

particles within the water column (Lawrence et al. 2000). Light is an essential component 

required for phytoplankton growth. Without periodic access to the euphotic zone (the 

illuminated surface layer of the water column) algae die, and below the euphotic zone, growth 

is light limited (Reynolds 1984). As illustrated (Figure 3-6), photosynthetic rate is dependent 

on light. Exposure to high light intensities, as occurs near the water surface, tends to inhibit 

growth, due to destructive photo-oxidation reactions, as well as damage from UV radiation 

(Barnes & Mann 1991). Below this surface depth, photosynthetic rate increases to a critical 

depth, until it becomes limited by light for the remaining depth of the water column.  

 

 

 

Figure 3-6: Sketch of vertical profiles of light availability and corresponding rate of 
photosynthesis in water column 
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The extent of mixing in the water body is an important factor affecting the light 

availability to phytoplankton. Phytoplankton circulate via turbulence within the mixed layer 

of lakes, and the proportion of time that the cells spend in the light is determined by the ratio 

of the euphotic depth to the mixing depth (Zeu/Zmix), (Figure 3-7). The higher the ratio, the 

greater is the mixed zone relative to the illuminated part of the water column, and with it the 

relative time spent in darkness by the algal cells. Therefore, cells will travel in and out of the 

light zone, and may spend a relatively short period of time in the light, restricting their growth 

(Lawrence et al. 2000). However, buoyancy regulating cyanobacteria may not be limited by 

light during daylight hours, due to their ability to control their position in the water column, to 

ensure optimal light conditions, in particular during calm stratified conditions. 

 

 

Figure 3-7: Light attenuation in a water body (modified from (Lawrence et al. 2000).  

3.2.4 Retention Time 
 

The hydraulic water retention in lakes may be an important factor affecting 

phytoplankton growth and biomass. This is defined as the ratio between the lake volume and 

the water discharge (Hakanson & Peters 1995). In particular, impoundments with a short 

residence time (< 2 weeks), have been shown to be limited not by nutrients but by flushing 

rates (Pridmore & McBride 1984). This is due to the fact, that rapid flushing means that the 

phytoplankton are removed from the system, before their standing crop reaches the 

equilibrium size, as determined by the limiting nutrient or available light (Dillon 1975).   
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Furthermore, a low retention time may not allow for the formation of stable stratified 

water column conditions. The energy released by large inflows, commonly associated with 

low retention times, is a major factor in determining the degree of mixing, and hence leads to 

a weaker stratification in general (Straskraba & Hocking 2002). Retention time of water and 

duration of thermal stratification of the water column modifies phytoplankton structure. 

Motile or buoyant algae tend to occur during stratification periods (Koehler & Hoeg 2000).  

3.2.5 Nutrient Availability 
 

Nutrients are an essential resource required for the growth of phytoplankton. The 

productivity of an organism at a given time is limited by the nutrient that is in shortest supply, 

relative to demands. In particular, the importance of phosphorous limitation has been well 

established in many North American and European lakes (Schindler 1978), with a strong 

positive correlation between total phosphorus (TP) and chlorophyll a. However, in many New 

Zealand lakes production is nitrogen limited (White et al. 1985; White 1983). This can be 

attributed to the volcanic catchments associated with many water bodies in this region, which 

receive substantially greater amounts of natural phosphorous inputs from rock weathering, 

compared to lakes with rocks in non-volcanic catchments. Also, the typical agricultural soil 

enrichment practice in New Zealand employs use of phosphate fertilisers, compared to 

inorganic nitrogen fertilisers commonly used in the northern hemisphere (Schallenberg 2004). 

As a result there is a lower nitrogen: phosphorous ratio (N: P) in the agricultural runoff into 

lakes and reservoirs.  

 

Dominance of cyanobacteria in temperate lakes has been shown to occur at low N: P 

ratios (Ahn et al. 2002; Ryding & Rast 1989).  This is likely due to the fact that several 

species of cyanobacteria, such as the Anabaena spp., are capable of fixing nitrogen from the 

atmosphere (Reynolds 1984). Nitrogen fixation in freshwater phytoplankton is carried out in 

specialised cells, called heterocysts, allowing them to grow and reproduce under conditions of 

low NO3 and NH4 availability (Schallenberg 2004).  By using the enzyme nitrogenase, they 

convert N2 directly into ammonium (NH4) (a form through which nitrogen enters the food 

chain) and by using solar energy to drive their metabolic and biosynthetic machinery, only N2, 

CO2, water and mineral elements are needed for growth in the light (World Health 

Organisation 1999). Therefore, in stratified predominantly nitrogen limited conditions, but 

when other nutrients are available, nitrogen fixing cyanobacteria may be favoured and gain 

growth and reproductive success. 
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However, the availability of nutrients is not necessarily a governing factor in bloom 

formation, during stratified summer months. Algae that have access to sufficient nutrients 

year-round or have access to pulsed inputs of nutrients may store nutrients in their cells. 

Therefore, their nutrient requirements to support high growth rates may be satisfied through 

this excess storage (Ahn et al. 2002). Furthermore, cyanobacteria may not necessarily grow at 

high nutrient levels, if water mixing hinders water column stability (Beyruth 2000). 

 

3.2.6 pH 
 

pH may have an effect on what types of phytoplankton grow in an ecosystem, with 

specific alkalinity favouring one species over another. For example, the optimal 

photosynthesis of Anabaena sp. has been found to be optimal near pH 6 (Paerl & Ustach 

1982). Cyanobacteria dominance may be favoured by high pH, possibly because of their 

ability to utilise bicarbonate ions in carbon uptake, which are present at high concentrations in 

alkaline conditions (Hutchinson 1957) (Shapiro 1984).  

 

3.2.7 Buoyancy Regulation 
 

Cyanobacteria buoyancy can be altered in response to light and nutrients. Certain 

cyanobacteria contain gas vacuoles (complex structures comprising of numerous hollow 

cylinders, with walls permeable to air but not to influx of water) (Fogg et al. 1973). By 

dynamically regulating the number of vesicles in existence at any given time, the alga is able 

to control its buoyancy. Cell density is altered most rapidly by the accumulation or loss of 

dense polysaccharides during photosynthesis and respiration (Kromkamp & Walsby 1990). 

Buoyancy is also regulated via the molecular control of gas vesicle production relative to 

growth (Walsby 1994).  
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Buoyancy regulation may be a mechanism used by cyanobacteria to achieve vertical 

migration and overcome the vertical separation of light and nutrients (Ganf & Oliver 1982). 

The cyanobacteria may adopt a different buoyancy strategy in response to varying patterns of 

thermal stratification, and the resource which is most in demand. For example, Brookes et al. 

(1999) found that nutrient saturation in Anabaena circinalis, significantly attenuated 

buoyancy loss relative to those with no nutrients added. Furthermore, studies of Microcystis 

aeruginosa showed, that severely N-starved cells sink, until they encounter sufficient 

nutrients to assemble gas vesicles and then recover buoyancy (Brookes & Ganf 2001).  

 

The amount of stored carbohydrate determines the buoyancy of cyanobacteria in a 

water column and therefore the potential for bloom formation. Findings of Wallace and 

Hamilton show that Microcystis aeruginosa may require time to adjust the rate of 

carbohydrate storage to a change in irradiance (Wallace & Hamilton 1999). Microcystis 

colonies entrained in mixing, such that the time scale of light fluctuations is small relative to 

the adjustment time scale, accumulate carbohydrate at submaximal rates. This results in a low 

carbohydrate store in the cells and the colonies become sufficiently buoyant to form water 

blooms (Wallace & Hamilton 2000).  

 

3.2.8 Species Competition and Grazing 
 

Cyanobacteria dominance in water bodies is strongly governed by competition and 

grazing due to the presence of other species (Dokulil & Teubner 2000). Some phytoplankton 

are particularly nutritious and preferred by grazers; whereas others, such as some colonial 

cyanobacteria, are not as nutritious (Burns & Xu 1990; Burns & Stockner 1991). Also, some 

cyanobacteria produce toxins that may restrict the growth of other biota in the water 

(Schallenberg 2004). Furthermore, cyanobacteria often aggregate into colonies, becoming too 

large to be effectively grazed by zooplankton.  

 

Cyanobacteria exhibit several behavioural patterns that enable them to out-compete 

other species. For example, by forming surface scums, blue-greens shade the underlying 

phytoplankton and rooted plants, restricting their photosynthetic rates and competitive 

potential. Furthermore, buoyancy regulation and nitrogen fixation, as discussed previously, 

give the cyanobacteria an advantage in gaining access to nutrients, light and CO2; all essential 

for growth (Reynolds 1984).  
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3.3 MANAGEMENT OPTIONS FOR CONTROLLING ALGAL BLOOMS 
 

There are several options applied worldwide for successfully controlling excessive 

growth of problematic phytoplankton. The selection of most effective strategies for the 

management of eutrophication varies greatly, depending on the location and circumstances of 

the water body. Several key aspects that need to be taken into consideration include: the long-

term goals for water quality and the desired water uses, practicability and efficiency of 

treatment options and the likely adverse impacts of these on the lake ecosystems (Ryding & 

Rast 1989).  In particular, measures to prevent or reduce excessive cyanobacteria biomass 

must also consider the dominant species involved, in combination with the lake depth and 

seasonal stratification patterns. 

3.3.1 Flow Regime Control 
 

Controlling flow and flushing rate in a water body can be used to manage the growth 

of phytoplankton. In particular, increased flushing rates reduce the opportunity for biomass 

accumulation at the surface, with the algae remaining suspended within the mixing depth 

(Ryding & Rast 1989). Furthermore, increased flows stimulate mixing in the lake, thus 

preventing the development of stable stratified conditions, favourable for cyanobacteria 

dominance.  A study of weir pools on the Darling and Murrumbidgee Rivers, has shown that 

by controlling mixing conditions the phytoplankton assemblages can be predicted and 

manipulated (Lawrence et al. 2000). Nitrogen still influences algal growth in these systems, 

provided there was sufficient mixing of the water column; though mixing was a disadvantage 

for the growth of buoyant cyanobacteria (Sherman et al. 1998). However, problematic blooms 

of cyanobacteria appeared as soon as flows declined, and intense temperature stratification 

occurred. Also, increased flows lead to an increased water volume that dilutes the in-lake 

nutrient levels (Ryding & Rast 1989). This in turn reduces the phytoplankton growth by 

reducing availability of nutrients.  

3.3.2 Other Management Methods 
 

There are many other management options available for controlling eutrophication 

including: catchment management, bio-manipulation, artificial destratification systems and 

chemical control. The applicability of each is outlined. 
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1. Catchment Management, which involves measures aimed at reducing the load of 

nutrients entering water bodies, thereby preventing eutrophication. For example, the 

introduction of better agricultural land uses techniques, such as using slow-release 

fertilizers to lower nutrient release, would be beneficial. Decreasing the availability of the 

limiting nutrients in the water body has been shown to reduce occurrence of 

phytoplankton blooms (Gulati & Van Donk 2002). However, changes in land use and 

associated nutrient runoff can be costly and slow, particularly in areas where nutrient 

inputs are diffuse and hard to control.  

 

2. Bio-Manipulation involves introducing specific organisms to control the growth of algae 

and/or other components of the food web (Ryding & Rast 1989). Introducing certain 

zooplankton species to increase phytoplankton grazing rate can lead to a reduction of 

phytoplankton. However, biological manipulation to control cyanobacteria has the 

following potential problems: limited destruction of target organisms, limited survival of 

biological agent, removal of biological agent by other organisms and difficulties of 

producing, storing and applying biological agent on a large-scale (Sigee et al. 1999).  

 

3. Artificial Destratification Systems are used to inhibit thermal stratification by promoting 

vertical mixing and increasing bottom water dissolved oxygen (DO) by redistributing the 

atmospheric oxygen into the deeper layers of the lake. By destratifying the lake, 

conditions are reduced for optimal growth of phytoplankton in the epilimnion. These 

systems use pumps, water jets or air bubbles to produce mixing and oxygenation, and are 

most effective in small shallow lakes. Furthermore, the applicability of these in a river-

weir set-up, like the Waikato hydro-lakes, is not practical or cost effective (Schladow & 

Fisher 1995). 

 

4. Chemical Control involves application of certain chemicals for algal control, flocculation 

and sediment treatment. In particular, copper sulfate is commonly used to create a 

disturbance, opening a gap in the assemblage, thus promoting the succession by fast 

growing survivors of the new environmental conditions (Beyruth 2000). Copper can be a 

highly effective algicide in some cases, but its effects are always temporary. As well, costs 

can be high, and there are major negative impacts on non-target organisms and 

contamination of sediments and fishes, as shown by a study in the Guarapiranga 

Reservoir, Brazil (Safadi & Beyruth 1998). 
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4.0 METHODS 
 

This chapter describes what data is required to model the thermal stratification of the 

Waikato hydro lakes with the DYRESM computer model.  It also outlines the assumptions 

that were made in preparation of the final data files from the available raw data. Data 

preparation required several methods including an analytical evaporation and water balance 

calculation, as discussed in detail below.  

4.1 EVAPORATION AND WATER BALANCE CALCULATION 
 

4.1.1 Mass Transfer Method of Lake Evaporation  

 
The evaporation occurring over the Waikato hydro lakes, a necessary component of 

the water balance, has not been previously measured consistently, and therefore was estimated 

using a Mass Transfer Method. This method is based on the removal of vapour from the water 

surface by turbulent diffusion, and has been used successfully to model evaporation of lakes 

around the world, including the Great Lakes in the United States (Derecki 1976). The Dalton-

type mass transfer relationship was used here. It assumes that evaporation is a function of the 

wind speed and the difference between the vapour pressure of saturated air at the water 

surface and the vapour pressure of the air above:  

 

))(( aso eeuNfE −=           (1)

     

Where:  Eo is the evaporation over an open water surface. 

  f(u) is the effects of wind.  

  ea is the vapour pressure of water vapour in the air. 

  es is the vapour pressure of water at its surface. 

  N is the mass transfer coefficient. 
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The vapour pressure at the water surface and in the air was calculated using available 

meteorological data from Taupo and Hamilton airports, obtained from the National Institute 

of Water and Atmospheric Research (NIWA). This included relative humidity, mean water 

temperature, as well as surface water temperature. The effects of the wind, f(u), were 

estimated using the wind speed data from the same NIWA meteorological stations. Ideally, 

wind speed data should be collected over the surface area of each lake; however, due to 

limited coverage of meteorological stations, data from the airports was used. The empirical 

mass transfer coefficient was derived from Figure 4.7 (Dunne & Leopold 1978) and 

calculated as:  

 

N = 0.000169A-0.05          (2)

  

 

Where:   A is lake area in km². 

 

There are several constraints that need consideration when using the Mass Transfer 

Method. The calculation is dependent on perimeter meteorological data. Therefore, there are 

likely to be errors involved with wind and vapour pressure, altering along the lake perimeter.  

 

4.1.2 Water Balance  
 

A water balance was performed on each lake to estimate the unknown excess inflows 

from unaccounted surface/subsurface sources:  

 

soutin AEPQQ
dt
dV )( −+−= ∑∑         (3)

     

Where:   t is time. 

   
dt
dV  is the change in volume. 

   ∑ inQ  is the sum of all inflows. 

∑ outQ  is the sum of all outflows..  

P is the precipitation over the lake surface. 

E is the evaporation over the lake surface.  

As is the lake surface area . 
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The term As varies with water level and was determined from area-depth relationships 

for the lakes. The inflows into a lake, ∑ inQ , include: the known flows discharged from the 

upstream dam, additional inflows from streams and tributaries entering the hydro lake along 

its length, as well as inflows directly from the catchment into the lake.   

   

The change in volume was calculated using the monthly change in lake level data 

available from OPUS (OPUS 2002) and the surface area of the lake. Monthly average values 

of outflows and inflows from OPUS reports were interpolated to attain daily values, as 

required by the model. The evaporation and rainfall data were obtained from NIWA 

meteorological stations. The water balance was calculated to determine the total inflow, 

∑ inQ  . The known inflows into the lakes from the dams were then subtracted to determine 

the excess inflows into the lake, calculated as: 

 

excessdamoutflowin QQQ +=∑           (4) 

 

Where:  ∑ inQ  is the total inflow into the lake.  

  Qdamoutflow is the inflow from the upstream dam.  

Qexcess is the inflow from the catchment, tributaries and streams along the 

whole stretch of the lake. 
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4.2 DYRESM HYDRODYNAMIC MODEL  
 

DYRESM (DYnamic REServoir Simulation Model) is a one-dimensional 

hydrodynamics model for predicting the vertical distribution of temperature, salinity and 

density in lakes and reservoirs. Development of DYRESM dates back to 1978 with a first 

successful application on Wellington Reservoir in Western Australia (Imberger & Patterson 

1981; Imberger et al. 1978).  It has since been applied to many other reservoirs and small 

lakes, e.g. Prospect Reservoir in Australia (Schladow & Hamilton 1997), Kootenay Lake in 

Canada (Patterson et al. 1984). Examples for simulations on large lakes are Lake Erie (Ivey & 

Patterson 1984) and Lake Constance (Hollan et al. 1990). (Hollan et al. 1990). The individual 

processes in DYRESM have been validated through extensive experimental, field and 

theoretical studies. 

 

In the model, mixing is simulated using the principles of conservation of mass and 

momentum. Calculations are applied to each layer, starting at the surface, determining layer 

by layer whether there is enough free energy for two interfacing layers to mix. Fully three-

dimensional mixing processes are represented parametrically, but only their effect on the 

vertical stratification is retained in the calculations. The model requires substantial and 

accurate input data files, including: meteorological data, lake morphology, initial water 

profiles, inflows and outflows. Figure 4-1. is a summary of the major model parameter, fixed 

and forcing data inputs (see also Table 4-1). Sample input files for the model are provided in 

Appendix B: Example DYRESM Input Files. 
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Figure 4-1: DYRESM input flow diagram.
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Table 4-1: DYRESM parameter values and forcing data variables. 

Coefficient/Variable  Value Unit Source 
    
Model Coefficients    
Bulk aerodynamic momentum 
transport coefficient 

1.3 x 10-3  (Stull 1988) 

Mean albedo of water 0.08  (Patten et al. 1975) 
Emissivity of a water surface 0.96  (Imberger & Patterson 

1981) 
Critical wind speed 3.00 ms-1 (Spigel et al. 1986) 
Entrainment coefficient constant 5.0 x 10-2  (Christodoulou 1986) 

Shear production efficiency 0.08  (Spigel et al. 1986) 
Potential energy-mixing 
efficiency 

0.20  (Yeates, P. 2004, pers. 
comm., 20 Aug) 

Wind-stirring efficiency 0.4  (Yeates, P. 2004, pers. 
comm., 20 Aug) 

Min/max layer thickness 1.5/3.0 m User defined 
    
Input variables    
Short-wave radiation Daily mean Wm-² NIWA  
Long-wave radiation Daily mean Wm-² NIWA 
Air temperature Daily mean ºC NIWA 
Vapour pressure Daily mean mb NIWA 
Wind velocity Daily mean ms-1 NIWA 
Precipitation Daily mean m NIWA 
Inflows    
 Daily Volume m³day-1 (OPUS 2002) 
 Temperature ºC EW 
 Salinity pss User defined 
 Half-angle º User defined 
 Slope º User defined 
 Drag coefficient  User defined 
Outflows Daily volume m³day-1 (OPUS 2002) 
Lake storage curve Elevation above 

bottom 
m (OPUS 2002) 

 Surface area m² (OPUS 2002) 
 Volume m³ (OPUS 2002) 
 Crest elevation m (Mighty River Power 

2000) 
 

NIWA – National Institute of Water and Atmospheric Research; EW – Environment Waikato 

OPUS – Opus International Consultants; MRP – Mighty River Power 
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4.2.1 Morphometry file 
 

This file specifies the number of inflows and outflows from the lake and their locations 

in the vertical plane. It also provides an estimate of the bathymetry of the lake, by giving area 

versus volume data for various elevations, with elevation above the bed of the lake. The 

bathymetry data used for the Waikato hydro dams was taken from depth versus area plots of 

the lakes (OPUS 2002). Each file also specifies the latitude and the height above mean sea 

level of the lake, as well as describing the inflows and outflows. For each inflow the 

following are detailed: inflow height above the base of the lake, streambed half angle, 

streambed slope, streambed drag coefficient, and stream inflow name. Outflows are 

distinguished by the outlet height above the base of the lake. 

 

4.2.2 Configuration file 
 

This file specifies the start date and length of the simulation, as well as indicating 

which parameters are to be simulated; in this case only temperature and density were 

simulated. It also indicates whether CAEDYM is coupled with the model, the output interval, 

the light extinction coefficient, the benthic boundary thickness, the diffusion volume fraction, 

and the maximum and minimum layer thicknesses. Default values appropriate for the 

dimensions of the Waikato hydro lakes were used for most of these parameters. Sensitivity 

analysis was carried out to determine the thickness of the benthic boundary for each of the 

lakes.  

 

4.2.3 Withdrawal file 
 

This file indicates the number of outflows from the lake. It also identifies the volume 

withdrawn from each outflow on each day of the simulation period. In all of the hydro lakes 

only one outflow was used, this being the volume of water flow at the outlet dam of each lake. 

This outflow was designated as being equal to zero to allow for the model to determine a daily 

overflow volume.  
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4.2.4 Meteorological file 
 

This file gives meteorological data inputs, including short wave radiation, cloud cover, 

air temperature, vapour pressure, wind speed and rainfall for each day of the simulation. 

Meteorological data including: wet and dry bulb temperature, rainfall, humidity and wind 

speed were supplied by NIWA for both the Hamilton and Taupo airports. Meteorological data 

from the closest station to each lake was used, as outlined in Table 4-2. From this data, vapour 

pressure was calculated using dry and wet bulb temperatures. Cloud cover, expressed as a 

fraction of coverage of the whole sky, was averaged over the whole day as well as for varying 

heights to give a single daily value.  

 

Table 4-2: Meteorological data sources. 

 
Name of Lake NIWA Data Source 

  

Aratiatia Taupo airport 

Ohakuri Taupo airport 

Atiamuri Taupo airport 

Whakamaru Taupo airport 

Maraetai Taupo airport 

Waipapa Taupo airport 

Arapuni Hamilton airport 

Karapiro Hamilton airport 

 

4.2.5 Profile file 
 

This file gives an initial profile of temperature and salinity at different depths in the 

lake. It was assumed that the water column was fully mixed during winter, the designated 

starting period of the simulation. Therefore, a temperature of 10°C and a constant salinity 

value of 0pss were assumed at all of the designated layers for the initial profile file. 

 



4. Methods 

Thermal Stratification in the Waikato hydro lakes  28 

4.2.6 Parameters file 
 

The parameters file contains values for the following parameters: bulk aerodynamic 

momentum transport coefficient, mean albedo of water, emissivity of water surface, critical 

wind speed, time of day for output (in seconds), entrainment coefficient constant, shear 

production efficiency, potential energy mixing efficiency, and wind stirring efficiency. Values 

for these parameters were taken from literature and previous studies and are outlined in  

Table 4-1.  

 

4.2.7 Inflows file 
 

This file specifies the inflows into the lakes, including their entry-height, volumes, 

temperature and salinity. Monthly average values were interpolated to attain daily values as 

required by the model. Temperature of the inflow for Lake Aratiatia was approximated using 

Environment Waikato’s surface water readings from the Taupo Gates station (see Appendix 

A: NIWA Monitoring Stations and Methods). For all subsequent lakes, DYRESM model 

overflow outputs were used as the inflow volumes and temperatures. 
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5.0 DYRESM MODEL VALIDATION 

 
The temperature profiles simulated with DYRESM are compared against historical 

field temperature profiles for the following lakes: Ohakuri, Atiamuri, Aratiatia and 

Whakamaru, from a study conducted during 1970 – 1972 (Magadza 1970-1972). The study 

by Magadza indicated that, with the exception of Lake Ohakuri, the lakes show very little 

difference between surface and bottom temperatures. The DYRESM results, shown in Figures 

5-1 to 5-8, outline the temperature profiles for each of the hydro lakes during the simulated 

period of June 1997 until June 1999. Missing field data for some of the deeper depths was 

estimated. This was done by using the deepest available temperature reading and assuming 

that the water column below this depth was of equal temperature.  

 

The general seasonal patterns of thermal stratification in the field profiles are 

replicated by the simulations; therefore effectively validating the model. There are small 

differences, however, between the modeled and field temperatures profiles is the temperature 

range. For example, in Lake Aratiatia: (Figure 5-5) and (Figure 5-7), the maximum 

temperature simulated in the DYRESM profile is 22 °C, whereas in the field, temperatures of 

up to 24 °C were recorded. This may be as a result of the variability in climate during the two 

periods. In particular, during the 1970-72 period air temperatures were several degrees higher, 

compared to those of the 1997-1999 simulated period. This increased heating could account 

for the higher temperatures, experienced in the surface waters and the whole water column 

during the 1970-1972 field sampling period. Overall, the general temperature range simulated, 

of between 10 and 24°C is the same as has been previously found by ecological studies of the 

Waikato hydro lakes (Lam 1979). 

 

To further validate the simulated results, the difference between surface and bottom 

temperatures, ∆T, is calculated for each lake. These values are compared to the ∆T of the 

field data from the 1970-1972 study (Magadza 1970-1972): Figures 5-9 to Figure 5-12 show a 

comparison between the modeled and field ∆T for lakes: Ohakuri, Aratiatia, Atiamuri and 

Whakamaru. Overall, the simulated results follow the same seasonal trend as those of the field 

∆T values and the range of ∆T is very similar. 

.  
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Figure 5-1: Lake Ohakuri DYRESM 

simulated temperature 

 
 
 
 
 
 
 

 
Figure 5-2: Lake Atiamuri DYRESM 

simulated temperature 

 
 
 
 
 
 
 
 

 
 

 
Figure 5-3: Lake Ohakuri field temperature 

 
 
 
 
 
 
 
 
 

 
Figure 5-4: Lake Atiamuri field 

temperature 
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Figure 5-5: Lake Aratiatia DYRESM 

simulated temperature 

 
 
 
 
 

 
Figure 5-6: Lake Whakamaru DYRESM 

simulated temperature 

 
 
 
 
 
 
 
 
 
 

 
Figure 5-7: Lake Aratiatia field 

temperature 

 
 
 
 
 

 
Figure 5-8: Lake Whakamaru field 

temperature 
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Figure 5-9: Lake Ohakuri difference 

between surface and bottom temperatures. 
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Figure 5-10: Lake Atiamuri difference 

between surface and bottom temperatures. 
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Figure 5-11: Lake Aratiatia difference 

between surface and bottom temperatures. 
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Figure 5-12: Lake Whakamaru difference 
between surface and bottom temperatures. 
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6.0 TEMPERATURE PROFILE RESULTS 
 

DYRESM was used to simulate the temperature profiles for each of the Waikato hydro 

lakes, over the period of June 1997 until June 1999. Results for Lakes: Ohakuri, Aratiatia, 

Atiamuri and Whakamaru are shown in the DYRESM Model Validation section and results 

for the other lakes are shown in Figures 6.1 to 6.4 below. 

 

The majority of the hydro lakes show the following seasonal thermal pattern: the water 

temperature is uniform with depth during most of the year, the minimum winter water column 

temperatures are around 6 °C and during summer the water reaches 24 °C in the surface. In 

general, the lakes show temporary periods of thermal stratification in warmer months of the 

year, with only some of the deeper lakes, Ohakuri (max. depth 40m) and Arapuni (max. depth 

49m) (see Figure 5-1, Figure 6-4 ), showing weak but more permanent stratified conditions 

during the summer months of December until February.  

 

 

 

 
Figure 6-1: Lake Maraetai Simulated 

Temperature Profiles 

 
 
 

 
Figure 6-2: Lake Waipapa Simulated 

Temperature Profile 
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Figure 6-3: Lake Karapiro Simulation 

Temperature Profile 

 
 

 
Figure 6-4: Lake Arapuni Simulation 

Temperature Profile 
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7.0 BIOLOGICAL RESULTS 

 
The available phytoplankton species composition data for Lake Ohakuri, from years 

2003-2004, was compared to the temperature profile for the lake over the simulated period of 

1997-1998. Figure 7-1 shows the dominance of cyanobacteria, as a % of total biomass, 

compared to the thermal profile with depth for Lake Ohakuri. The cyanobacteria appear to 

dominate, making up to 60% of total species biomass, during the summer periods of January 

until February. This corresponds to water temperatures of between 19 and 23 °C. These 

periods also correspond to a weak thermal stratification, with the surface mixed layer up to 

5°C warmer that the bottom layer. During periods when the water column is fully mixed and 

of homogeneous temperature, the cyanobacteria make up less than 20% of total species 

biomass. 

 
 

 
Figure 7-1: Lake Ohakuri temperature versus cyanobacteria % composition. Note the 

phytoplankton data is taken from years 2003-2004 and the temperature profile is for years 1997-
1998. 
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Figure 7-2 shows total phytoplankton cell counts, for Lake Ohakuri, at different times 

of the year and also shows the contribution of cyanobacteria biomass to the total 

concentration. The phytoplankton biomass peaks at 7455 cells/mL during December, whereas 

cyanobacteria reach maximum concentrations of 2960 cells/mL during February. 

Furthermore, it can be seen that the cyanobacteria make up a large proportion of the total 

phytoplankton biomass during the summer: (December until February) when there is fairly 

permanent stratification. Also, cyanobacteria concentrations decrease after the month of April, 

and this corresponds with homogenous water column temperatures. The phytoplankton 

biomass peak in April is attributed to species other than cyanobacteria, as these are negligible 

in concentration at that time.  

 
 

 
Figure 7-2: Lake Ohakuri temperature versus total phytoplankton and cyanobacteria 

concentration. Note the phytoplankton data is taken from years 2003-2004 and the temperature 
profile is for years 1997-1998. 
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The net growth/loss rate of cyanobacteria is shown in Figure 7-3. The cyanobacteria 

exhibit positive net growth rates during the summer months of December and February, while 

their net growth is negative during the months of February to March. For the remaining period 

of the year net growth of cyanobacteria is negligible.  
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Figure 7-3: Cyanobacteria net growth/loss rate for Lake Ohakuri. 

 
 

Figure 7-4 shows the cyanobacteria concentration compared to the simulated surface 

temperatures and ∆T for Lake Ohakuri. The cyanobacteria biomass peak corresponds to 

surface temperatures of above 20°C. Also, the cyanobacteria concentrations are at a minimum 

when the difference between surface and bottom temperatures is negligible.  
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Figure 7-4: Lake Ohakuri simulated surface temperature and ∆T versus cyanobacteria concentration. 
Note the phytoplankton data is taken from years 2003-2004 and the temperature profile is for 

years 1998-1999. 
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8.0 DISCUSSION 

8.1 FACTORS CONTROLLING THERMAL STRATIFICATION  
 

The formation of thermally stratified layers in a lake is reliant on several pre-requisite 

physical and climatic conditions. Differences between the thermal regimes of the lakes can be 

partially explained by their differences in: the lake morphometry and orientation, ratio of the 

areas of the lakes compared to their watersheds, climatic conditions (precipitation, solar 

radiation, wind etc.), and the influence of inflowing tributaries and streams (Bormans et al. 

1997).  

 
The temperature simulations in this study indicate that the majority of the hydro lakes 

do not show seasonal thermal stratification. Only Lakes Ohakuri and Arapuni becoming 

weakly stratified during the summer period. These two lakes have different characteristics to 

the other hydro lakes: (see Table 8-1). Lake Ohakuri is moderately deep, with the largest 

length of all of the hydro lakes and it also has a relatively low catchment to lake area ratio 

(CA:LA). Lake Arapuni is the second deepest lake in the chain of lakes, with a high 

maximum length and the lowest CA:LA among all of the hydro lakes. The way in which these 

characteristics influence the stratification regime in these lakes is discussed below. 

 

Table 8-1: Characteristics and stratification regimes of the hydro lakes. 

Lake Name Maximum 
length of 

lake 
 

km 

Depth 
of 

lake 
 

m 

Catchment area 
to lake surface 

area ratio 

Stratification 
regime 

     

Aratiatia 6.3 11 466 H 

Ohakuri 35 40 89 PS 

Atiamuri 7.2 31 147 H 

Whakamaru 22.8 36 61 H 

Maraetai 12.2 68 155 H 

Waipapa 9.7 22 204 H 

Arapuni 26.4 49 44 PS 
Karapiro 27.7 34 78 H 

 
NOTE: H – Homothermus Regime; PS – Partially Stratified Regime 
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8.1.1 Wind Effects 
 

Wind is a major factor influencing the thermal stratification occurring in a water body. 

The wind blowing across the surface of the lake, transfers part of its momentum to the water 

mass, generating a complex set of movements (turbulence, waves, currents), producing active 

kinetic energy and driving mixing of the water column(Ambrosetti et al. 2002). The shape and 

orientation of the lake can influence its exposure to wind, leading to different thermal 

regimes. The differences in the stratification patterns of the Waikato hydro lakes may be 

attributed to their diversity in exposure to wind.  

 

In particular, the direction and strength of prevailing winds have a major influence on 

the stratification patterns in lakes, as has been demonstrated by previous studies. For example, 

the Manton River Reservoir, situated near Darwin in Australia, is sheltered from prevailing 

winds by topography and therefore displays a shallow mixed layer. In contrast, the Darwin 

River Reservoir, located in a neighbouring catchment, is exposed to the prevailing winds, thus 

it is subject to more wind induced vertical mixing, and as a result experiences less 

stratification (Water Services Association of Australia 1991). A similar comparison can be 

made with regards to the Waikato hydro lakes, looking at their exposure to prevailing winds 

in the region. 

 

The majority of the Waikato hydro lakes lie in a direction, with a large section of their 

stretch, parallel to the prevailing westerly winds (Jolly & Brown 1975). New Zealand 

experiences a windy temperate climate, in which lakes mix more deeply than those of 

continental areas and are not subject to calm cold winters or especially hot summers (Davies-

Colley 1988). The lakes which show partial stratification, however, Ohakuri and Arapuni, are 

both orientated with the longitudinal axis mostly perpendicular to the prevailing winds. 

Therefore, the strong wind force blows over a small fetch in these lakes, and does not 

stimulate much turbulence and mixing in the water column. This may allow for the 

stratification of the water column in these two lakes. On the other hand, the remaining hydro 

lakes are positioned with their main axis parallel to the prevailing winds. This leads to the 

formation of larger turbulent waves, created by the winds blowing over their larger fetches of 

water (Boulton & Brock 1999). As a result thermal stratification is less likely to occur in these 

lakes.  
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8.1.2 Inflow Effects 
 

The inflowing waters have a significant influence on the formation of thermal 

stratification in a lake. In the Waikato hydro lakes inflows from the upstream dam cause 

turbulence and drive mixing directly downstream of the tailrace, imparting large amounts of 

energy that disrupt the temperature structure. Therefore, stratification is unlikely to occur in 

these parts of the lake. However, towards the downstream end of the hydro lake, water mixing 

due to inflows diminishes, and water column conditions become more lacustrine. As a result, 

at this location thermal stratification is more likely to occur, provided there are no other major 

inflows from tributaries and streams along the length of the lake. The outflows at the 

downstream end of the lakes may also act to weaken the stratification as water is generally 

selectively removed from the water surface in the dams. 

 

Also, the low inflows flowing directly from the catchment into the lakes may be a 

factor affecting the development of thermal stratification in the lakes. Both Lakes Arapuni 

and Ohakuri show a relatively small catchment to lake area (CA:LA), Table 8-1. This implies 

a small area able to collect precipitation and as a result the stream discharge from the 

catchment into these lakes would be relatively small (Kalff 2002). Therefore, these lakes 

would experience less mixing due to intrusion by inflow around the perimeter of the lake, 

compared to those lakes that have larger inflow from the catchments. This may partially 

attribute to the partially stratified conditions in the lakes with the smaller CA:LA ratio. 

 

8.2 ROLE OF THERMAL STRATIFICATION IN CYANOBACTERIA BLOOM 
FORMATION  

 
The modeled stratification pattern of the water column in the hydro lakes predicts that 

conditions are not conducive to sustained cyanobacteria blooms at any time of the year. 

However, cyanobacteria are present, with concentrations up to 2, 000 cells/mL, even under 

the homothermus mixing regimes. The results indicate that cyanobacteria dominate 

phytoplankton composition, up to 60% total biomass, during the partially stratified summer 

months. However, these maximum counts are at concentrations of approximately 3, 000 

cells/mL, well below the 20, 000 cells/mL Australia and New Zealand Environment and 

Conservation Council (ANZECC) guidelines for recreational water use (ANZECC 2000). 

Therefore, these concentrations of cyanobacteria are of minor importance and unlikely to lead 

to problematic blooms. 
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Results for Lake Ohakuri indicate that there is a weak relationship between thermally 

stratified conditions and cyanobacteria growth, with their net growth rate being largest during 

the stratified months of December and January: (see Figure 7-3). This may be attributed to the 

fact that water column conditions during the stratified periods are favourable for 

cyanobacteria, providing stable water column conditions. This allows the cyanobacteria to 

out-compete other species by using their biological features such as buoyancy regulation and 

nitrogen fixation, having easy access to light and nutrients. While this may partially explain 

the cyanobacteria growth, it is likely however, that there are factors, other than thermal 

stratification, affecting the proliferation of these algal blooms in the Waikato hydro lakes. 

These may include: temperature limitation, nutrient and light availability, as well as grazing 

pressure.  

 

8.2.1 Temperature Limitation 
 

The temperature tolerance may be one of the factors driving the growth of 

cyanobacteria in the water column of the Waikato hydro lakes. As the biological comparison 

results show, cyanobacteria dominate during periods when the water column temperature is 

above 20°C, in the case of Lake Ohakuri. The phytoplankton biomass in the Waikato lakes 

has previously been found to be closely correlated with seasonal changes in temperature 

(Magadza 1978), where higher temperatures were associated with higher algal growth. In 

particular, many species of cyanobacteria thrive under higher water temperatures (Fabbro & 

Duivenvoorden 2000) relative to other species. Laboratory studies on cellular toxin 

concentrations in the Anabaena sp. show that their growth is maximum at temperatures of 

between 20 and 25°C  (Rapala & Sivonen 1998; Rapala et al. 1997). Also, previous studies on 

the Waikato River found that diatoms and green algae thrived at a mid temperature range of 

15 - 20°C, while cyanobacteria became prominent at temperatures higher than 23°C (Lam 

1979). 

 

Furthermore, it has been shown that the optimum temperature of the nitrogen fixation 

activity of the cultured Anabaena sp. was about 20 °C (Liengen 1999). Thus this species of 

cyanobacteria is advantaged at higher temperatures, due to their higher heat tolerance and 

maximum ability to use atmospheric nitrogen in a stratified, nutrient limited environment.  

Overall, during the periods when the water temperatures in the epilimnion are above 20°C, the 
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cyanobacteria may have a considerable advantage, attributed to their more rapid rates of 

replication under warm conditions compared to other phytoplankton.  

 

8.2.2 Other Factors 
 

There is likely to be a combination of factors, apart from temperature, driving the 

proliferation of cyanobacteria in the Waikato hydro lakes. Elser (1999) outlines the events 

leading to the development of noxious cyanobacteria blooms as a hierarchical "decision tree", 

see Figure 8-1. In order for there to be a cyanobacteria bloom there must firstly be a high 

nutrient loading, this loading must have a low TN:TP, there must also be the ‘correct’ 

hydrodynamic and light conditions and finally the grazing pressure must be minimal (Elser 

1999). Each of these factors is considered below to determine the potential for cyanobacteria 

bloom formation in the Waikato hydro lakes.  

 

 

Figure 8-1: Steps for development of cyanobacteria blooms (Elser 1999). 
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Nutrient Loading  
 

High nutrient inputs, from the catchment and to a limited extent from point sources 

along the river, may be an important factor affecting the occurrence of cyanobacteria blooms 

in the hydro lakes. The lakes receive large inflows of nutrients from the surrounding 

catchments. These inflows are in particular high in phosphates, as it is normal farming 

practice to apply phosphatic fertilizer to pumice soils, in order to promote herbage growth, in 

the area (Jolly & Brown 1975). Previous studies have shown that an increase in the standing 

crop of phytoplankton was associated with an increase in the nitrogen and phosphorous 

loading on the Waikato River (Magadza 1978). Therefore, there is a strong link between the 

growth of algae and the nutrient inputs into the lakes. 

 

Most lakes of the Central Volcanic Plateau of the North Island, including Lake Taupo, 

have been found to be nitrogen limited (White et al. 1985), having low N:P ratios. It is likely 

therefore that the Waikato hydro lakes are also nitrogen limited. Also, pasture and 

horticultural land uses, which make up majority of the Waikato catchment: (Table 2-1), have 

been associated with runoff of low N:P ratios (Arbuckle & Downing 2001). Therefore, the 

nutrient conditions in the lakes are likely conducive to cyanobacteria blooms, as per Figure 

8-1, demonstrating high nutrient loadings and low N:P ratios.  

Light Conditions 
 

Light may be a limiting factor to the growth of algae with the predicted fully mixed 

water column. The depth of seasonal mixing, Zmix, in the Waikato hydro lakes exceeds the 

depth of light penetration, Zeu. The turbulent flow and mixing may result in light limitation of 

growth as the algae cells will travel in and out of the light zone, spending a relatively shorter 

period of time in the light: (see Figure 3-7). This ensures those phytoplanktons are not subject 

to the higher overall light levels, which ensue from their suspension in the surface layer of the 

stratified water column, and therefore their growth is limited by light. However, during the 

partially stratified summer conditions, with the development of a shallower mixing layer, light 

may not be limiting to cyanobacteria. This is as a result of their capacity for buoyancy, 

gaining access to light near the water surface. Thus overall, the light conditions are conducive 

to development of cyanobacteria blooms at certain times of the year in the Waikato hydro 

lakes, as per Figure 8-1. 
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Grazing Pressure 
 

The short residence time of the water in the Waikato hydro lakes may inhibit the 

proliferation of zooplankton grazers. Summer-time flushing rates, with a favourable light 

climate for photosynthesis, and water retention times of <10 days, as seen in some of the 

Waikato hydro lakes, approach or exceed the growth rate of even the most rapidly growing 

small phytoplankton cells and their macrozooplankton grazing species (Kalff 2002). As a 

result, algae which lack the capacity to grow rapidly are unlikely to be able to replace the 

cells, which are being continually lost in the lake out, and are therefore unlikely to survive. 

This agrees with previous studies along the Waikato River, which show that the biomass of 

zooplankton in the hydro lakes is low (Burger et al. 2002), and there is limited grazing stress 

on the phytoplankton in the lakes. This satisfies the last criterion on the decision tree, thus 

concluding that the conditions in the Waikato lakes can potentially be conducive to 

cyanobacteria blooms.  

 

8.3 MANAGEMENT OPTIONS FOR WAIKATO HYDRO LAKES 
 

The proposed flow regime control: consisting of increasing the inflows into the lakes 

during the summer months so as to alleviate thermal stratification, may have limited benefits 

for the management of the Waikato hydro lakes. The results suggest that most lakes 

experience little thermal stratification; therefore increasing the flow to break down 

stratification is unnecessary. However, increasing the base flows will overall enhance mixing 

and ensure that the water in the hydro lakes is mixed and turbid, thereby eliminating the light 

and temperature conditions favourable for blue-green algal growth. Also, increased flushing 

rates may aid in flushing nutrients quickly out of the system and lowering the residence times 

available for phytoplankton species to grow. There are also, other long-term management 

options, such as catchment management, that should be implemented to control the 

occurrence of problematic blooms in the lakes into the future.  
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8.3.1 Catchment Management 
 

Catchment management may be a suitable option to ensure that the water quality of the 

Waikato hydro lakes remains sustainable into the future. Implementation of such a plan would 

include options for minimizing nutrient inputs into the lakes n the long-term. The focus should 

be on changing land uses in the area as well as limiting fertilizer use on already cultivated 

land. A similar management plan has been implemented for Lake Taupo, where pastoral 

landowners have been encouraged to move into forestry, or similarly low nitrogen generating 

land uses, and farm intensification schemes have been prohibited (Knight 2003).  

 

Also, limiting nutrient inflow could be achieved by tightening the guidelines for 

effluent runoff into the lakes from the many farms and industries along the Waikato River, as 

well as from sewerage treatment plants. These changes can be made relatively quickly with 

the introduction of regulations and monitoring, allowing for a quick reduction in the amounts 

of nutrients entering the lakes. Similar lake catchment management practices have been 

implemented worldwide. For example, in Lake Ontario, profound ecological changes occurred 

in the ecosystem with a reduction in nutrient loading (Mills et al. 2003), leading to decreased 

phytoplankton growth and an overall improved water quality. 

 

However, limiting nutrient inputs may only show positive results in the long term. This 

is partially due to the fact that groundwater, which transports much of the nutrients from the 

land into the lakes, is stored underground for several decades before flowing into Lake Taupo 

and subsequently the Waikato hydro lakes. Also, there may be internal cycling of nutrients, 

which have accumulated in the sediments from historical inputs into the lakes. These benthic 

nutrient stores may be released during stratified conditions, with the development of anoxic 

conditions in the hypolimnion (Wetzel 1983). 
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9.0 LIMITATIONS OF STUDY 

9.1 APPLICABILITY OF DYRESM MODEL TO A RIVER WEIR SYSTEM 
 

The DYRESM model was initially designed for use on lakes and reservoirs and its 

application to river-weir systems, such as the Waikato hydro lakes, has been limited. In 

particular, several assumptions are made in order for the model to be applicable to the hydro 

lakes, including: horizontal heterogeneity, and as a result the model simulation output is 

restricted to showing spatial variability of thermal regimes in the lakes.  

9.1.1 Spatial Variability 
 

The Waikato hydro lakes can be considered as being divided into three zones, ranging 

from fast flowing riverine sections, at the dam tailrace, to lacustrine sections, at the 

downstream dam wall, as well as transitional zones in between: Figure 9-1. There are several 

major differences between a riverine and lacustrine environment, as outlined in Table 9-1, and 

as a result these zones are likely to show varying thermal stratification regimes. However, the 

1-D modeling does not allow for the differentiation between these zones, assuming that the 

physical regime of the lake is similar to that of a lacustrine environment for the entire reach. 

Therefore, there are limitations to predicting the spatial variability of the thermal profiles in 

the hydro lakes, with the results obtained being representative only of the mid to lacustrine 

zones of the lakes. It is important to take this into consideration when using the model results 

to implement appropriate management strategies for different zones of the lakes. 

 

 

Figure 9-1: Longitudinal zonation of a typical river impoundment. 
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Table 9-1: Characteristics of different zones in a river impoundment. 

Riverine Zone Transitional Zone Lacustrine Zone 

   

Narrow, channelised basin Broader, deeper basin Broad, deep, lake-like basin 
Relatively high flow rates Reduced flow rates Low flow rates 

High suspended solids; low 

light availability at depth 

Reduced suspended solids; 

light availability at depth 

Relatively clear; high light 

availability at depth 

Nutrient supply by advection; 

relatively high nutrient levels 

Advective nutrient supply 

reduced 

Nutrient supply by internal 

recycling; relatively low 

nutrient levels 

Light-limited primary 
productivity 

Primary productivity relatively 
high 

Nutrient-limited primary 
productivity 

Cell losses primarily by 

sedimentation 

Cell losses by grazing and 

sedimentation 

Cell losses primarily by 

grazing 

Organic matter supply 

primarily allochthonous 

Intermediate Organic matter supply 

primarily autochthonous 

More eutrophic Intermediate More oligotrophic 

 
 

Also, the modeling work performed has assumed that water quality variables and the 

physical water column processes will not vary in the horizontal dimension, within the hydro 

lakes. In reality, variations in bathymetry, fetch, proximity to inflows/outflows and other 

factors could result in marked three-dimensionality of transport and mixing, temperature, and 

mediation of key processes by primary and secondary consumers. In flowing river systems, 

particularly, the use of two dimensional models is beneficial to include horizontal advection 

and mixing generated by the flow over the bottom. For example, the Princeton Ocean Model 

(POM) was used in two-dimensional mode to successfully model hydrodynamics of the 

Murrumbidgee River in Australia (Bormans & Condie 1998). The assumption of horizontal 

homogeneity was a logical place to start in modeling the key thermal processes for the 

Waikato hydro lakes; however some horizontal variability is likely to exist in the lakes. 
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9.2 MODEL INPUT VALIDITY  
 

There is some error involved in numerical computer modeling. Due to the 

manipulation of data for input files, uncertainty is inherent in the predictions of the model. 

Sources of error are: the estimation error of the initial conditions, errors in collection of input 

data, driving variables for the system, and sampling errors in the field data that are compared 

with model results to assess model performance. Additionally, there are errors associated with 

the structure of the model and the parameter values used in the simulations. 

 

The quality and validity of the model output is highly dependent on the quality of the 

input data and information. The model requires daily inputs for several variables and it returns 

a daily output for temperature profiles. Since only monthly data was available for certain 

variables: inflow volumes and temperatures, values were obtained by interpolation to daily 

values, assuming a linear trend. Therefore, model results are best suited to predictions of the 

inter-monthly thermal stratification patterns in terms of the effects of the inflow and any intra-

monthly variability of the temperature profile due to inflows and outflows is not represented. 

Overall, this is adequate for determining the annual stratification patterns; however, the 

influence of inflows on thermal stratification and destratification occurring on weekly and 

daily timescales is not predictable. 
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10.0 CONCLUSIONS 

 
The seasonal thermal stratification patterns of the Waikato hydro lakes are modeled 

well by the hydrodynamic model DYRESM. The results suggest that majority of the hydro 

lakes do not undergo stratification, remaining fully mixed through the water column for the 

majority of the year. The fact that certain lakes are predicted to partially stratify during the 

summer months may be attributed to their specific characteristics, including: deep 

morphometry, low exposure to prevailing winds and low ratio of catchment to lake surface 

area. 

 

The proliferation and blooming of cyanobacteria in the Waikato hydro lakes may not 

be driven predominantly by the thermal regime of the lakes. Other factors which likely 

influence their growth include: temperature, nutrient and light availability as well as grazing 

pressure. In particular, the cyanobacteria tend to dominate during the warmer water column 

temperatures, above 20°C. This may be attributed to the fact that they have a higher optimal 

growth temperature compared to other species.  

 
The findings of this study suggest that flow regime regulation is unlikely to be an 

effective management option for controlling the outbreaks of algal blooms in the Waikato 

hydro lakes, however, it is important as a flushing mechanism. Since the hydro lakes do not 

experience summer stratification under current consented flow regimes, increasing inflows 

into these lakes during the summer is not going to aid in de-stratification and will only have a 

limited effect for those lakes that stratify. However, other options such as catchment 

management may be more appropriate for providing long term management of cyanobacteria 

blooms in the hydro lakes.  
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11.0 FUTURE RECOMMENDATIONS 

 

Some of the input data used for the model simulations was taken from stations not 

directly at the study sites. For example, the meteorological data was obtained from two airport 

monitoring stations that were situated up to 50 kilometers away from some of the lakes. The 

meteorological conditions can be highly variable over such distances and ideally stations 

should be located as close as possible to the study site.  

 

It is recommended that meteorological stations be installed at each of the hydro lake sites to 

gather site specific data, including: wind speed, air temperatures and vapour pressure, and 

reduce the level of uncertainty in DYRESM’s stratification scenarios. 

 

Currently, the inflow volume input to the model is monthly average values interpolated 

to daily readings. However, there may be significant short-term fluctuations that are not 

accounted for, but which may have significant impacts on the stratification. It would be highly 

beneficial to use daily flow and level measurements for the model simulations. This would 

provide a much higher degree of accuracy in the simulations and would allow for better 

determination of whether controlling flow regimes may help alleviate algal blooms in the 

impoundments.  

 

It is recommended that daily inflow/outflow as well as level readings be used to run the 

DYRESM simulations to get a better representation of the daily and weekly stratification 

patterns. These data are held by the hydro-electric company, Mighty River Power, but have 

not been made available. 

 

The temperature profiles generated by DYRESM need to be validated against field 

temperature profiles from the same time period, to test the accuracy with which the model 

reproduced the actual stratification conditions. There have not been recent studies of thermal 

profiles for the hydro lakes, with only historical profiles from studies in 1970-1972 available.  

 

It is recommended that an extensive field program be undertaken on a regular basis, taking 

temperature readings with depth at each of the hydro lakes. This could be conducted as part 

of the existing Environment Waikato monthly monitoring program or could be set up using 

thermitor chains situated near the dam walls of each of the lakes..  
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The biological comparisons made for investigations of cyanobacteria dominance in 

this project are limited, with complete species composition data only available from two years 

and for one of the lakes.  

 

It is recommended that species composition data be collected for all of the hydro lakes. This 

would enable an ecological model such as CAEDYM to be applied to simulate phytoplankton 

biomass and species composition, and provide more detailed insights into the factors that may 

trigger phytoplankton blooms in the Waikato hydro lakes. 
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13.0 APPENDICES 

APPENDIX A: NIWA MONITORING STATIONS AND METHODS  
 

Monthly water quality data is collected by NIWA at each of the monitoring locations, as 

shown on the map below. Water quality of the Waikato River is assessed by measuring up to 

40 parameters (27 routinely). Some parameters are measured in the field, but the majority are 

analysed in a laboratory, using standard analytical methods. Details of field measurements 

and analytical methods used are shown in the table below.  

 

NIWA monitoring stations 
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NIWA water quality parameters and analysis methods 
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APPENDIX B: EXAMPLE DYRESM INPUT FILES 

EXAMPLE MORPHOMETRY FILE 
 
<#3> 
Comment line:  Karapiro Lake morphometry 
-38                                # latitude (Yes) 
54                                # height above MSL 
2                                  # number of inflows 
SURF 60 0.001  0.016  Stream1   # entry height, 1/2-angle, slope, drag coeff, name 
SURF 60 0.001  0.016  Stream2 # extra inflow details 
20.53                             # zero-ht elevation (i.e., bottom elev.) 
54                                 # crest elevation [m] 
1                                  # number of outlets 
25                                 # outlet heights 
11                                 # number of stg survey points after header line 
Elev_[m] SurfArea_[m^2] 
23.6 100000 
30 200000 
32.8 600000 
35.8 1100000 
38.8 1750000 
41.9 2500000 
44.9 3450000 
48 4800000 
51 6100000 
54 8200000 
60 20000000 

EXAMPLE CONFIGURATION FILE 
 
<#4> 
!Comment line: DYRESM configuration file for Karapiro Lake 
1997154                      # Simulation start day 
1425                          # Simulation length (days) 
.FALSE.                       # Run CAEDYM (.TRUE. or .FALSE.) 
1                             # Output Interval (in days, or -9999 for every time step) 
1.5                           # Light extinction coefficient [m^-1] 
0                            # Benthic Boundary Thickness [m] 
1.5                          # Min layer thickness [m] 
3.0                          # Max layer thickness [m] 
3600                          # Time Step (Geider) 
2                           # Number of Output Selections 
TEMPTURE DENSITY         # List of Output Selections 
.FALSE.                # Activate bubbler (.TRUE. or .FALSE.) 
.FALSE.                        # Activate non-neutral atmos. stability  
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EXAMPLE WITHDRAWAL FILE 
 
Outflow data for Karapiro Lake (Karapiro Dam Outflows), m3/day 
1  # number of outflows 
YrDayNum VOLUME 
1994001 17452800 
1994002 17436077.42 
1994003 17419354.84 
1994004 17402632.26 
1994005 17385909.68 
1994006 17369187.1 
1994007 17352464.52 
1994008 17335741.94 
1994009 17319019.35 
1994010 17302296.77 
1994011 17285574.19 
1994012 17268851.61 
1994013 17252129.03 
1994014 17235406.45 
1994015 17218683.87 
1994016 17201961.29 

EXAMPLE METEOROLOGICAL FILE 
 
<#3> 
Comment line: Lake Karapiro Met File (data from Hamilton Airport)   
   
86400              # met data input time step (seconds)       
CLOUD_COVER        # longwave radiation type (NETT_LW, INCIDENT_LW, 
CLOUD_COVER)"""       
FIXED_HT 58       # sensor type (FLOATING; FIXED_HT), height in m (above water 
surface; above lake bottom)"""       
JulDay SW_[W/m2] Cloud-Cover Tair_[C] Vapour_Press_[hPa] Wind_Speed_[m/s]
 Rain_[m] 
1997001 292.8240741 0.46875 18.6 17.96464587 3.3975 0.0004 
1997002 194.4444444 0.82875 20.9 21.85701151 2.7669 0.0202 
1997003 252.3148148 0.52125 20.9 20.74438084 3.1354 0 
1997004 261.5740741 0.6925 17.6 15.76328786 5.4222 0.002 
1997005 292.8240741 0.1975 12.9 9.421187143 6.2116 0.0002 
1997006 337.962963 0.16125 14.4 10.97810222 4.3469 0 
1997007 329.8611111 0 15.1 13.76858675 3.203 0 
1997008 276.6203704 0.365 17 15.23459144 2.7454 0 
1997009 214.1203704 0.27125 17.9 16.20770305 2.3451 0 
1997010 111.1111111 0.64625 18.4 16.95767527 6.2094 0.002 
1997011 87.96296296 0.78625 17.9 18.09518239 7.4963 0.0024 
1997012 318.287037 0.54125 15.7 12.5606796 4.6758 0.0002 
1997013 336.8055556 0.12 14.3 11.5105206 2.3165 0 
1997014 271.9907407 0.4375 15.9 14.09589405 2.0591 0.0072 
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EXAMPLE PROFILE FILE 
 
Lake Karapiro Initial profile, assuming staring in winter, well mixed layers. 
10   # number of initial profile points      
Height (m)     T (Cel)        S (pss) 
3.07 12 0 
9.47 12 0 
12.27 12 0 
15.27 12 0 
18.27 12 0 
21.37 12 0 
24.37 12 0 
27.47 12 0 
30.47 12 0 
33.57 12 0 

EXAMPLE PARAMETERS FILE 
 
<#6> 
Comment line:  DYRESM Parameters file 
1.3E-3          # bulk aerodynamic mmt. transport coefficient 
0.05             # mean albedo of water 
0.96             # emissivity of a water surface  
3.00             # critical wind speed [m s^-1]  
68400          # time of day for output (seconds from midnight) (54000 s = 1500 HR) 
2.0E0-2       # entrainment coefficient constant  
0.012           # bubbler entrainment coefficient  
0.083           # buoyant plume entrainment coefficient  
0.06             # shear production efficiency  (0.08)         (eta_K) 
0.20             # potential energy mixing efficiency          (eta_P) 
0.4               # wind stirring efficiency (0.06)             (eta_S) 
1.0E+7        # effective surf. area coefficient.   
200              # vertical mix coefficient.    

EXAMPLE INFLOWS FILE 
 
Lake Karapiro Inflows  
2  # number of inflows  
Stream1  # Outflow from Arapuni (as per Opus data) 
Stream2  # Extra Inflow from calcs.     
YrDayNum InfNum VOLUME TEMPTURE SALINITY 
1997153 1 1.11E+07 17.056717 1 
1997153 2 932396.3027 17.056717 1 
1997154 1 1.61E+07 16.713503 0 
1997154 2 1122388.333 16.713503 0 
1997155 1 1.60E+07 16.592419 0 
1997155 2 1097926.652 16.592419 0 
1997156 1 1.60E+07 16.650425 0 


