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AABBSSTTRRAACCTT  

 

It is estimated that open water reservoirs in Australia lose around 40% of their total 

water storage capacity per year to evaporation. This can be attributed to the country’s 

dry climate, with high temperatures and strong winds. To further exacerbate this issue, 

temperature increases have been recorded during the past decades, and this is predicted 

to continue over the coming years in Australia. This has been directing even greater 

concern to how much water will be lost from Australian reservoirs in the future through 

the evaporation process. 

For several decades, Australia has been investigating mechanisms to minimize 

evaporation from reservoirs. These include the use of physical and chemical covers, 

windbreaks and even modifying the reservoir shape in order to reduce its surface area. 

Most of these techniques however, have been shown to be ineffective, as in the example 

of windbreaks; to be excessively expensive, as in the example of physical covers and 

modifying the reservoir shape; or to impose potential risks to the water quality, as in the 

use of chemical covers. Destratification by air-bubble plumes, which involves pumping 

compressed air into the interior of a reservoir, thereby allowing the resultant bubbles to 

rise and carry cold bottom water to the surface, is one technique that deserves further 

investigation. Air-bubble plumes have been suggested in literature as a potential 

mechanism for reducing evaporation from reservoirs due to their potential effects on 

water temperature change. 

The primary aim of destratification by air-bubble plumes is to maintain or improve 

the quality of the reservoir water, specifically by increasing dissolved oxygen in the 

water. The potential of these systems to reduce evaporative losses is related to the 

change in water temperature attributable to mixing. The intuitive principle is that cold 

hypolimnetic water is lifted by the air bubbles, and once at the surface, this water mixes 

with the lighter epilimnetic water, reducing its temperature and consequently, 

evaporation rates. 

In this context, the primary aim of this research was to assess, through a series of 

modelling and laboratory studies, the effectiveness of destratification by air-bubble 

plumes in reducing evaporation from reservoirs. 
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In the first part of this research, the well-established model DYRESM, which 

simulates the hydrodynamics and heat exchanges of reservoirs, including the latent heat 

of evaporation, was applied to a small and a large temperate reservoir located in South-

East Queensland (SEQ), Australia. DYRESM is also able to model lake mixing induced 

by air-bubble plumes using a well-validated bubble-plume model. The two studied 

reservoirs were set under different aeration conditions, and evaporation rates and water 

temperatures were analysed and compared with the baseline evaporation rates and water 

temperatures. For being a surface phenomenon, it was found that evaporation is 

significantly and rapidly affected by the boundary conditions (ie, solar radiation, air 

temperature, wind speed and vapour pressure), and only slightly affected by the bubble-

plume mixing. More precisely, although the designed aeration systems successfully mix 

the entire lake, redistributing the temperature throughout the water column, the 

temperature of the surface is almost unaffected by the mixing process, and 

consequently, evaporation is likewise unaffected. An exception to this may occur in 

spring or summer seasons, particularly at the beginning of the operation of the 

destratification system. During these seasons, the bottom water temperature is much 

colder than that of the surface, and with the outset of bubble-plume mixing, the cold 

water lifted to the surface reduces the surface temperature and consequently evaporation 

rates. Subsequent to this initial mixing however, the bottom water becomes warmer and 

the supply of cold water is gradually exhausted. Even though the reduction in 

evaporation during this initial period of destratification may be high, it is not significant 

when taking the evaporation of the entire year into consideration. 

In the second part of this research, the effects of bubble plume systems on 

evaporation from non-stratified waters were assessed through a laboratory experiment. 

A small aerated tank and a set of instruments to measure air humidity, temperature, 

wind speed and water level variation was used. It was found that aeration by air-bubble 

plumes increases evaporation in the immediate vicinity of where the bubbles burst. This 

is attributable to higher wind speed imparted by the bursting of the bubbles at this 

location and higher water vapour released from the bubbles when they burst. An 

empirical formula to quantify the loss of water under conditions of aeration was 

derived. This loss, however, was not found to be significant in real reservoirs, owing to 

the reduced ratio between the area of the plume and that of the lake. Moreover, when 

balancing the reduction in evaporation caused by the lowering of surface temperature 

with the increase in evaporation due to the bursting of the bubbles, the resulting net 
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effect is a reduction in evaporation. However, this quantity was confirmed to be minor, 

not warranting the use of these systems for the sole purpose of reducing evaporation 

from reservoirs. 

Finally, in the last part of this research, the focus was extended to the effects of climate 

change on evaporation from reservoirs in SEQ. This analysis was based on modelling 

using DYRESM to simulate the hydro and thermodynamics of a large water supply 

reservoir. The driving forces, such as temperature, solar radiation, wind speed and 

vapour pressure, were obtained from global climate models predictions downscaled to 

the study area. The modelled future evaporation rates, as well as water temperatures, 

were then compared with modelled evaporation rates and temperatures obtained using 

observed meteorological variables for the period from 1990 to 2010. The range of 

results showed that it is most likely that evaporation rates from large reservoirs in SEQ 

will not be changing significantly from now into 2050. However, a significant increase 

in evaporation is expected towards the end of the century, with annual evaporation 

predictions being approximately 15% higher than the baseline annual evaporation. The 

main agents behind this increase are higher wind speeds and air temperatures.  
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CCHHAAPPTTEERR  11  --  IInnttrroodduuccttiioonn  

 

1.1. Background 

Australia is described as the driest inhabited continent on Earth. Its interior has one 

of the lowest precipitation rates and one of the highest evaporation rates in the world, 

making three-quarters of the land arid or semi-arid. Average annual rainfall in Australia 

is less than 460 mm and average actual evapotranspiration is 400 mm, representing 87% 

of the total rainfall (Smith, 1998). Around 70% of the country experiences average 

monthly evaporation greater than monthly rainfall (Department of Natural Resources 

and Mines, 2005), and for half of the country, average annual evaporation is twice the 

average annual rainfall (Fietz, 1970). On the east coast where the majority of the 

population lives, annual precipitation is about 900 mm and evapotranspiration is 78% of 

that rate (Smith, 1998). Specifically in the state of Queensland, where the present 

research is focused, average annual evaporation varies from 1,000 mm in the south and 

some coastal areas to over 3,000 mm in the south-west (Bureau of Meteorology, 2009), 

while in most of the state, precipitation is less than 800 mm per year. 

In exacerbation of this issue, it is predicted that evaporation rates will increase 

throughout the country in the coming decades. An average increase of up to 30% is 

expected to occur by 2070 and the most vulnerable regions include the eastern 

highlands and Tasmania (Passey, 2003, Queensland Government, 2008). The main 

reason for this increase is the predicted gradual rise in temperature, which is one of the 

main driving forces of the evaporation process. In Queensland, annual average 

temperature has been increasing at a faster rate than the national average, with the rate 

of temperature rise ranging from 0.07°C per decade in the far north to 0.32°C per 

decade in the south-west of the State (Queensland Government, 2008). 

High evaporation rates combined with low rainfall leads to low river flows, and as a 

consequence, most Australian regions have to rely on the capacity of the dams for water 

supply to meet urban, industrial and irrigation requirements. However, the current 

growing population and expanding economy have been imposing a greater pressure on 

water resources, and the country has been demanding new strategies to increase water 

availability and/or reduce water losses. Generally in the past, loss of water due to the 
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evaporation process did not pose a major problem for the country while opportunities to 

construct additional storages to save water existed (Burston, 2002). However, today, 

with water demand often exceeding water availability, and with the threat of a changing 

climate with unpredictable consequences, reducing evaporation from water storages is 

becoming a significant and relevant issue. 

Australia is estimated to have around 92,000-hm
3
 capacity for water storage, 

including 84,000 hm
3
 from large dams (Australian Bureau of Statistics, 2006) and 8,000 

hm
3
 from farm dams (National Land & Water Resources Audit, 2001). Despite this, 

most dams operate at around 50% of total capacity (Australian Bureau of Statistics, 

2006) due to high water demand in combination with significant evaporative losses. In 

Queensland, the capacity of large dams is around 11,000 hm
3
, although mean actual 

storage is only 6,000 hm
3
 (Australian Bureau of Statistics, 2006). Loss of water due to 

evaporation from the three main open storages in South-East Queensland (Wivenhoe, 

Somerset and North Pine dams) is estimated to be more than 300 hm
3
 per year, which is 

the same amount of water needed to supply all water users in that region in a year 

(Australian Water Association, 2005, Urban Water Security Research Alliance, 2008). 

This serves to demonstrate that evaporation reduction from open storages in Australia is 

one of the few areas where there are real water savings to be made. 

Developing evaporation control strategies could significantly increase water 

availability and reduce pressures on Australian water resources. As a matter of fact, 

there have been many studies on evaporation assessment and control carried out in 

Australia. These include the reports for the National Program for Irrigation Research 

and Development (Department of Natural Resources and Mines, 2002); National 

Program Sustainable Irrigation (Watts, 2005); the Queensland Department of Natural 

Resources and Mines on behalf of the Drought Urban Water Task Force (GHD, 2003); 

the reports prepared by the National Centre for Engineering in Agriculture (Craig and 

Hancock, 2004, Craig et al., 2005, Craig, 2005, Craig, 2006); and the reports for the 

Urban Water Security Research Alliance (McJannet et al., 2008a, McJannet et al., 

2008b, Helfer et al., 2009a, Lemckert et al., 2009, Yao et al., 2010). 

However, most of the studied techniques seem to have many disadvantages, 

including negative impacts on the environment and lack of cost-effectiveness if applied 

to large dams. Current available methods to reduce evaporation include floating covers, 

modular covers, monolayers and shade structures. Some of the main disadvantages of 
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these mechanisms, to name a few, are high costs for installation and maintenance; 

impacts on aquatic ecosystem; alterations to aesthetic qualities of the lake; risk of dam 

failure in periods of flood; reduction in oxygen in the water; and increase of other water 

quality problems leading to an increase in water treatment costs (van Dijk and van 

Vuuren, 2009). 

Artificial destratification by air-bubble plumes, which involves pumping 

compressed air into the interior of a reservoir, thereby allowing the resultant bubbles to 

rise to the surface, is one technique that has not been studied in detail as a mechanism 

for reducing evaporation. However, few existing studies have indicated that the method 

may have favourable effects on evaporation control (Koberg and Ford, 1965; Fast, 

1968; Hughes et al., 1975; Hoy and Stephens, 1979; Craig, 2006; van Dijk and van 

Vuuren, 2009). 

During warm seasons, temperate deep lake waters become thermally stratified. This 

occurs because natural circulation in the lake owing to wind currents is not sufficiently 

strong to overcome the rapid increase in water temperature due to the high air 

temperatures. The lake surface layer (epilimnion) then heats while the bottom layer 

(hypolimnion) remains cold. Between these two layers, a thermal zone of rapid 

temperature change called metalimnion develops and acts as a barrier to natural 

circulation and mixing. Because the isolated surface layer reaches high temperatures, 

evaporation rate increases in these seasons. 

The process of artificial destratification by air bubbles consists of applying energy to 

the water body, thus re-establishing circulating currents to mix and move lower waters 

to the surface and upper waters to the bottom. This prevents the formation of, or 

eliminates, the metalimnion layer, making the temperature uniform along the water 

profile. The mixing between the bottom and the surface waters, further leads to a change 

in surface water temperature, and consequently, in evaporation rates. This shows that if 

aeration can decrease the surface temperature to a significant level, evaporation from 

open waters may be also reduced at remarkable rates.  
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1.2. Objectives 

Considering the lack of feasible and cost-effective commercially available methods 

to reduce evaporation from large water bodies, the primary objective of this research is 

to assess the effectiveness of destratification by air-bubble plumes in reducing 

evaporation from reservoirs. In this regard, the specific objectives are: 

1) to quantify and examine the changes in open water evaporation for different 

rates of air-bubble plume aeration in stratified waters; 

2) to quantify and examine the changes in lake evaporation under different 

destratification system operating strategies; 

3) to analyse the changes in lake water temperatures for different rates of 

aeration; 

4) to investigate the effects of destratification by air-bubble plumes on above 

water microclimate (humidity and air movement over the water); 

5) to assess the performance of an existing computational numerical model in 

predicting evaporation under air-bubble plume destratification conditions. 

Secondly, it is also the aim of this research to investigate how climate change will 

affect evaporation in Australia in the future. In this regard, the specific objectives are: 

1) to quantify the most likely changes in evaporation from reservoirs in South-

East Queensland for two future timeframes; 

2) to quantify the most likely changes in lake temperatures in South-East 

Queensland for two future timeframes. 

 

1.3. Thesis outline 

The remainder of this thesis has been organised into seven chapters. Chapter 2 

provides a review of the literature, describing the process of destratification by air-

bubble plumes in more detail. Also in Chapter 2, the physics involved in the process of 

mixing by air-bubble plumes in stratified waters is explained and a methodology for a 

destratification system design is outlined. Furthermore, a description of the numerical 
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model used throughout this thesis (DYRESM) is provided, emphasizing the model’s 

methods to estimate mixing by air-bubble plumes and reservoir evaporation rates. 

The following four chapters (Chapters 3, 4, 5 and 6) are devoted to the first research 

question about the effectiveness of bubble plume aeration in reducing evaporation from 

thermally stratified dams in Australia. In Chapter 3, the effects of destratification by air-

bubble plumes on evaporation from an actual large water supply reservoir in Australia is 

presented. This chapter also describes the process of calibration and validation of the 

model used throughout this research (DYRESM). The chapter has been published in the 

Journal of Hydrology, volume 406, 2011, under the title ‘Modelling of lake mixing 

induced by air-bubble plumes and the effects on evaporation’. Chapter 4 is a 

reformatted version of the peer-reviewed paper published in the 6
th

 International 

Conference on Sustainable Water Resources Management (2011), entitled ‘Assessing 

the effectiveness of air-bubble plume aeration in reducing evaporation from farm dams 

in Australia using modelling’. A small farm reservoir was used as the subject of this 

study. Chapter 5 is an extension of Chapter 4, but with the analysis of bubble plume 

destratification made for a deeper hypothetical reservoir. This chapter has been 

submitted to the IWA World Congress on Water, Climate and Energy (2012) with the 

title ‘Evaporation reduction from farm dams using air-bubble plume destratification’ 

and is currently under revision. In Chapter 6, the study of the effects of air-bubble 

plume aeration on non-stratified waters is presented. This chapter is based on a 

laboratory experiment carried out in 2010 at Griffith University. The chapter has been 

accepted for publication in the Journal of Hydrology under the title, ‘Influence of 

bubble plumes on evaporation from non-stratified waters’. 

The study of the effects of a changing climate on evaporation from reservoirs in 

Australia is presented in Chapter 7. This study was based on modelling of lake 

thermodynamics using DYRESM, incorporating driving forces derived from global 

climate models. This chapter, entitled ‘Effects of climate change on temperature and 

evaporation from large reservoirs in Australia’, has been submitted to the Journal of 

Hydrology and is presently under assessment. 

The overall conclusions of this research are summarized in Chapter 8 (nb, Chapters 

3 to 7 include their discrete conclusions). At the end of the thesis, a full list of 

references is given as well as three attachments of publications carried out as part of the 

learning process associated with this PhD research. 
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CCHHAAPPTTEERR  22  --  LLiitteerraattuurree  rreevviieeww  

 

2.1. Thermal stratification and destratification by air-bubble plume systems 

Thermal stratification is certainly one of the main issues associated with the health 

of temperate lakes. It refers to the layering that occurs in water bodies, particularly in 

the warm months, during which a warmer, less dense layer (the epilimnion) overlies a 

colder denser layer (the hypolimnion). The onset of the stratification process is usually 

in spring, when the rate of surface heating starts to exceed the rate of heat transfer to 

deeper water layers. A zone of rapid decrease in temperature, called the thermocline, 

develops just below the surface layer, acting as a barrier to natural circulation. As a 

consequence, the deeper region of the lake, the hypolimnion, becomes relatively 

uninfluenced by changes in surface conditions, deteriorating the water quality (Imberger 

and Patterson, 1990). Dissolved oxygen from the upper layer, for instance, cannot be 

transferred to the lower layers, leading to anaerobic condition in the hypolimnion, 

which in turn, leads to other consequences. Conversely, without thorough mixing, 

nutrients from the hypolimnion are unlikely to reach the surface, leading to large die-

offs of algae which adds to the organic matter on the lake bottom (Littlejohn, 2004). 

To help reduce the intensity of the water column stratification and improve water 

quality, reservoir managers have often used destratification mechanisms, such as air-

bubble plume systems (Imberger and Patterson, 1990). This technique involves a source 

of compressed fresh air that pumps air continuously into the bottom of the reservoir 

through a set of diffusers (Figure 2.1). The most common application of air-bubble 

plume systems is to break down thermal stratification in deep water bodies, but other 

practical applications include the provision of counter currents to confine oil spills 

(Fannelop, 1994); the formation of barriers to minimize salt water intrusion in locks 

(Ashton, 1974); and the raising of warm water to delay ice formation in harbours and 

waterways (Ashton, 1974). The use of air-bubble plumes as a mechanism to reduce 

evaporation from open waters is not a common practice and the process has never been 

investigated in depth. 
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Figure 2.1. Sketch of a bubble-plume destratification system. A shore-based air 

compressor delivers air through a perforated diffuser pipe that extends into deep water 

(reproduced from Fast, 1979) 

In an air-bubble plume system, as the bubbles rise, they disturb the stratified water 

layers by entraining heavy cooler water and carrying it towards the surface. This heavy 

water is detrained from the plume at a certain height and then sinks back, before 

intruding radially. The process is continuously repeated until the density structure of the 

water column is completely dismantled, making the water temperature and the chemical 

properties homogeneous from top to bottom. If well designed, bubble-plume systems 

are generally rapid, effective and relatively inexpensive (Fast, 1968). 

2.2. Air-bubble plumes as a mechanism to reduce evaporation 

While the use of air-bubble plumes has usually been without the intention of 

reducing evaporation rates, the fact that they induce mixing, which further affects the 

water temperature, is a strong indicator of their potential for that application (Koberg 

and Ford, 1965; Fast, 1968; Hughes et al., 1975). Given that evaporation is a function of 

surface water temperature, if aeration by air-bubble plumes can decrease the surface 

temperature of a lake due to mixing, evaporation may also be reduced. 

Koberg and Ford (1965) were probably the first researchers who proposed the theory 

of using bubble plumes to reduce evaporation from reservoirs. They studied the effects 

of bubble aeration on the temperature and evaporation from Lake Wohlford, California 

in 1962. When a typical stratified temperature profile was reached in the lake, an air-

bubble plume system was activated, and remained operating continuously for over a 

period of 3 months. Temperatures were monitored and compared with measured 
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temperature from 3 previous years when no aeration was used. Evaporation rates were 

indirectly estimated by the energy budget method using the measured temperatures. 

Compared with the previous years, it was noted that during 1962, the surface 

temperatures were lower, and that evaporation was reduced by 15% during summer and 

increased by 9% during winter. These differences were attributed to the operation of the 

aeration system in 1962 and it was concluded that these systems could lead to an annual 

water saving of the order of 6%. 

Further research on evaporation reduction by air-bubble plumes was not conducted 

until 2009, when van Dijk and van Vuuren (2009) carried out experimental research 

using two small artificial reservoirs in South Africa. As opposed to the findings of 

Koberg and Ford (1965), little change in surface temperature was observed under 

aeration conditions compared to the baseline, and as a consequence, the evaporation 

change was noted to be less than 1%. This insignificant change was attributed to the 

small depth of the reservoirs, which did not allow for the development of accentuated 

thermal stratification. The main conclusion drawn by the authors was that, for an 

aeration system to be effective in reducing evaporation, the reservoir should have 

sufficient depth to produce a marked natural thermocline and provide a relatively large 

volume of cold water for mixing in order to reduce the surface temperature. 

Therefore, based on these available findings, it can be thought that air-bubble plume 

systems will reduce lake surface temperature if two requirements are met: first, there 

has to be a constant source of cold water at the bottom of the lake, and second, this 

water has to be effectively lifted to the surface so that the surface temperature can be 

reduced. Then, by reducing water temperature, evaporation will also be reduced. 

2.3. Air-bubble plume mixing in stratified environments 

Many researchers have investigated the behaviour of air-bubble plumes in stratified 

waters (eg, McDougall, 1978; Hussain and Narang, 1984; Baines and Leitch, 1992; 

Schladow, 1992; Asaeda and Imberger, 1993). Research has demonstrated that when 

compressed air is pumped into the bottom of a stratified water body, the buoyant plume 

rises to the surface entraining the surrounding ambient water. At some level, the 

increased negative buoyancy of the entrained water leads to detrainment of this water 

outwards, away from the upward-moving plume. The detrainment occurs where the 

density of the air-water mixture is approximately equal to the ambient density (Asaeda 

and Imberger, 1993). The ejected fluid – having lost the additional buoyancy due to the 
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bubbles – is locally heavy. This makes it fall immediately outside the inner plume to a 

new level and spread horizontally, causing further mixing. The bubble core continues to 

rise, creating a new buoyant plume. This process repeats itself until the flow reaches the 

surface, where it spreads horizontally up to a certain distance away from the bubble 

core. It has been proven that this distance is of the order of six times the water depth, 

regardless of the level of stratification (Fannelop et al., 1991). Because of its negative 

buoyancy, the horizontal flow plunges vertically, causing more mixing. 

If the water is strongly stratified and the bubble plume is not sufficiently buoyant 

(ie, low air-flow rate), the thermocline may act as a ceiling to the plume, and the water 

will be detrained just below this zone, causing little mixing. For ideal mixing, the waters 

from the hypolimnion should be carried all the way through the thermocline before 

detraining (Patterson and Imberger, 1989). 

Asaeda and Imberger (1993) classified the flow pattern of a bubble plume into three 

different types. Type 1 occurs under conditions of excessively large air-flow rate and 

weak stratification. In this case, the first entrainment point takes place at the surface, 

without any intermediate entrainment points. Type 2 occurs for moderate air-flow rates 

and moderate stratification. Under these circumstances, several intrusions are brought 

about between the first and the highest intrusions. Type 3 is observed under conditions 

of low air-flow rate and strong stratification. In this case, no steady intrusions are 

observed. Figure 2.2 depicts these three typical flow patterns. 

2.4. Air-bubble plume modelling and design 

From laboratory studies, McDougall (1978) developed a plume model based on 

horizontally integrated equations of mass, momentum and buoyancy. The model 

assumes a constant air-flow rate, linear stratification, and a Gaussian distribution for the 

velocity and density deficiency fields. It was found that the behaviour of bubble plumes 

is controlled by two main parameters, one representing the relationship between the air 

source strength compared to the pressure head over which the bubbles can act (MM), and 

the other representing the effect of the ambient stratification compared to the strength of 

the source (CM). 
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a) 

 

b) c) 

  

Figure 2.2. Sketch of typical flow patterns of plumes of type 1 (a), 2 (b) and 3 (c). 

Solid spirals show strong eddies; dashed spirals, weak eddies; solid arrows, eddy 

motions; dash-dotted arrows, fluid motion; and hollow arrows, front motions (Asaeda 

and Imberger, 1993) 

The two parameters described by McDougall (1978) are given by: 
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where Q0 is the air-flow rate released at the water surface, Pa is the atmospheric 

pressure, us is the slip velocity of the bubbles relative to the rising of the water plume (≈ 

0.3 m s
-1

, Kobus, 1968), H is the pressure head at the level of the diffuser (H = ha + h, 

where h = water depth above the diffuser and ha = piezometric head equivalent of 

atmospheric pressure, ha ≈ 10.3 m), α is the entrainment coefficient (typically ≈ 0.083, 

Milgram, 1983; List, 1982), ρr is the reference liquid density and N is the buoyancy 

frequency, given by: 
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where ρ0(z) is the fluid density as a function of depth z, and g is the gravity. 

High values of CM represent cases where stratification is strong compared to the 

source strength. On the other hand, low values of CM represent high source strength 

compared with the level of stratification, and the plume is said to be energetic. If MM is 

kept constant (ie, constant air-flow rate and water depth), then high values of CM 

represent a strong stratification and low values of CM represent a weak stratification. 

The group CM was later modified by Schladow (1992) to produce CS which accounts for 

the volumetric air-flow rate at the source (Q0ha/H). 
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where QB is the air-flow rate released at the level of the diffuser. The term gQB 

represents the buoyancy flux, which determines CS as a different way to represent the 

source strength. 

Another two dimensionless parameters to describe the behaviour of bubble plumes 

in stratified water were introduced by Asaeda and Imberger (1993). The plume number 

(PN) expresses the relationship between the buoyancy flux and the stratification, and the 

parameter MH, the buoyancy flux in relation to the pressure head, here represented by 

the depth of the water. The parameter PN is a variation of CS, except that it does not 

account for the absolute pressure head (H). 
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The plume number determines the types of intrusion shown previously in Figure 2.2. 

It was found that single intrusions (Type 1) are formed when PN is less than 300; 

multiple intrusions (Type 2) are formed when PN is in the range of 300 to 2000; while 

the intrusions are poorly defined for PN greater than 2000 (Type 3). 
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From experimental and numerical results, Asaeda and Imberger (1993) showed that 

an ideal and unique air-flow rate must exist for a given stratification and depth, at which 

the efficiency of destratification is maximum and the waste of energy is minimum, with 

this being dependent upon the plume number. 

In practice, one could say that if the air-flow rate is too low compared to the 

stratification strength, the low buoyancy imparted by the air flow will make the plume 

detrain its waters before reaching the surface, sometimes even before reaching the 

thermocline, causing little mixing. However, if the plume is to be effective, it must 

penetrate this region. But if the flow rate is too high, the high buoyancy force will make 

the plume travel all the way to the surface very quickly, and the plume energy will be in 

excess. Physically, the first case will occur whenever the additional buoyancy imparted 

by the bubbles is insufficient to counter the negative buoyancy of the hypolimnion 

water. The second case will occur whenever the difference between plume density and 

ambient density remains positive through the entire water column. These two 

considerations indicate that an optimum air-flow rate that provides complete 

disintegration of the thermal structure with minimum waste of energy may be found, 

such that the difference between plume and environment densities (g’) becomes zero 

just upon reaching the surface: 

      zρzρρgz'g 0r          (2.7) 

where ρ(z) is the density of the plume at height z. 

Hence, the design of an air-bubble plume system consists primarily of finding this 

ideal air-flow rate per plume, which corresponds to that providing maximum 

mechanical efficiency and mixing effectiveness. The mechanical efficiency (η) is given 

by the relationship between the potential energy change in the water to the net energy 

input by the aerator over a specific period of time Δt. From the formulation presented in 

Patterson and Imberger (1989), the efficiency is given by: 

 
tΔ g h Qρ

PEΔ
η

Br

=          (2.8) 

where ΔPE is the change of potential energy after a period Δt, given by the difference 

between the energy in the stratified water body (PEs) and the energy after mixing (PEm), 

ie, ΔPE= PEm – PEs. 
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The stratified experiments of Asaeda and Imberger (1993) showed that the 

efficiency of energy conversion varies as a function of the plume number and bubble 

diameter. For small bubbles (for which the entrainment coefficient is approximately 

0.083, Milgram, 1983; List, 1982), the efficiency increases with PN until the plume 

number approaches 1000 whereupon the efficiency decreases with increasing PN (Figure 

2.3). At low values of PN relative to 1000, the efficiency is small due to an oversupply 

of energy into a weak stratification, producing a plume of Type 1 (refer to Figure 2.2). 

In this case, most of the energy is dissipated in turbulence. On the other hand, with low 

air-flow rate and strong stratification (high PN), the plume domes at the interface, 

generating a plume of Type 3. The maximum efficiency achieved has been found to be 

around 20%, for MH = 20. 

 

Figure 2.3. Plume efficiency as a function of PN for different values of MH (Asaeda 

and Imberger, 1993) 

Similarly to Asaeda and Imberger (1993), Schladow (1992) also found a relationship 

between the mechanical efficiency of different aeration systems and the source strength 

parameter CS (Figure 2.4). The efficiency curves are similar to that found by Asaeda and 

Imberger (1993) due to the similarity between the parameters CS and PN. From Figure 

2.4, it can be seen that high MM values provide high mechanical efficiencies, and that 

for all the three curves, there is a common oscillatory behaviour. The curves of higher 

values of MM represent high air-flow rates relative to the total head and therefore, larger 

plumes capable of more entrainment per unit air flow. For same values of MM, and for 

weaker stratifications (lower CS, up to 10
2
), the rising plumes would still have positive 

momentum when they reach the surface, representing a case of oversupply of energy. 

The first peak along the curves represents air-flow rates that provide one detrainment – 

at the surface – while the first depression after the first peak represents one detrainment 

before reaching the surface. The peaks for high values of CS represent air-flow rates that 

provide more than one detrainment before reaching the surface. However, these air-flow 
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rates entrain very little water at the base of the plume, lowering the transfer of mass, and 

hence mechanical efficiency. Based on these relationships, Schladow (1993) suggested 

that the most efficient air-flow rate would be the one that provided a value of CS 

between the first and second peaks in the MM-CS curve, but much closer to the second 

peak. This would correspond to a situation in which the plumes would have one internal 

detrainment point and positive momentum upon reaching the surface. 

 
Figure 2.4. Mechanical efficiency as a function of CS for MM = 10, 0.1 and 0.01 

(Schladow, 1992) 

Therefore, the design question comes down to selecting the air-flow rate that will 

yield a desirable position on any of the curves shown in Figure 2.3 and Figure 2.4 and, 

subsequently, finding the separation distance between source points, the number of 

source points and the total air-flow rate for the whole system. Note that, when designing 

a bubble plume system, values for water depth (h) and water temperature, which further 

allows for the estimate of the initial strength of stratification (N), are considered to be 

known. 

Design methodology 

Earlier methods for destratification system design (eg, Davis, 1980, Lorenzen and 

Fast, 1977) were not developed on the basis of the interaction between a buoyant plume 

and a density stratified water column, and their applications have led to larger air-flow 

rates and lower efficiencies (Schladow, 1993). Here, a methodology that accounts for 

the buoyancy force of the plume and the stratification strength of the water will be 

described in more detail. This design method is based on the model described by 

Asaeda and Imberger (1993), which uses the parameters PN, and MH to characterize the 

relationship between a plume and a stratified water body. The method will be outlined 

as a set of steps. 
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Step 1. Selection of the design stratification and air diffuser depth: The design 

stratification is a curve density x depth. If only a relationship temperature x depth is 

available, this can be converted to a density x depth curve by using conversion 

formulae, such as the one presented in McCutcheon et al. (1993). The stratification 

profile should correspond to the maximum thermal gradient likely to occur in the 

metalimnion in the absence of artificial stratification. 

Step 2. Calculation of the buoyancy frequency (N): For a linear stratification case, if i 

represents each layer along the water column, and z and ρ0 represent the depth and the 

density of the water, respectively, Ni can be calculated numerically by: 

2
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and the buoyancy frequency for the whole profile can be found by: 

( )∑ +-=
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N         (2.10) 

where B refers to the layer at the level of the diffuser. 

For a non-linear stratification case, the calculation of an equivalent linear profile is 

recommended (Lemckert and Imberger, 1993): 
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where ρB is the density of the ambient liquid at the level of the diffuser and PEA is the 

actual potential energy per unit area associated with the stratification structure, given by 

Lemckert and Imberger (1993), as: 
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      (2.12) 

Step 3. Estimates of the auxiliary quantities QR and HR: The quantities QR and HR follow 

from the buoyancy frequency (N or NE):  
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3

s

2

33

R
u α π4

hN
Q           (2.13) 

H

h
H R            (2.14) 

It is recommended to take α = 0.083 and us = 0.3 m s
-1

 (Lemckert et al., 1993, 

Kobus, 1968, Milgram, 1983, Asaeda and Imberger, 1993). 

Step 4. Calculation of the plume number PN
*
: With the quantities QR and HR, PN

*
 can be 

found by: 

    2
RRR10 H55.0H2.11.2Qlog16.0*

N 10P


        (2.15) 

PN
*
 represents the value of the plume number PN for maximum efficiency. 

Step 5. Calculation of the air-flow rate per source point: The air-flow rate per port, at 

the level of the diffuser, QB
*
, is then calculated using the plume number from the 

previous step: 

gP

hN
Q

*

N

43
*

B           (2.16) 

Step 6. Calculation of the source strength and the water flow per plume: The source 

strength (MH) and the total entrained water flux (QI) for a single source point can be 

found by: 
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         (2.18) 

Step 7. Calculation of the required number of source points: The number of required 

ports (m) is given by: 

*

ITQ

Ω
m            (2.19) 
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where Ω is the total volume of the water body and T is the desired time to achieve 

complete destratification (typically 3 weeks for a medium-large reservoir, Lemckert et 

al., 1993). 

Step 8. Calculation of the air-flow rate for the entire destratification system: The total 

air-flow rate required for the system is given by the required number of source points 

multiplied by the required air-flow rate per port: 

*

B

*

T mQQ            (2.20) 

Step 9. Calculation of the ports separation distance: The separation distance between the 

source points (ls) can be estimated according to Lemckert (1992): 
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          (2.21) 

where 
a

*

B

*

0 h/HQQ = . 

Step 10. Calculation of the required length of the system: The total length of the system 

is determined by: 

ls*mLP            (2.22) 

This distance will provide the minimum distance between ports to avoid plume-

plume interaction (Lemckert, 1992). However, basin-scale or logistical limitations may 

require that the pipe not exceed a given length, LM. If LP is greater than LM, LM should 

be used and the effects of plume-plume interactions compensated for. Since such 

activity results in less effective mixing, higher air-flow rates are required. To achieve 

this, the number of ports has to be set to a number close to the one obtained in Step 7. 

Using this number, the amount of entrained water per plume over the desired 

destratification period T is obtained by rearranging Equation 2.19. Then, the air-flow 

rate per source point is found by combining Equations 2.17 and 2.18, and by 

rearranging the resulting expression to solve it for QB. The new total air-flow rate 

required for the system (QT) is found from Equation 2.20. 

Step 11. Calculation of the net air-flow rate requirement at atmospheric pressure (QT0): 

This can be achieved by multiplying QT by H/ha, to account for the effect of bubble 

expansion due to change in pressure. 
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Step 12. Calculation of the compressor power: The compressor power required for the 

system without head losses follows immediately from the value of QT0 calculated in the 

previous step: 

T 0 r a

a

H
P 2.303Q h ln

h


 
  

 
        (2.23) 

2.5. Lake modelling with DYRESM 

DYRESM (Imberger and Patterson, 1981) is a numerical one-dimensional model 

used for the prediction of the vertical distribution of temperature and salinity in lakes 

and reservoirs of medium size. The model has been extensively described in the 

literature (Imberger and Patterson, 1981; Ivey and Patterson, 1984; Patterson et al., 

1984; Hocking et al., 1988; Tanentzap et al., 2007), and only a brief description is 

provided here, emphasising the features which are relevant for the present study. 

Possibly unique to DYRESM, compared to the hydrodynamical components of other 

lake models, is its Lagrangian layer scheme in which the lake is represented by a series 

of horizontal layers, each of uniform properties but variable thickness. This is in 

contrast to the fixed grid approach from other models, in which differential equations 

are solved numerically on the mesh points (Hornung, 2002). In the Lagrangian layer 

scheme, the layer thickness changes to accommodate the change in volume due to 

inflows and outflows. 

Another important feature of DYRESM is that virtually no calibration is required. 

This is not only because all the relevant physical processes occurring in a lake are 

included, but also because their modelling is based on detailed field and laboratory 

studies, which have derived a fully and fundamentally correct description of all the 

individual lake processes (Hamilton and Schladow, 1997a; Hamilton and Schladow, 

1997b). Furthermore, these processes have been validated in numerous simulations 

(Imberger et al., 1978; Patterson et al., 1984; Hamilton and Schladow, 1997b). 

The model takes lake geometry, daily or sub-daily meteorological forcings, daily 

discharge and temperature of inflows, daily discharge of outflows and the light 

extinction coefficient averaged in depth and time as inputs, and produces daily or sub-

daily water temperature, density and salinity profiles, overflow discharge and 

temperature, water depth and evaporation rate as outputs. 
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Of the many subroutines in DYRESM, five of them deal with the key lake 

processes, namely surface heat fluxes, mixed layer deepening, turbulent diffusion, 

inflows and outflows. The model also has a sub-routine to model mixing due to air-

bubble plumes. This sub-routine will be described here, together with a brief description 

of the surface heat fluxes. The reader is referred to Imerito (2009) for the other sub-

routines. 

Surface fluxes – heat, mass and momentum 

The surface heat, mass and momentum exchange comprise the primary driving 

mechanisms for DYRESM. It is these surface exchanges that provide the majority of the 

energy for heating, mixing and stratifying the lake. The surface heat fluxes include 

heating due to short wave radiation, latent heat, sensible heat and long wave radiation. 

Momentum is added to the surface from wind stress. Mass exchange in the uppermost 

layer is due to the loss of water due to latent heat (evaporation) and gain of water from 

rainfall. 

Short wave radiation is assumed to act not only on the surface layer, but also in the 

water column, penetrating the water depth according to the Beer-Lambert’s law, as a 

function of the light extinction coefficient. The quantity of radiation reaching the 

surface of the lake depends on the albedo of the water. The penetrative radiation is 

assumed to be 45% of the radiation reaching the surface. 

Incoming long wave radiation reaching the surface can be calculated from 

measurement data of incident or net long wave radiation, using the albedo for long wave 

radiation. However, because the availability of these data is usually limited, incoming 

long wave radiation can be estimated from atmospheric conditions using cloud cover 

fraction (Jegede et al., 2006) and air temperatures. Long wave radiation emitted from 

the lake is calculated according to the Stefan-Boltzmann law, as a function of the 

emissivity and temperature of the water surface. 

The sensible and latent heat fluxes are described by bulk aerodynamic formulae, 

which have been shown to competently capture the surface fluxes from a variety of 

water bodies (Hipsey, 2006): 

 sh sh a P a a wQ =C  ρ  C  U T -T
 

      (2.24) 



CHAPTER 2  

20 
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a

0.622
Q = ρ  L  C  U e -e

P
        (2.25) 

where Qsh is the sensible heat flux, Qlh is the latent heat flux, ρa is the air density, Ua is 

the wind speed, Ta and Tw are the air and surface water temperatures, CP is the heat 

capacity of air at constant pressure, Pa is the atmospheric pressure, LE is the latent heat 

of evaporation, ea is the vapour pressure in the air, es is the saturation vapour pressure, 

which is a function of the surface water temperature, and Clh and Csh are bulk 

aerodynamic transfer coefficients. These fluxes are assumed to operate on the 

uppermost water layer of the lake only. Condensation effects are not considered in 

DYRESM.  

The saturation vapour pressure (es) in DYRESM is calculated via the Magnus-

Tetens (Murray, 1967) formula: 

w
s

w

7.5T
e exp 2.3026 0.7858

T 237.3

  
      

      (2.26) 

where Tw is in degree Celsius and and es is in hectopascals. 

Thus the non-penetrative energy density deposited in the surface layer during each 

time step is given by: 

lh shlwpen-non Q Q  Q=Q          (2.27) 

where Qlw is the heat due to long wave radiation. 

Momentum is also added at the surface through bulk aerodynamic formula. A 

critical wind speed is used in the model, above which the wind is considered to drive 

motion in the surface layer. This value is set as 3 m s
-1

. Prior to this critical wind, the 

velocities are set to zero for all layers. After the onset of the wind, the velocity in the 

surface layer is calculated as: 

tΔ
ZΔ

u
U

N

2

*

N =          (2.28) 

where UN is the velocity in the surface layer, ΔZN is the thickness of the surface layer, 

and Δt is the time interval. The shear velocity *u

 

is calculated from the wind speed as: 
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where Cm is the bulk transfer coefficient for momentum, ρN is the density of the surface 

layer. 

For subsequent times, the velocity in the surface layer will be: 
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NN Δ

Δ
Δ         (2.30) 

Velocities in layers below the surface layer are changed through layer 

amalgamation, which has the effect of mixing momentum down through the water 

column. 

The bulk transfer coefficients Clh, Csh and Cm incorporate the variability induced by 

influences such as the stability of the meteorological boundary layer over the water 

surface, the fetch length, wind duration and water depth  (Fisher et al., 1979). The 

coefficients are taken as a constant unless the user activates the algorithm for non-

neutral atmospheric stability, in which case the values of Clh, Csh and Cm are found from 

an iterative procedure as outlined in Hicks (1972). The effect of air column stability 

should be activated whenever the meteorological sensors are located within the internal 

boundary layer over the surface of the lake and data is collected at sub-daily intervals 

(Imerito, 2009). 

The surface mass exchanges include rainfall (input) and change in mass due to latent 

heat flux of evaporation (output). For rainfall, DYRESM assumes that the properties of 

the rain are the same as that of the surface layer. For daily data, the rainfall input for 

each time step is: 

rain

N N N hM A R          (2.31) 

where 
rain

NM  is the rainfall mass, AN is the area of the surface layer and Rh is the rainfall 

height. 

The mass of the evaporated water during a given time interval is calculated as: 



CHAPTER 2  

22 
 

E

Nlhlh

N
L

AQ
M           (2.32) 

where 
lh

NM
 

is the evaporating mass from the surface layer. 

The total mass change of the surface layer for each time step is then calculated as the 

difference between the rainfall mass and the evaporative mass. 

Surface layer deepening 

After computing the surface fluxes’ routines, the mixed layer deepening routine is 

invoked in DYRESM. The surface mixed layer (SML) is defined as that surface water 

layer over which the water density is constant. The momentum, as well as the heat and 

mass introduced at the water surface, are continually being mixed or stirred into the 

SML, and the turbulent kinetic energy (TKE) needs to be adjusted according to these 

changes. 

DYRESM assumes that TKE is generated by three main mechanisms: (1) convective 

overturn (energy released due to the decrease in potential energy resulting from dense 

water falling to a lower level), (2) wind stirring (energy applied by the wind to the 

surface layer) and (3) shear flow between layers (kinetic energy transferred from upper 

to lower layers in the water column). A theoretical description of each of these three 

mixing mechanisms is given below. The formulae used in DYRESM are described in 

details in Imberger and Patterson (1981). 

Mixing by convective overturn: at each modelling time step, the lake layers are 

checked for instabilities, which may result from surface cooling. If instability between 

two layers exists, they will be amalgamated and a fraction of the potential energy 

released will become available as TKEPE. Whenever two layers are merged, of which at 

least one has a non-zero mean layer speed due to the acceleration by wind stress at the 

previous time steps, energy is released from the kinetic energy (KE) inherent in the 

mean horizontal velocity of the layers. This energy is computed as the change in 

mechanical energy under conservation of momentum. The fraction KE of the released 

KE becomes available as TKEKE. 

Mixing by wind stirring (TKEws): wind stirring during each time step leads to the 

production of turbulent kinetic energy in the uppermost layer, which is computed from 
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the shear velocity (Eq. 2.29). The TKEws from the time step, plus any turbulent kinetic 

energy left from the previous time step, and possible energy generated by convective 

overturn (ie, TKEPE + TKEKE) forms the turbulent kinetic energy available (TKEav) for 

further mixing. During each time step the potential energy required to mix the surface 

layer with the adjoining layer is calculated and compared with the energy available in 

the surface layer (TKEav). If TKEav is greater than the required energy for mixing, 

deepening of the SML occurs (ie, the layers are mixed together). The TKE will be 

computed and the next pair of layers will be compared until the TKEav becomes too 

small for any further mixing. In summary, for each layer entrainment, the energy 

available is reduced by the amount of energy necessary to mix the layers together. The 

process repeats itself until the available energy becomes less than the required energy to 

mix the surface layer with the sub-adjoining layer. 

Mixing by shear flow: this mechanism is computed after the previous two 

mechanisms have been computed. The two mechanisms above have already deepened 

the mixed surface layer so that this last mechanism can be best interpreted as the 

deepening by shear at the base of the mixed layer. This is accomplished by calculating 

the mean horizontal velocity at the uppermost layer due to the acceleration by wind (Eq. 

2.28 and 2.30). Similarly to the previous steps, the required energy for mixing the two 

uppermost layers is compared to the available energy, TKEav. The TKEav is given by the 

remaining TKEav of the deepening by wind stirring. The required energy for mixing is 

less than before as the kinetic energy of the surface layer has been increased due to the 

wind velocity. Deepening of the surface layer will stop whenever the available energy 

becomes less than the energy required for mixing. 

Mixing by air-bubble plumes 

An algorithm to model the mixing of the water by air-bubble plume systems was 

incorporated into DYRESM by Patterson and Imberger (1989) and has been 

successfully validated with field data over the years (eg, Imteaz and Asaeda, 2000; 

Lewis et al., 2001). The mixing model is based on the plume model described by 

McDougall (1978), where the plumes are assumed to be circular and non-interacting. 

The model uses the same layer discretisation used in the main model, with the 

bubble plume entraining water from each layer as it passes through them as a result of 

the integration of equations for mass, momentum, and buoyancy. The stratification 
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through which the plume rises is not confined to being linear, but rather it is the 

simulated density profile from the previous time step. 

The plume density is the density of the mixture of air and water. As it rises, the 

effective buoyancy anomaly between plume and the environment decreases as entrained 

water lowers the plume density, at the same time that the ambient density decreases 

with height, as a result of thermal stratification. Eventually, the buoyancy anomaly 

becomes zero, at which height the plume water is ejected horizontally into the reservoir, 

and the plume restarted. The model assumes that this detrained water is immediately 

routed to its neutrally buoyant level, without further entrainment. 

The bubble plume mixing algorithm requires the depth of the diffuser (h), the total 

air-flow rate at the diffuser level (QT), the number of destratification devices and the 

number of ports. The total air-flow rate is divided by the number of ports to obtain the 

air-flow rate per port (QB). All calculations are then computed on a per port basis. The 

bubble slip velocity takes the value of 0.30 m s
-1

 and the entrainment coefficient, of 

0.083 (List, 1982; Milgram, 1983). 

The model initialises by computing the buoyancy flux (B) due to the injected air at 

the level of the diffuser (QB): 

BgQB            (2.33) 

The flow rate of entrained water at the level of the diffuser (QP) is calculated as: 
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           (2.34) 

where α is the entrainment coefficient, b1 is a constant (= 4.7), λ is the plume aspect 

ratio (plume radius to plume length, assumed to be constant and equal to 0.1) and ΔZB is 

the bottom layer thickness. 

For subsequent layers, the flow rate of air (Q) is computed as a function of the 

change in pressure head, which increases the air-flow rate: 
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where (i-1) refers to the layer immediately below and H is the pressure head at the level 

of the layers. For the second layer from the bottom, Qi-1 is replaced by QB. 

For each subsequent layer, the combined buoyancy flux due to the air bubbles and 

the entrained water is calculated as: 

0i i
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B gQ g Q
 



 
   

 
       (2.36) 

where ρ0i is the density of the ambient water in the current layer and ρi is the density of 

the plume. 

The flow rate of the entrained volume in layer i is: 
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         (2.37) 

where z is the depth of each layer. 

When the combined buoyancy flux becomes negative, the entrained water is ejected 

from the plume and falls to its neutrally buoyant level instantaneously. The plume 

characteristics are reset and the air continues to rise and begins to entrain water again. 

2.6. Bulk transfer method for evaporation estimation 

The mass-transfer method of estimating evaporation is one of the oldest (Penman, 

1948) and one of the most common methods due to its simplicity, reliance on readily 

available (or easily calculated) data, and reasonable accuracy. 

The method is based on vapour pressure deficits and wind speed over the water 

surface. It is defined by the bulk-transfer equation (Dalton, 1802): 

 m a lh a a sE    C  U q -  q        (2.38) 

where Em is the evaporative mass per unit area and time (eg, kg m
-2 

s
-1

), qa is the 

specific humidity at the reference height, qs is the specific humidity near the water 

surface, which can be taken as the saturation specific humidity at the water surface 

temperature, ρa is the air density and Ua is the wind speed at the reference height. The 

reference height is commonly taken as 10 metres. Clh is the mass or bulk transfer 

coefficient which can be determined theoretically or empirically. This coefficient 
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incorporates the variability induced by influences such as the stability of the 

meteorological boundary layer over the water surface, the fetch length, wind duration 

and water depth (Fisher et al., 1979).  

When the mass transfer coefficient is known, the advantages of the bulk transfer 

method lie in the fact that it can be applied on a routine basis with regular and easily 

obtainable wind speed data, water surface temperature and humidity of the air 

(Brutsaert, 1982). Once Clh has been determined, this method requires routine 

measurements of wind speed and vapour pressure at the same height as the 

measurements taken for the determination of the coefficient. To determine qs, the 

average surface temperature also needs to be measured. 

The mass transfer coefficient has to be estimated for each lake as it is dependent 

upon the lake’s characteristics such as geometry, topography, land use and climate of 

the surroundings (Brutsaert, 1982). The most accurate way to estimate the mass transfer 

coefficient is probably from the ratio of the mean evaporation rate, measured using any 

standard method, such as eddy correlation or energy budget methods, to the mean 

vapour pressure gradient. 

Various studies have determined a mass transfer coefficient for different water 

bodies and conditions. From average lake data, Friehe and Schmidt (1976) determined 

an average value of 1.3 x 10
-3

 for Clh. However, Hicks (1972) noted that stability has a 

large effect on the value of this coefficient. Meteorological changes over a lake could 

easily cause variations from 0.8 x 10
-3

 for very stable conditions, to 1.6 x 10
-3

 at very 

unstable conditions. The TVA reports (1972) recommends values of Clh = 1.4 x 10
-3

 for 

estimates from remote land based meteorological stations. According to Fisher (1979), 

it is always better to use a value verified for local meteorological and atmospheric 

conditions rather than ones which are perhaps more general, but which have not been 

verified locally. 

Alternatively, the term ClhUa can be replaced in the bulk aerodynamic formula by an 

empirical function of the wind speed (f(uh)): 

  h s hE f u e e          (2.39) 

where f(uh) is an empirical function of the wind speed uh measured at height h and is 

usually expressed in mm day
-1

 Pa
-1

, es is the saturation vapour pressure at water 
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temperature and eh is the vapour pressure in the air at height h and E is the evaporation 

in mm day
-1

. 

Various forms of the wind function have been proposed, but the most simple and 

commonly used version is in the form of f(uh) = a + b uh, where a and b are empirical 

constants. The main advantage of using this function is that the linear term a allows for 

the estimation of evaporation under free convective conditions, that is, when the wind 

speed is nil. 

Some reviews of wind functions can be found in Sweers (1976) and McJannet et al. 

(2008c) and will be discussed in more details in Chapter 6. 

2.7. Climate change and reservoir evaporation 

Concerns about Australia’s future open water evaporation rates are increasing due to 

the threat of a changing climate. There are indications that the meteorological factors 

involved in the process of evaporation, particularly air temperature, will be significantly 

affected as a result of increasing greenhouse gas (GHG) emissions. The 2007 Australian 

Climate Change Report of the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) and Bureau of Meteorology (BoM), which is based on results 

from 23 different General Circulation Models (GCMs) from the Intergovernmental 

Panel on Climate Change Fourth Assessment Report (IPCC, 2007), predicts significant 

continual increases in Australian temperatures into the future. According to the report, 

mean annual temperature have increased 0.9
o
C since 1950. For the future, the estimate 

of warming by 2030 relative to the base climate of 1990 is approximately 1.0
o
C, with 

warmings of around 0.8
o
C in coastal areas and 1.1

o
C inland. By 2050, warming in 

Australia will range from 1.2
o
C to 2.2

o
C for low and high emission scenarios, 

respectively, and by 2070, from around 1.8
o
C to 3.4

o
C. 

As a result of climate change, particularly increasing temperatures, rates of 

evaporation are also expected to increase throughout Australia. The largest increases are 

expected in the north and east, where the changes by 2030 are estimated to be around 

2%. By 2070, for a low gas emission scenario, increases in evaporation are expected to 

be 3% in the south and west, and around 6% in the north and east, while for the high 

emission scenario, increases of around 6% in the south and west, and 10% in the north 

and east are expected. 
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Despite this overall picture of future evaporation in Australia derived from 

predictions from general circulation models, the effects of climate change on 

evaporation from particular lakes rely on the existence of high-resolution data to 

perform a local investigation. This is due to the fact that meteorological variables – 

particularly temperature, wind speed and vapour pressure – are largely affected by local 

factors, such as the orographic elevation (Nguyen et al., 2011; Lal et al., 2008), which 

cannot be incorporated in the broader scale modelling with GCMs. Local studies on 

evaporation should be based on meteorological data downscaled specifically for the 

study site since these incorporate the regional pattern variations of the local climate, 

while maintaining agreement with the large-scale response of the general circulation 

models (Thatcher and McGregor, 2011). 

Sahoo and Schladow (2008) used meteorological predictions from the global climate 

model GFDL (Delworth et al., 2006) downscaled to the California-Nevada region to 

study the impacts of climate change on the dynamics of lakes and reservoirs. Likewise, 

McGregor and Nguyen (2010) used downscaled projections forced by the CSIRO-Mk 

3.5 model (Gordon et al., 2010) to study the future climate of the Murray-Darling Basin 

in Australia. Furthermore, Nguyen et al. (2011) worked on the downscaling of six 

global climate models to study the local climate of the Pacific island nations. According 

to these authors, high-resolution simulations provide a better resolution of spatial details 

and of extremes, in addition to yielding boundary conditions for even finer resolution 

simulations. 

In Australia, the CSIRO and the Bureau of Meteorology have converted broad-scale 

climate change projections from a wide range of GCMs into local-scale regional 

projections for the South-East Queensland (SEQ) region using the CSIRO Conformal-

Cubic Atmospheric Model (CCAM) (McGregor, 2005; McGregor and Dix, 2001; 

McGregor and Dix, 2008). The resolution of these downscaled projections varies from 

15 km to 60 km, making them more reflective of local climate than the commonly used 

GCM outputs. The downscaled data have recently become available for local 

investigations in SEQ, such as the one presented in Chapter 7 of this thesis. 
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Modelling of lake mixing induced by air-bubble plumes and the effects 

on evaporation 

 

Abstract: One of the main concerns regarding water storage in Australia, and other 

semi-arid countries, is the high rate of evaporation that inevitably leads to significant 

water loss. In this paper, the use of air-bubble plume systems to reduce evaporation 

from large reservoirs is assessed. A destratification system was designed for a large dam 

based on its depth and stratification strength with the intention of destratifying the 

reservoir in a short time period. The model DYRESM was then used to simulate the 

water dynamics under destratification conditions. Different strategies for the operation 

of the aeration system were assessed, from 10-day operation periods at times of high 

evaporation rates to continuous operation over longer time spans. The modelled water 

column temperatures and evaporation rates were analysed and it was found that artificial 

destratification was only effective in reducing evaporation in spring. In summer, heat is 

added to the water at a rapid rate, and artificial destratification only helps reduce 

evaporation in the initial days of operation. The effect of artificial destratification in 

reducing evaporation in autumn depends on the operation of the system during summer. 

If operated in summer, the rates of evaporation in autumn will increase due to the 

additional heat added to the water during the summer. In winter, overturn takes place 

and artificial destratification has no influence on water temperatures and evaporation. It 

was concluded that aeration by air-bubble plumes would only be effective in reducing 

evaporation if the hypolimnetic water does not become warm when mixing takes place. 

This is an ideal situation, but is unlikely to happen in practice. 

Keywords: evaporation; aeration; destratification; water temperature, DYRESM 
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3.1. Introduction 

In hot, dry areas, the loss of water from open water reservoirs through evaporation 

can be significant. In countries where water is becoming scarce – as a result of 

population growth, industrial development, increase of living standards and irrigated 

agriculture – minimizing evaporation losses is becoming more important. Gökbulak and 

Özhan (2006) estimated that annual evaporation from lakes and dams in Turkey is 

greater than the amount of water withdrawn for domestic and industrial purposes across 

the country. In the semi-arid region of south-eastern Spain, evaporation from reservoirs 

was found to be equivalent to 27% of the urban demand (Martínez Alvarez et al., 2008). 

In northern New South Wales and Queensland, Australia, annual evaporation loss was 

estimated to be as high as 40% of the total storage capacity (Craig et al., 2005). These 

examples suggest that important water savings could be achieved by reducing 

evaporation from open water storages in arid and semi-arid countries. 

Australia is estimated to have around 92,000-hm
3
 capacity for surface-water storage, 

comprising 84,000 hm
3
 in large dams (Australian Bureau of Statistics, 2006) and 8,000 

hm
3
 in farm dams (National Land & Water Resources Audit, 2001). In Queensland, the 

storage capacity is 11,000 hm
3
 with Wivenhoe Dam (Figure 3.1) alone being 

responsible for 2,600 hm
3
 (SEQWater, 2009). Approximately 1,160 hm

3
 of the stored 

water in Wivenhoe is used to supply water to the south-east Queensland region and 

about 160 hm
3
 evaporates each year, which would be sufficient to supply around 1.5 

million people during a year. 

 

Figure 3.1. Location of Wivenhoe Dam in Australia and the hypothetical location of 

a destratification system 
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Recent studies have investigated the application of different mechanisms to reduce 

evaporation from large dams, such as Wivenhoe, in Queensland. McJannet et al. 

(2008a) studied the effects of modifying the dam’s surface area to volume ratios and 

concluded that this would not yield significant evaporation reductions. The same 

authors also studied the use of monolayers and found a possible reduction in 

evaporation of 10% - an important saving - although with questionable effects upon the 

water quality (McJannet et al., 2008b). Yao et al. (2010) investigated the effectiveness 

of suspended and floating covers in reducing evaporation from Wivenhoe Dam and the 

results showed an impressive reduction in evaporation of 76% for suspended covers and 

68% for floating covers. However, the size of Wivenhoe Dam, the risk to dam wall 

integrity during flood events, and the likely (but unknown) adverse impact on water 

quality immediately eliminates the possibility of covering the whole dam and a smaller 

area of application would need to be considered. Helfer et al. (2009a) investigated the 

use of windbreaks as a mechanism to reduce evaporation from large dams and found a 

minor reduction of only 5.6% in evaporation rates. 

One other technique that could be used to reduce evaporation from open waters is 

lake aeration (or destratification) by bubble plumes. Air-bubble plumes have been 

suggested by Koberg and Ford (1965) and Hughes et al. (1975) as a mechanism for 

evaporation control and tested recently by van Dijk and van Vuuren (2009) and Helfer 

et al. (2011a) but with no success for small, shallow dams. 

Artificial destratification has long been reported in the literature as a common 

technique to break down or impede the formation of thermal stratification in lakes to 

improve water quality (eg, Scott and Foley, 1921; Cooley and Harris, 1954; Fast, 1968; 

Tolland, 1977; Burns and Powling, 1981; Schladow and Fisher, 1995; Imteaz et al., 

2003; Amano, 2004; Imteaz et al., 2009). Thermal stratification generally occurs in 

large, deep water bodies at mid and high latitudes, in zones with four well defined 

seasons. The process starts in mid spring when air temperatures are rising. During early 

spring, these water bodies show an evenly distributed temperature profile as a result of 

the cooling process which takes place in winter. As the air temperatures start to rise, the 

rate of surface heating begins to exceed the rate of transfer of heat to deeper water 

layers. As a result, the surface of the water body becomes warmer than the bottom and a 

zone of generally rapid decrease in temperature, called the thermocline, develops just 

below the surface layer. This thermal stratification impedes the hypolimnetic water from 

having contact with the atmosphere and re-oxygenating. Consequently, the stagnated 
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hypolimnetic water can become anoxic, which affects the aquatic life and gives rise to 

the release of nutrients and metal compounds from the sediments at the bottom of the 

lake. This eutrophication greatly affects the quality of the water for consumption 

(Mortimer, 1941). The limited mixing between the warm surface and the cold bottom 

waters is also an indication of increased evaporation rates (Eichinger et al., 2003; 

Rosenberry et al., 2007). 

A number of reviews have outlined the methods used for destratifying lakes 

artificially (Tolland, 1977; Henderson-Sellers, 1982), which include mechanical stirrers, 

water pumps and air-bubble plume systems. For reservoirs, the most common 

destratification device is an air-bubble plume system (Imberger and Patterson, 1990), 

which consists of a perforated pipe at the bottom of the lake, through which compressed 

air is pumped. As the air-bubbles rise to the surface they carry the hypolimnetic cold 

fluid with them. This colder water is ejected from the plume when the density of the air-

water mixture is approximately equal to the ambient density or when the surface is 

reached. Once ejected, and being relatively heavy in comparison to the ambient water, 

the cold water drops, and mixing occurs, reducing thermal stratification. Should the 

detrainment process occur before the surface is reached, the bubbles continue to rise and 

further water is entrained, forming a new plume and a later detrainment at a higher 

level. This process may be repeated several times until the air-bubbles reach the surface. 

The success of the mixing will depend basically on the plume being sufficiently buoyant 

to overcome the strength of the stratification. The efficiency will thus depend on the air-

flow rate injected into the water and the stratification strength (McDougall, 1978; 

Schladow, 1992; Asaeda and Imberger, 1993). 

The potential of destratification by bubble plumes in reducing evaporation is related 

to the change in surface water temperature brought about by the mixing device. The 

cold bottom water lifted up by the air mixes with warm water, reducing the temperature, 

and consequently, evaporation rates. Given this principle, the most important condition 

to achieve significant evaporation suppression from lakes is the existence of sufficient 

water depth (greater than ±18 m) to produce a marked natural thermocline and provide a 

relatively large volume of cold water for mixing (Hughes et al., 1975). 

In this study, the use of destratification by air-bubble plumes to reduce evaporation 

from large dams is investigated using modelling techniques. A special focus is given to 

the seasonal effectiveness of artificial destratification by analysing the performance of 
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the technique over a period of 3 years. Different designs of air-bubble plume 

destratification systems and operating strategies are tested in order to find a 

combination that maximizes the reduction in evaporation. 

3.2. Air-bubble plume model and design 

In the past, the design methodologies for destratification systems were based on 

empirical approaches, such as those of Lorenzen and Fast (1977) and Davis (1980) 

which neglected the fact that bubble-plumes have different behaviour under different 

conditions. An advance in understanding plume behaviour came from McDougall 

(1978), who developed a model to describe the rise, detrainment and reformation of a 

bubble plume in stratified environments. The model is based on the integration of 

equations of conservation of mass, momentum and buoyancy for a single-phase buoyant 

plume but maintaining the buoyancy effects of stratification, bubble slip and bubble 

expansion. McDougall (1978) and Schladow (1992) found that the behaviour of a 

bubble plume is controlled by two main non-dimensional parameters, MM and CS: 
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where Q0 and QB are the air-flow rates at atmospheric pressure and at the bottom of the 

water body respectively (m
3
 s

-1
), Pa is the atmospheric pressure (Pa), H is the total 

pressure head at the diffuser level including atmospheric pressure (m), ha is the 

equivalent head of water (≈10.3 m), N is the buoyancy frequency (s
-1

), defined as N(z) = 

[-(g/ρr)dρ0/dz]
1/2

, where g is the gravity (m s
-2

), ρr is the reference liquid density (kg m
-

3
) and dρ0/dz is the density gradient (kg m

-3
 m

-1
). The term us is the slip velocity of the 

bubbles relative to the liquid in the plume (=0.3 m s
-1

) and α is the entrainment 

coefficient (dimensionless), taken to be 0.083 (Milgram, 1983). The parameter MM 

represents the air source strength compared to the pressure head and CS represents the 

effect of the stratification compared to the strength of the source. A high value of CS 

represents a case where stratification is strong compared to the source strength. On the 

other hand, a low value of CS represents a high source strength compared to the level of 

stratification and favours the plume reaching the surface without any internal 
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detrainments. Aeration systems with the same values of MM and CS are expected to 

promote the same mixing patterns in the water. 

In order to dismantle a thermal stratification structure, high air-flow rates will be 

required if the stratification is strong, and low air-flow rates will be required if the 

stratification is weak. If the air-flow rate is too low compared to the stratification 

strength, it will make the plume detrain water before reaching the surface, sometimes 

even before reaching the thermocline. However, if the plume is to be effective, it must 

penetrate this region. If the flow rate is too high and stratification is weak, the plume 

will only detrain at the surface and energy will be wasted. Physically, the first case will 

occur whenever the additional buoyancy imparted by the bubbles is insufficient to 

counter the negative buoyancy of the hypolimnion water. The second case will occur 

whenever the difference between mean plume density and ambient density remains 

positive through the entire water column. These two considerations indicate that an 

optimum air-flow rate that provides complete disintegration of the thermal structure 

with minimum waste of energy may be found, such that the difference between plume 

and environment densities (density anomaly) just becomes zero at the surface (Patterson 

and Imberger, 1989). 

This effect can be demonstrated by analysing the efficiency of the process, given by 

the relation between the change in stored potential energy in time (ΔPE) and the net 

energy input by the aerator during this time, given by (ρr QB h g Δt). Therefore, from the 

discussion above, for a fixed stratification value of magnitude N, a value of QB may be 

found which maximizes the destratification efficiency. 

A design methodology based on this theory has been suggested by Schladow (1993) 

and Asaeda and Imberger (1993). An outline of the application of these methodologies 

is presented by Lemckert et al. (1993). The design methodologies consist of finding the 

air-flow rate per diffuser and the number of ports required to dismantle efficiently a 

given stratification (represented by the equivalent linear profile, NE suggested by 

Lemckert and Imberger, 1993) and depth. 

3.3. Dynamic Reservoir Simulation Model (DYRESM) 

In this study, the one-dimensional processed-based model DYRESM (Imberger and 

Patterson, 1981) was applied to model lake mixing dynamics under artificial 

destratification conditions and predict water temperatures and evaporation rates. This 
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model takes lake morphometry (represented by a depth-area relationship of the lake), 

daily or sub-daily meteorological forcing data (solar radiation, wind, air temperature 

and air humidity), volume of inflows and outflows, and then produces daily outputs for 

water temperature, salinity and density. In DYRESM, the reservoir is represented by a 

series of horizontal layers of uniform properties. These layers are dynamic in thickness 

due to changes in volume produced by mixing, inflows, outflows, rainfall and 

evaporation. 

The five basic processes modelled by DYRESM are: surface fluxes of heat, mass 

and momentum; mixed layer dynamics; vertical diffusion in the hypolimnion; inflows; 

and outflows. The model was later updated to include the mixing by destratification 

systems such as bubble plume diffusers and surface mechanical mixers with draft tubes 

(Patterson and Imberger, 1989). 

Within the scope of this paper, the processes of surface fluxes, surface mixed layer 

dynamics and artificial mixing by air-bubble plume assume more importance. The 

evolution of the model and the other routines are fully described in the literature 

(Imberger et al., 1978; Spigel and Imberger, 1980; Imberger and Patterson, 1981; 

Patterson et al., 1984; Hocking et al., 1988; Patterson and Imberger, 1989). 

Surface fluxes 

The surface heat, mass and momentum exchanges comprise the primary mechanisms 

for heating, mixing and stratifying a water body in DYRESM. The surface energy 

fluxes are computed using bulk aerodynamic formulae. The fluxes of long-wave 

radiation, sensible heat and evaporation are assumed to operate on only the surface 

layer. Short-wave radiation heat input, on the other hand, decays through the water 

column according to the Beer-Lambert law. For the evaporative heat flux, the bulk 

aerodynamic formula used is: 

 - lh a E lh a a sQ L C U q q         (3.3) 

where Qlh is the latent heat flux due to evaporation (W m
-2

), ρa is the air density (=1.2 

kg m
-3

), LE is the latent heat of evaporation (=2.453E+6 J Kg
-1

), Clh is the latent heat 

transfer coefficient (a parameter that is dependent on the water body characteristics), Ua 

is the wind speed at the reference height of 10 m (m s
-1

), qa is the specific humidity in 

the air (mass of water vapour per unit mass of moist air) and qs is the specific humidity 
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at saturation pressure, which is a function of the surface water temperature (Brutsaert, 

1982). 

The surface mass exchanges include rainfall (input) and evaporation (output). The 

mass of the evaporated water during a given time interval is calculated as: 

E

Nlhlh

N
L

AQ
M           (3.4) 

where 
lh

NM  is the evaporating mass (kg s
-1

) from the surface layer with area AN (m
-2

). 

Mixed layer dynamics 

The formation and deepening of the epilimnion is computed by evaluating the 

turbulent kinetic energy budget in the surface mixed layer and the required potential 

energy for mixing this layer and the adjacent layer. A full description of the process of 

mixing is given by Yeates and Imberger (2003). 

The turbulent kinetic energy budget is composed of three main processes: 

convective overturn (where energy is released from the decrease in potential energy 

resulting from dense water falling to a lower level), stirring (where energy from the 

wind stress is applied to the surface layer), and shear (where kinetic energy is 

transferred from upper to the lower layers in the water column). The total available 

energy is compared with the potential energy required to deepen the mixed layer by one 

computational layer. If the energy available is greater than the energy required, 

deepening of the surface mixed layer takes place and the available energy is 

decremented by this energy required for mixing. The process is repeated until there is 

no remaining energy to continue the deepening process. 

Whenever layers are mixed together, the layer properties are redistributed according 

to the conservation laws. This is valid for temperature, salt, energy and momentum: 

1ii

1i1iii
new

MM

MCMC
C








         (3.5) 

where the subscripts refer to layer indices and C is the property being conserved 

(energy, salt or momentum) and M is the layer mass. For conservation of temperature, 

the above assumes the specific heat to be constant. 



CHAPTER 3  

38 
 

Mixing by air-bubble plumes 

An algorithm to model the mixing of the water by artificial air-bubble plume 

systems was incorporated into DYRESM and successfully validated with field data in 

previous studies, such as Patterson and Imberger (1989), Imteaz and Asaeda (2000) and 

Lewis et al. (2001). The mixing model is based on the single plume model described by 

McDougall (1978). The model uses the same layer discretisation used in the main 

model, with the bubble plume entraining water from each layer as it passes through 

them as a result of the integration of equations for mass, momentum, and buoyancy. The 

stratification through which the plume rises is not confined to being linear, but rather it 

is the simulated density profile from the previous time-step. 

The plume density is the density of the mixture of air and water. As it rises, the 

effective buoyancy anomaly decreases as entrainment lowers the plume density at the 

same time that the ambient density decreases (if the water is stratified). Eventually, the 

buoyancy anomaly becomes zero, at which height the plume is ejected horizontally into 

the reservoir, and the plume restarted. The detrained water is immediately routed to its 

neutrally buoyant level, without entrainment. 

The inputs for this destratification part in DYRESM include the number and depth 

of diffusers operating in the lake, the number of holes on each diffuser and the total 

daily air-flow rate per diffuser. 

3.4. Model set-up and verification 

Wivenhoe Dam (see Figure 3.1) is a large dam built on the Brisbane River with its 

main purposes being flood mitigation and the supply of potable water to the south-east 

Queensland region, Australia. At full capacity, this dam has a volume of 1,160 hm
3
 and 

a surface area of 107 km
2
, with a maximum depth of 40 metres. The elevation-area-

volume curves are presented in Figure 3.2. 

In this study, vertical mixing processes were assumed to be more important than 

horizontal advective processes, such as inflows and outflows, in determining the vertical 

temperature distribution in Wivenhoe Dam. In large reservoirs such as this, where 

inflows and outflows have only localized effects on water temperature, these flows can 

be neglected when predicting the temperature in the central portion of the lake (Ivey and 

Patterson, 1984). Moreover, other studies on the temperature dynamics of Wivenhoe 
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Dam (eg, Yao, 2008) have found good agreement between modelled and measured 

temperatures without considering inflows and outflows. 

 

Figure 3.2. Elevation-area-volume curve for Wivenhoe Dam 

Model verification for water temperatures 

Field measurements of Wivenhoe Dam’s water temperature were obtained from 

South East Queensland Water and used to verify DYRESM. The year 2007 was chosen 

due to the availability of reliable temperature records. The temperatures were measured 

from the surface to 21 metres below the surface at 3-m intervals every 7 days. 

The light extinction coefficient, albedo and bulk transfer coefficient were applied to 

calibrate DYRESM. The light extinction coefficient influences the thermodynamics of 

the lake through the varying water column heat absorption (Kling, 1988), but no 

measured data for this parameter was available for Wivenhoe Dam. The light extinction 

coefficient is a relatively uncertain factor. It is usually not measured directly but 

calculated using empirical formulae relying on other parameters like secchi-disk depth 

or phytoplankton concentrations (Hornung, 2002). Therefore, a mean annual, depth 

averaged value had to be assumed for the simulations. We tested different values in 

DYRESM, from 0.3 to 2.0 (Tanentzap, 2006; Kirk, 2003) and compared the simulated 

water temperature to the measured temperature. The best adjustment was achieved for a 

value of 1.5 m
-1

. This relatively high value seems justified, since the lake was modelled 

at a relatively shallow water depth, which resulted in higher turbidity than at full 

capacity, giving a high value for the attenuation coefficient (Oliver et al., 2000). 

The albedo of the water is another site specific parameter. It is the ratio of the global 

short-wave reflected radiative flux and the flux of the corresponding incident radiation. 

Generally, the albedo is a rather complex function of the angle of the sun, the relative 

proportion of direct and diffuse radiation (which is a function of the cloud cover 
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fraction) and the surface roughness (which is a function of wind velocity and the water 

colour) (Hornung, 2002). For calculations of daily radiation totals, it is common 

practice to use a mean value of the albedo (eg, Brutsaert, 2005). In this study, three 

mean values of albedo were tested, 0.06, 0.08 and 0.12, following Tanentzap et al. 

(2007). When comparing modelled and measured water temperatures, the best 

adjustment was obtained with a mean annual albedo set equal to 0.12. 

The bulk transfer coefficient Clh incorporates the variability induced by influences 

such as the stability of the meteorological boundary layer over the water surface, the 

fetch length, wind duration and water depth (Fisher et al., 1979). In DYRESM, this 

value is taken as a constant unless the user enables the algorithm for non-neutral 

atmospheric stability, in which case the value of Clh is found from an iterative procedure 

as outlined in Hicks (1972). In the current study, neutral atmospheric stability was 

assumed (following similar studies - eg, Hornung, 2002; Gal et al., 2003; Yeates and 

Imberger, 2003; Tanentzap, 2006). 

As local data was limited, an indirect calibration was used - comparing modelled 

water temperatures with measured water temperatures for values of Clh ranging from 0.8 

x 10
-3

 to 1.6 x 10
-3

 (Fisher et al., 1979). The value of 1.4 x 10
-3

 yielded the best 

agreement between model and field data and it is in accordance with the value 

suggested for remote land-based meteorological stations by the TVA report (1972) and 

with the mean values of Clh presented by Hicks (1972) for water bodies of different 

sizes. 

Figures 3.3 and 3.4 show that the calibrated model reproduced very well the 

observed seasonal variation as well as the magnitude of the water temperatures. The 

coefficient of determination (R
2
) for the adjustment, considering 52 days of available 

measured data, was 0.92, the root-mean-square error (RMSE) was 0.9
o
C and the mean 

bias error (MBE) was -2.0%. 
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a)  a) Measurement b)  b) Simulation 
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Figure 3.3. Isotherms for 2007 in Wivenhoe Dam. a) Measured data, b) Simulated 

data. Available measurements were up to 21 metres under the water 

a) Summer – 10/02/2007 b) Autumn – 01/04/2007 
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Figure 3.4. Measured and simulated temperature profiles on four representative days 

during the simulation period. Solid line = simulated data, red circles = measured data 

Model verification for evaporation 

DYRESM has been successfully utilised worldwide and validated for the energy 

balance and water temperature under a wide range of reservoirs and climatic conditions 

(eg, De Stasio et al., 1996; Schladow and Hamilton, 1997b; Gal et al., 2003). This 

infers that making an exact local validation for evaporation (while ideal) would be not 

essential. The main reason for this is that DYRESM is a process-based hydrodynamic 
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model with a site-independent hydrodynamic representation (Schladow and Hamilton, 

1997b). 

Hipsey (2006), an important reference for evaporation research, also assumed that 

the model has been validated for evaporation, given the fact that it relies on 

parameterisations derived from detailed process studies (both from field and 

laboratory). This author also states that because of DYRESM’s ability to accurately 

capture in detail the vertical thermal structure, surface water temperature predictions - 

which are important for evaporation calculation - are predicted to a high level of 

confidence when compared to other methods. Moreover, for calculation of the flux of 

latent heat from the water surface to the atmosphere, DYRESM employs the familiar 

bulk aerodynamic formulae, which have been shown to competently capture the surface 

fluxes of latent heat, as well as momentum and sensible heat from a variety of water 

bodies. 

In this study, an indirect validation for evaporation was undertaken, based on 

measurement data collected from a nearby lake. This lake, called Logan’s Dam, was 

chosen because direct measurements of evaporation from Wivenhoe Dam were not 

made for the study period, nor was there any data available from previous studies so as 

to perform a site-specific validation. Logan’s Dam has a surface area of 17 hectares and 

a maximum depth of 6.5 metres and is located in the same area as Wivenhoe Dam’s, 

approximately 30 km away. Hence, both lakes are under the same generic climatic 

conditions and, therefore, evaporation forcing factors are similar. While this in not an 

ideal validation procedure, it was the best option available, given the lack of appropriate 

evaporation data for Wivenhoe Dam. 

Furthermore, results from other indirect validation methodologies carried out for 

Wivenhoe Dam will be presented in this section, such as the comparison of DYRESM 

daily evaporation estimates with evaporation estimates derived from the well-

established Penman-Monteith model (Monteith, 1965) and monthly pan evaporation 

measured by the Australia Bureau of Meteorology (Bureau of Meteorology, 2009a). The 

latter approach was also used by Hipsey (2006) to show the high accuracy of 

DYRESM’s predictions for evaporation from dams located in different regions in 

Australia, including Queensland. 

Logan’s Dam is being used as an experimental site for investigations on evaporation 

reduction mechanisms (see Helfer et al., 2011a; 2011b; McJannet et al., 2011) through a 
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project carried out by the Urban Water Security Research Alliance (Urban Water 

Security Research Alliance, 2010). Helfer et al. (2011a) used DYRESM to model the 

water temperature of the lake under baseline and artificial destratification conditions. 

The model was previously validated for water temperature using daily temperature 

measurements taken over a 7-month period. 

All the water inputs and outputs have been monitored at Logan’s Dam so as to 

accurately determine the evaporation through water balance. From Figure 3.5, it can be 

seen that the agreement between the daily evaporation estimated with water balance and 

the DYRESM estimates are very strong. The coefficient of determination (R
2
) is 0.77 

with a root-mean-square error (RMSE) of 0.7 mm day
-1

 and a mean bias error (MBE) of 

3%.  

 

Figure 3.5. Comparison of DYRESM predicted evaporation and evaporation 

measured through water balance for Logan’s Dam, Queensland 

Evaporation rates from Wivenhoe Dam estimated using DYRESM for the year of 

2007 (for which reliable water temperature data were available) were compared with 

evaporation rates estimated using the well-established Penman-Monteith equation, 

taking into account the heat storage in the water body, as presented by Finch and Hall 

(2001). We used the temperature data estimated by DYRESM, which compared very 

well with field data, as shown in the previous section. The simulated temperatures were 

used rather than measured temperatures because the latter set of data was only available 

on a weekly basis. For daily evaporation, the agreement between the two models was 

notable, with a coefficient of determination (R
2
) of 0.64, a root-mean-square error 

(RMSE) of 1.1 mm day
-1

, and a mean bias error (MBE) of -9.0% for the one-year set of 

data. The MBE was -6.0% in summer and -1.4% in winter, with the Penman-Monteith 

estimates being significantly greater than DYRESM’s estimates in summer. For 
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monthly estimates, the coefficient of determination was 91%, the RMSE was 0.6 mm 

day
-1

, and the MBE was -6.0%. 

The 2007-monthly mean daily evaporation estimated with DYRESM was also 

compared with the 2007-monthly mean daily Class A pan evaporation and with the 18-

year monthly mean daily Class A pan evaporation published by the Australian Bureau 

of Meteorology (BoM).  The pan coefficient used was 0.7, following Stanhill (1976), 

which is within the published range of values reported for Queensland (Weeks, 1983). 

The R
2
, RMSE and MBE values were 0.84, 0.4 mm day

-1
 and -7.5% respectively, for 

the 2007 set of data, and 0.70, 0.7 mm day
-1

 and 8.0% for the 18-year monthly average 

data. The results in Figure 3.6 show the comparisons of DYRESM estimates for 

monthly mean daily evaporation with the Penman-Monteith estimates and with the BoM 

data. 

 

Figure 3.6. Comparison of DYRESM predicted evaporation and other evaporation 

estimates 

Therefore, in this study, based on the presented indirect validation methods used to 

evaluate the model DYRESM, we have worked with the assumption that the model has 

been validated for the calculation of the surface flux of evaporation. 

3.5. Simulations and discussion 

A 3-year period from 01/01/1984 to 31/12/1986 was chosen to study the utilisation 

of artificial aeration in Wivenhoe Dam. This period was selected due to availability of 

suitable and consistent data. The measured water temperature profile in January/2007 

was used to build an initial profile for January/1984. The very high similarity between 

the air temperatures in those years was the main reason for this approach. Also, the 

mean monthly air temperatures in December/2006 and December/1983 were checked 
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against each other. The similarity infers that the previous conditions during both distinct 

periods would produce similar water profiles in January. In addition, the 2007 data was 

used to test the sensitivity of the model to the initial profile. The results showed a very 

low dependence of the temperatures on the initial profile and depth of the mixed layer, 

with the temperatures of the first month (January) affected very slightly and 

temperatures from the end of summer uninfluenced for a wide range of initial 

temperature magnitudes and depth of the mixed layer. 

The initial water level was set at 25 metres, for which the corresponding surface area 

is 31.2 km
2
. The source of the main meteorological data was the SILO database (Bureau 

of Meteorology, 2009b) which consists of interpolated meteorological variables on a 

0.05° (6 km) grid for the whole of Australia (Jeffrey et al., 2001). Wind speed data was 

taken from the nearest Bureau of Meteorology station, located around 20 km from the 

study site. Figure 3.7 shows the meteorological inputs necessary for DYRESM. Mean 

daily values were used for input. 

From Figure 3.7, it can be seen that the Wivenhoe region is characterized by four 

well-defined seasons, with hot, humid summers and cold, dry winters. The average air 

temperature in summer during the 3-year period was 25
o
C and in winter, 14

o
C. The 

mean annual temperature was 20
o
C. These temperatures characterize a typical temperate 

climate. Solar radiation is also seasonal, with higher values in summer than winter. The 

average wind speed over the 3-year period was 2.5 m s
-1

 with no distinct seasonal 

variation. Vapour pressure follows the same trend as temperature and solar radiation, 

with high values in summer and low values in winter. The deficit of vapour pressure 

(not shown in the figure) is also higher in summer, indicating that higher rates of 

evaporation are expected during this season. 
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Figure 3.7. Meteorological data for Wivenhoe Dam. Rainfall, vapour pressure, air 

temperature and solar radiation are from SILO data drill. Wind Speed was taken from 

the nearest Bureau of Meteorology station located 20 km from the study site 

Water temperature and evaporation – baseline simulation 

Figure 3.8 shows the simulated water temperature for the whole period of study. The 

seasonal variation in temperature is evident, with high temperatures in summer and 

lower in winter. These are reflection of the seasonal variation of the air temperature and 

solar radiation shown previously in Figure 3.7. 

0 

10 

20 

30 

40 

V
a
p

o
u

r 
P

re
s
s
u

re
  
(m

b
) 

Vapour Pressure 

0 

5 

10 

15 

W
in

d
  
S

p
e

e
d

 
(m

/s
) 

Wind Speed 

0 

10 

20 

30 

40 

A
ir

 T
e
m

p
e

ra
tu

re
  

(o
C

) 

Air Temperature 

0 

100 

200 

300 

400 

S
o

la
r 

R
a
d

ia
ti

o
n

 (
W

/m
2
) 

Julian Day (01/01/1984 - 31/12/1986) 

Solar Radiation 



CHAPTER 3  

47 
 

D
e
p

th
 (

m
) 

 

T
e

m
p

e
ra

tu
re

 (
oC

) 

Figure 3.8. Simulated water temperature for Wivenhoe Dam – 01/01/1984 to 

31/12/1986 

Thermal stratification persists from September until the beginning of April (the 

warmer months of the year in Australia), including spring, summer and half of the 

autumn season. During winter, Wivenhoe is characterised by well-mixed water profiles. 

The mostly stratified days in the entire period of simulation were 09/02/1984, 

11/01/1985, 22/12/1985 and 14/01/1986, with drops of more than 1.5
o
C m

-1
 in the 

metalimnion. The average temperature of the hypolimnion during the 3-year period was 

15.2
o
C, varying from 13.8 to 19.3

o
C. The average surface temperature was 22.5

o
C, 

varying from 13.8 to 32.6
o
C. Table 3.1 summarises the characteristics of the water 

temperature and evaporation per season for Wivenhoe Dam, based on this 3-year period 

simulation. 

Table 3.1. Wivenhoe Dam’s baseline water temperature and evaporation for the four 

seasons – average of 3-year simulated data 

 
Summer 

(Dec, Jan, Feb) 

Autumn 

(Mar, Apr, May) 

Winter 

(Jun, Jul, Aug) 

Spring 

(Sep, Oct, Nov) 

Surface 

Temperature 

(oC) 

27.7 

(min = 22.1, max = 

32.6) 

23.6 

(min = 17.9, max = 

29.5) 

16.4 

(min = 13.8, max = 

20.5) 

22.2 

(min = 15.9, max = 

27.9) 

Hypolimnion 

Temperature 

(oC) 

15.3 

(min = 14.2, max = 

16.1) 

15.6 

(min = 14.4, max = 

19.2) 

15.1 

(min = 14, max = 18.5) 

14.9 

(min = 14.2, max = 

16.0) 

Depth of well 

mixed layer (m)a 
2.5 

(min = 0.5, max = 7.0) 

7.0 

(min = 0.5, max = 25) 

17.8 

(min = 0.5, max = 25) 

3.2 

(min = 0.7, max = 25) 

Buoyancy 

frequency (s-1) 

0.033 

(min = 0.025, max = 

0.041) 

0.025 

(min = 0.006, max = 

0.037) 

0.010 

(min  = 0.006, max = 

0.021) 

0.024 

(min = 0.006, max = 

0.035) 

Evaporation 

(mm/day) 

4.6 

(min = 0.15, max = 

10.9) 

3.0 

(min = 0.1, max = 11.0) 

1.7 

(min = 0.1, max = 9.0) 

3.6 

(min = 0.1, max  = 

17.2) 

Evaporation 

(mm/season) 
412 279 160 323 

aDepth of well mixed layer: defined as the depth above which the vertical temperature gradient is less than 0.45oC m-1 
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Figure 3.9 shows the variation in evaporation rates calculated by DYRESM as a 

function of the simulated water temperature (Eq. 3.3 and Eq. 3.4). Total evaporation is 

1,106 mm, 1,140 mm and 1,293 mm for the years of 1984, 1985 and 1986, respectively. 

The seasonal variation of evaporation is well defined, as a reflection of the air 

temperatures and solar radiation shown in Figure 3.7, and also of the water vapour 

deficit, which is higher in summer and lower in winter. The calculated 3-year average 

evaporation in summer (December, January and February) is 412 mm, in autumn 

(March, April and May), 279 mm, in winter (June, July and August), 160 mm and in 

spring (September, October, November), 323 mm. 

 

Figure 3.9. Estimated evaporation from Wivenhoe Dam – 01/01/1984 to 31/12/1986 

Water temperature and evaporation under destratification conditions 

The design of the destratification system to dismantle the thermal stratification of 

Wivenhoe Dam was based on the model proposed by Asaeda and Imberger (1993), and 

outlined by Lemckert et al. (1993). The design of the air-flow rate per port is based on 

the depth of the diffuser in the dam and the stratification strength (buoyancy frequency). 

The number of ports on each diffuser, in turn, is determined as a function of the 

reservoir’s volume, the designed air-flow rate and the desired time to achieve complete 

destratification. The model’s outputs, therefore, are the air-flow rate to be injected into 

the water and the number of ports. 

For this investigation, the time to achieve complete destratification was set to 5 

days. The time was chosen based on the fact that thermal stratification has to be broken 

rapidly, so that the water at the surface becomes colder from the beginning of the warm 

season, and higher reductions in evaporation are achieved. For water quality 

improvement, however, the time usually selected is 21 days (Schladow, 1991; Lemckert 

et al., 1993). 
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Based on the simulated water temperature (Figure 3.8), the diffuser location for the 

first set of simulations was set at 8 metres above the bottom (approximately 17 metres 

below the free surface and 7 metres below the stratification zone). This depth was first 

selected in order to avoid the necessity of pumping high air-flow rates into the water, 

which would be the case if the diffuser was placed at the bottom of the lake. It is 

important to note, however, that the volume of cold water lifted by the 17-m deep 

destratification system is much less than that lifted by a 25-m deep system and this may 

be crucial for the effectiveness of the technique. Therefore, a 25-m deep destratification 

system was also tested in this study. 

The stratification profile chosen is from 22/12/1985 (Figure 3.10), where drops of up 

to 1.5
o
C m

-1
 in the metalimnion were observed, with epilimnion temperature equal to 

32
o
C and hypolimnion temperature equal to 14.3

o
C. The equivalent linear profile NE 

(Lemckert and Imberger, 1993) for the 17-m deep destratification system has a 

magnitude of 0.050 s
-1

. For the whole water column, NE = 0.041 s
-1

. 

 

Figure 3.10. Maximum thermal gradient in Wivenhoe Dam during the period from 

01/01/1984 to 31/12/1986 

Using the above-mentioned information, the application of the design methodology 

for the 17-m deep destratification system resulted in 750 plumes, each operating at an 

air-flow rate of 0.001 m
3
 s

-1
, resulting in a total air-flow rate of 0.75 m

3
 s

-1
. For the 25-

m deep system, it resulted in 375 plumes, each operating at an air-flow rate of 0.002 m
3
 

s
-1

, totalling 0.75 m
3
 s

-1
. The estimated air-flow rate values are relatively high, which 

can be attributed to the high depth of the dam and to the accentuated thermal gradient. 

It can be noted that the second configuration resulted in a higher air-flow rate per 

plume, which is due to the greater depth of the aerator. The number of plumes, in turn, 

is related to the volume of the dam, to the net entrainment flow rate per plume (see 
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Lemckert and Imberger, 1993 for definition) and to the time set to have the water 

destratified. Since the net entrainment flow for the second design (25-m depth) is higher 

due to a higher air-flow rate, this resulted in a lower number of plumes. 

The first set of simulations was performed with the destratification system operating 

continuously during the entire period of simulation. Afterwards, the simulations were 

performed with the destratification system operational from the beginning of the 

stratification season (September) until the end of March. The description of these 

simulations is presented in Table 3.2. 

Table 3.2. Summary of the simulated scenarios SIM-1 to SIM-4 

Simulation SIM-1 SIM-2 SIM-3 SIM-4 

Diffuser’s depth 

(below surface) 
17 m 25 m 17 m 25 m 

Operation 
Continuously during 

the 3-year period 

Continuously during 

the 3-year period 

Continuously from 

September to March each 

year 

Continuously from 

September to March each 

year 

Air-flow rate per 

port (m3 s-1) 
0.001 0.002 0.001 0.002 

Number of ports 750 375 750 375 

Total air-flow rate 

(m3 s-1) 
0.75 0.75 0.75 0.75 

Parameter MM 0.13 0.20 0.13 0.20 

Parameter CS 6650 5050 6650 5050 

Net entrainment 

rate (m3 s-1) 
472 540 472 540 

Each simulation was analysed by assessing: i) the change in evaporation rates, ii) the 

change in lake temperature (volume-averaged profile temperature, surface temperature 

and volume-averaged hypolimnetic temperature), iii) the change in the average depth of 

the mixed layer and iv) the change in buoyancy frequency (an indicator of the mixing 

efficiency). All these analyses were done for each season and also for the whole year. 

The results are shown in Figure 3.11. 

The total annual evaporation (average of 3 years) for the baseline scenario resulted 

in 1,179 mm, and the annual evaporation for SIM-1, SIM-2, SIM-3 and SIM-4, was 

1,173, 1,172, 1,173 and 1,172 mm, respectively, indicating that only minor changes in 

evaporation rates would be achieved under artificial destratification conditions. 

Similarly, there were only slight changes in seasonal evaporation. For all 

simulations, evaporation in summer decreased around 1.7% in relation to the baseline 

values. In autumn, evaporation increased by around 5.7% for all simulations due to 
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elevation in surface temperature. In winter, evaporation increased by 0.6% for those 

simulations with no operational destratification system during this season, and no 

changes were observed for the system operating continuously over the three years of 

simulation. In spring, all the destratification systems decreased evaporation by around 

3.5%. Nevertheless, the net annual saving was only about 0.5%. 

  

  

  

SIM-1: 750 ports, 0.001 m3 s-1, operating continuously during 3 years 

SIM-2: 375 ports, 0.002 m3 s-1, operating continuously during 3 years 

SIM-3: 750 ports, 0.001 m3 s-1, operating continuously from September to March 

SIM-4: 375 ports, 0.002 m3 s-1, operating continuously from September to March 

Figure 3.11. Mean values of lake evaporation, lake temperature, depth of mixed 

layer and buoyancy frequency for each season – results from the baseline, SIM-1, SIM-

2, SIM-3 and SIM-4 
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As for lake mixing, SIM-2 and SIM-4, with the diffuser placed at the bottom of the 

lake, were more effective than SIM-1 and SIM-3. This is evidenced by noting the 

change in the depth of the mixed layer, the average buoyancy frequency, the average 

water temperature and the bottom temperature as follows. The depth of the mixed layer 

changed from 7.7 metres in the baseline scenario to around 14.5 metres in SIM-2 and 

SIM-4. The buoyancy frequency changed from a baseline value of 0.023 s
-1

 to 0.013 s
-1

 

in SIM-2 and SIM-4. The buoyancy frequency for SIM-1 and SIM-3 decreased to 0.020 

s
-1

. The simulated water temperatures for SIM-1 and SIM-2 are presented in Figure 

3.12. 

D
e
p

th
 (

m
) 

a) 

 

T
e

m
p

e
ra

tu
re

 (
oC

) 
D

e
p

th
 (

m
) 

b) 

 

T
e

m
p

e
ra

tu
re

 (
oC

) 

Figure 3.12. Simulated water temperature for Wivenhoe Dam under destratification 

conditions for SIM-1 (a) and SIM-2 (b) 

The mean lake temperature increased in the aerated-lake scenarios. For SIM-2 and 

SIM-4, the mean annual temperature increased by 20% and for SIM-1 and SIM-3, by 

14%. This indicates that besides increasing mixing, artificial destratification also causes 

an increase in the heat stored in the water. This is due to the fact that convection is more 

efficient than diffusion to move heat from the surface, where heating by the sun occurs, 

to the bottom. This can be corroborated by noting the temperature of the hypolimnion. 

The mean annual temperature in the hypolimnion was 15.2
o
C in the baseline scenario 

and rose to around 17.0
o
C in SIM-1 and SIM-3, and to 20.3

o
C in SIM-2 and SIM-4 (the 

difference is due to the different heights of the destratification system in the water). All 

these observations indicate that mixing under artificial destratification conditions occurs 

 

 

01/01/84 01/04/84 01/07/84 30/09/84 30/12/84 31/03/85 30/06/85 29/09/85 29/12/85 30/03/86 29/06/86 28/09/86 28/12/86

-20

-15

-10

-5

0

14

16

18

20

22

24

26

28

30

32

 

 

01/01/84 01/04/84 01/07/84 30/09/84 30/12/84 31/03/85 30/06/85 29/09/85 29/12/85 30/03/86 29/06/86 28/09/86 28/12/86

-20

-15

-10

-5

0

14

16

18

20

22

24

26

28

30

32



CHAPTER 3  

53 
 

by the hypolimnion growing at the expense of the epilimnion. In other words, the 

hypolimnion becomes warmer due to mixing with warmer water from the epilimnion, 

which is the opposite to the manner in which natural destratification had been observed 

to occur, with epilimnion cooling at the expense of the hypolimnion. The same 

conclusion was also reached by Schladow and Fisher (1995). 

The temperature profiles on two selected days with high thermal stratification for the 

baseline scenario and for SIM-4 are compared in Figure 3.13a. Although the 

destratification system designs used in SIM-1 to SIM-4 were quite effective in mixing 

the lake for the entire year, the designs were not effective in breaking down the surface 

stratification for those days with more accentuated temperature gradients (summer). 

This can be seen from the graph of the 3-year average mixed layer in Figure 3.11 which 

shows that artificial destratification increased the average depth of the mixed layer in 

summer from 2.5 m in the baseline scenario to around 8.0 metres in the scenarios under 

aeration conditions. 

In order to increase the mixing in the reservoir, particularly to lift more cold water to 

the surface in summer, new destratification designs were set. The idea was to increase 

the total net entrainment in the lake, which is proportional to the number of plumes. The 

air-flow rate per plume was kept at 0.002 m
3 

s
-1

, following SIM-2 and SIM-4. By doing 

so, the net entrainment per plume was also maintained. However, the number of plumes 

was increased to 750 and then to 1,500. The diffuser was considered as being located at 

the bottom. For both simulations, the destratification system was set to operate from 

September to March, as the previous simulations showed that artificial destratification is 

not an efficient mechanism to reduce evaporation from large dams under temperate 

climates. The new set of simulations is summarized in Table 3.3. 

The profiles of the same days shown in Figure 3.13a are shown in Figure 3.13b. The 

results are from SIM-6. It is evident that the new simulation resulted in a more 

homogeneous profile than SIM-1, SIM-3 and SIM-4. However, the surface temperature 

for SIM-6 changed just slightly from the baseline values and the hypolimnion 

temperature increased significantly, corroborating what was observed from the previous 

simulations: artificial destratification only contributes to further increasing the heat in 

the water. 
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Figure 3.13. Temperature profiles on two selected days with high thermal gradients 

and predicted changes under artificial destratification conditions in SIM-4 (a) and SIM-

6 (b) 

Table 3.3. Summary of the simulated scenarios SIM-5 and SIM-6 

Simulation SIM-5 SIM-6 

Diffuser’s depth (below surface) 25 m 25 m 

Operation 
Continuously from September to March 

each year 

Continuously from September to 

March each year 

Air-flow rate per port (m3 s-1) 0.002 0.002 

Number of ports 750 1500 

Total air-flow rate (m3 s-1) 1.5 3.0 

Parameter MM 0.20 0.20 

Parameter CS 5050 5050 

Net entrainment rate (m3 s-1) (m3 s-1) 1080 2160 

Figure 3.14 shows a summary of the results from SIM-4, SIM-5 and SIM-6, and the 

baseline. Following the tendencies demonstrated by the first simulations, the new set of 

simulations also showed that the surface temperature (and evaporation) does not change 

much when mixing is increased. Mixing increased from SIM-4 to SIM-6, as evidenced 

by the diagrams representing the average depth of the mixed layer, the buoyancy 
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frequency, the average profile temperature and the hypolimnion temperature. However, 

the surface temperature, which is the parameter that directly affects evaporation, 

remained the same in comparison with the baseline values. 

  

  

  

SIM-4: 375 ports, 0.002 m3 s-1, operating continuously from September to March 

SIM-5: 750 ports, 0.002 m3 s-1, operating continuously from September to March 
SIM-6: 1500 ports, 0.002 m3 s-1, operating continuously from September to March 

Figure 3.14. Mean values of lake evaporation, lake temperature, depth of mixed 

layer and buoyancy frequency for each season – results from the baseline, SIM-4, SIM-

5 and SIM-6 

  

B
a
s
e
lin

e
 

S
IM

-4
 

S
IM

-5
 

S
IM

-6
 

0 

100 

200 

300 

400 

500 

Summer Autumn Winter Spring 

Evaporation (mm) Baseline 

SIM-4 

SIM-5 

SIM-6 

0 

5 

10 

15 

20 

25 

30 

Summer Autumn Winter Spring Year 

Average Surface Temperature (oC) 

-25 

-20 

-15 

-10 

-5 

0 
Summer Autumn Winter Spring Year 

Average Depth of the Mixed Layer (m) 

0 

5 

10 

15 

20 

25 

30 

Summer Autumn Winter Spring Year 

Hypolimnion Temperature (oC) 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0.03 

0.035 

Summer Autumn Winter Spring Year 

Average Buoyancy Frequency (s-1) 

0 

5 

10 

15 

20 

25 

30 

Summer Autumn Winter Spring Year 

Average Profile Temperature (oC) 



CHAPTER 3  

56 
 

Seasonal variation in temperature and evaporation due to destratification 

As the dynamics of the surface water temperature and evaporation did not vary 

much between the simulations tested in this study, the following analyses for seasonal 

variation are valid for all simulations presented above. 

The effectiveness of air-bubble plume systems in reducing evaporation from 

Wivenhoe Dam was higher in spring than in any other season. The evaporative 

reduction in spring in comparison to the baseline evaporation was around 5%. The 

average temperature was 22.2
o
C which dropped to 21.9

o
C after aeration. 

The most important reason behind the evaporation reductions in spring was the high 

drop in surface temperature observed particularly in the beginning of the season, 

together with the attenuation of the temperature peaks during the whole season. In the 

beginning of the season, the mild air temperatures and solar radiation did not impart 

enough heat energy to warm the cold water brought to the surface and a higher 

reduction in surface temperature, along with evaporation, was observed under 

destratification conditions. 

With the continuous operation of the destratification system and the increasing heat 

added from solar radiation, the temperature of the water in the hypolimnion gradually 

increased from the beginning to the end of spring. The initial temperature was 14.0
o
C 

(September), compared to 22.0
o
C at the end of November. For the baseline scenario, the 

expected temperature at the bottom would be 14.0
o
C from the start to the end of the 

season. Nevertheless, in the end of spring, under destratification conditions, the 

hypolimnion was still slightly colder than the surface. The difference between the two 

temperatures was around 3.5
o
C. 

In the very beginning of summer, the hypolimnetic water brought to the surface by 

the destratification system affected surface temperature and reduced evaporation. It was 

noticed that under destratification conditions, the frequency of surface temperature 

peaks was reduced in the beginning of summer. On the other hand, the minimum 

surface temperatures were increased. These indicate that the surface temperature is 

attenuated under destratification conditions, although the average temperature remains 

nearly the same. The lower number of days with high temperatures however, led to a 

slight reduction in evaporation, of 1.7%. 
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In autumn, evaporation was increased by around 6.0% under destratification 

conditions, even with the system turned off during this season. This increase is related 

to the heating that took place during the previous season, when the system was 

operating. During summer, in the baseline scenario, the average temperature at the 

bottom was around 15.5
o
C, while the surface had a much greater temperature, of around 

28
o
C. Under destratification conditions, on the other hand, the temperature at the bottom 

changed to 25
o
C, and the surface temperature remained the same (28

o
C). This shows 

that the destratification system added more heat to the water, increasing the lake 

temperature. In the beginning of autumn, the temperature of the water was uniformly 

warm from top to bottom due to the constant heating and mixing that took place in 

summer. Under natural conditions, the temperature of the surface would decrease more 

rapidly during autumn. After destratification took place and the temperature of the lake 

in the beginning of autumn became warmer, the process of cooling the surface happened 

more slowly. Therefore, evaporation rates under destratification conditions were slightly 

higher than the baseline rates in autumn. 

In winter, the overturn took place and the water became well mixed and cold from 

top to bottom, which did not alter evaporation rates. 

A new simulation was performed based on the idea that the best solution would be 

turning on the bubbles for short periods during the warmest season (summer). A 

continuous operation of the aeration system from September to November (spring) and 

for 5 successive days in the middle of December, January and February was tested. The 

results did not differ from the previous ones because the hypolimnion water was 

warmed up in spring and kept warm during summer bringing no reductions in surface 

water temperature. A period of cooling down of the hypolimnion would be necessary if 

the plumes are to be effective in summer. 

In order to find a solution, a new simulation was set, this time waiting until summer 

to turn on the destratification system. The idea was to “save” the cold hypolimnion 

water until the time when the highest rates of evaporation take place. 

The aerator was turned on in the beginning of January for only 10 days. When 

taking a close look at those ten days in January (Figure 3.15), it was possible to observe 

that there was a significant reduction in evaporation and surface water temperature 

during the first seven days of operation of the bubble plume system, the period during 

which the surface suffered reduction in temperature due to mixing with the cold water 
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from the bottom. After that, the surface temperature started to achieve the same 

magnitude as the baseline temperature. Eventually, the temperature became higher than 

the baseline, increasing evaporation. The net reduction in evaporation was therefore, 

minor. The increase in temperature after turning off the destratification system can be 

explained by the natural ability of the water column to mix vertically under 

destratification conditions. This natural mixing, similar to a destratification system, 

helps introduce more heat to the water, particularly to the surface layer, increasing 

evaporation. 

 
Figure 3.15. Evaporation (a) and surface temperature (b) changes in January with 

destratification system operating continuously from 05/01 to 15/01 

Figure 3.16 shows the reduction in evaporation for the 3-year, continuously 

operating destratification system in comparison with the baseline evaporation. The 

effectiveness of the destratification system in reducing evaporation is significant only in 

the beginning of the simulation period (January/1984) and decreases in time due to the 

accumulation of heat within the water column. The January plots show a pronounced 

increase in evaporation and surface water temperatures in the end of this month, 

particularly in 1986. 
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Figure 3.16. Evaporation (a) and surface temperature (b) changes in January with 

destratification system operating continuously during the entire month 

3.6. Conclusions 

This study investigated the use of destratification by air-bubble plumes as a 

mechanism to reduce evaporation from large dams. The 1-dimensional model 

DYRESM was used to model both the natural mixing and the mixing due to artificial 

aeration and the resultant evaporation rates in Wivenhoe Dam, Australia. 

Results from eight different simulations were presented and compared. They 

consisted of a baseline simulation, in which no destratification system was operated, 

and 7 simulations in which the lake was under artificial aeration conditions. These 

conditions varied from a 10-day operation during periods of higher evaporation rates, to 

continuous operation of the destratification system over a 3-year period. 

From the simulations it was found that none of the operating strategies assessed 

were efficient in reducing evaporation from Wivenhoe Dam. All simulations decreased 

evaporation in spring, but this reduction was slight, varying from 2.8 to 4.9% of that 

expected for a spring without an operational artificial aeration system. In contrast, all of 

the strategies increased evaporation in autumn. This increase varied from 5.4% to 6.5%, 
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resulting in a net water saving of around 0.6% per year. The influence of the 

destratification system in winter was insignificant, indicating that it can be turned off 

during this season. 

Apart from the design, the effectiveness of a destratification system in reducing 

evaporation expectedly depends on the existence of cold temperatures in the 

hypolimnion associated with warm temperatures in the epilimnion. In temperate lakes, a 

condition like this would occur in spring, summer and beginning of autumn. In spring, 

destratification would be more effective than in summer because the input of heat from 

solar radiation and heat transfer at the surface is less intense than in summer. In other 

words, in spring, the time over which the hypolimnion remains colder than the surface 

(ie, the time until a homogeneous profile is achieved under destratification conditions) 

is longer. In summer, under destratification conditions this period would be shorter, as 

the hypolimnetic water brought to the surface would be warmed up quickly due to the 

constant heat added at the surface and redistributed through the water profile. In this 

study, for example, the destratification system designed for Wivenhoe Dam was 

effective in reducing evaporation in January, but after seven days of continuous 

operation, the heat added at the surface and redistributed through the water profile 

started to intensify evaporation rates. Using artificial destratification solely in autumn 

would in turn lead to minor reductions in evaporation rates, because this is the season 

where evaporation is not as significant as in spring and summer. Finally, aerating the 

water in summer and stopping in autumn would leads to high reductions in evaporation 

at the beginning of the operation of the device followed by a rise in evaporation due to 

the increase in heat added to the water from the rapid surface heat exchanges, and the 

net water saving would be minor. 

Overall, the results suggest that a continuous source of cold water at the bottom of 

the lake would make conditions ideal for an artificial destratification system to be 

effective in reducing surface temperature and evaporation rates, which is unfeasible 

from the point of view of water management. A possible solution for really deep dams 

would be moving the diffuser deeper in the water after pre-determined periods of 

destratification so that the water at the level of the diffuser is always colder than the 

surface. This would involve increasing the air-flow rate at each dislocation of the 

aerator to accommodate the change in pressure. This possibility, however, is unlikely to 

be cost-effective, but still deserves further investigation. 
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Assessing the effectiveness of air-bubble plume aeration in reducing 

evaporation from farm dams in Australia using modelling 

 

Abstract: This paper aims to assess the effectiveness of artificial destratification by 

air-bubble plumes in reducing evaporation from farm dams in Australia. A one-

dimensional model was applied to simulate the changes in water temperatures and 

evaporation rates for a particular farm dam in Queensland under aeration conditions. 

Results show that destratification systems can reduce surface temperature, but the 

highest reduction in evaporation for the studied reservoir would be only 2.5%. The main 

conclusion is that it is unlikely that the technique will be feasible for small farm dams, 

given the high costs involved with the operation of an aeration system and the small 

quantity of water saved through evaporation reduction. The results also indicate that the 

technique may be effective for reservoirs that experience long periods of accentuated 

thermal stratification, such as large, deep dams, in which the mixing process would lead 

to higher reductions in surface temperature and, consequently, in evaporation rates. 

Keywords: DYRESM, thermal stratification, water aeration, evaporation, water 

temperature, destratification 

 

 

4.1. Introduction 

Australian farm dams’ capacity is approximately 7,000 hm
3
, representing 9% of the 

total water stored across the country. It is estimated however that 40% of the volume 

stored is lost every year due to the high rates of evaporation in agricultural areas in New 

South Wales and Queensland (Craig et al., 2005). Extremely high radiation and air 

vapour deficits make these areas experience evaporation rates that can surpass 2,000 

mm per year. As a consequence, the shortage of water leads to either, reduction in crop 

production or, when feasible, the necessity of building additional storage. 
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Therefore, conserving the water in existing storages is deemed as one of the most 

economical means of guaranteeing the water supply in Australia. Reducing evaporative 

losses is particularly desirable for several reasons: i) no additional transportation, 

pumping or collection expenses associated with the saved water; ii) no decrease in water 

quality or additional costs with water treatment; and iii) no risk and cost involved in 

developing a new supply (Cooley, 1983). 

For a long time, Australia has been developing and studying different mechanisms 

for reducing evaporation from farm dams. Most of the techniques, however, have been 

shown not to be effective, such as windbreaks (Helfer et al., 2009a; Helfer et al., 

2009b), to be excessively expensive, such as physical covers (Yao et al., 2010) and 

modifying the dam’s shape to minimize surface area (McJannet et al., 2008a), or to 

impose potential risks to the water quality, such as the use of chemical and physical 

covers (McJannet et al., 2008b; Yao et al., 2010). 

One technique deserving further investigation is aeration by air-bubble plumes (or 

air diffusers) which has been suggested in the literature as a potential mechanism for 

reducing evaporation (eg, Koberg and Ford, 1965), but little work has been done with 

the intention of quantifying the change in evaporation under application of this 

technique. The potential of aeration in reducing evaporation is related to the change in 

water temperature brought about by the mixing device. The principle is that cold bottom 

water is lifted up by the air injected at the bottom of the lake. At the surface, this water 

mixes with warm water, reducing the temperature, and consequently, evaporation rates. 

Given this principle, the technique may only be effective in lakes that experience 

thermal stratification, since there has to be a difference between the temperatures of the 

bottom and the surface waters. 

In this present study we apply a one-dimensional model, DYRESM (Imberger and 

Patterson, 1981), to a stratified farm dam in Australia to study the effects of aeration by 

air-bubble plumes on evaporation. 
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4.2. DYRESM 

DYRESM (acronym for DYnamic REservoir Simulation Model) is a 1-D vertical 

heat transfer model used for the prediction of the distribution of temperature, salinity 

and density with depth and time for lakes and reservoirs of medium size and is in wide 

use. Examples of its application can be found in Imberger and Patterson (1981), 

Patterson et al. (1984), Ivey and Patterson (1984), Hollan et al. (1990), Hamilton and 

Schladow (1997b), Hornung (2002), Moshfeghi et al. (2005) and Hipsey (2006). 

DYRESM operates on the principles of conservation of mass, momentum, heat, 

kinetic energy and salt. The hydrodynamic part includes algorithms for surface heat, 

mass and momentum transfers, mixed layer dynamics, mixing in the hypolimnion and 

water exchange through inflows and outflows. 

The model is based on a Lagrangian layer scheme in which the reservoir is 

represented by a series of adjoining horizontal layers that vary in thickness and number. 

At each time step, as inflows and outflows enter or leave the reservoir, the affected 

layers expand or contract and those above move up or down to accommodate the 

volume change. Mixing and surface layer deepening are modelled by amalgamation of 

layers, with layer properties redistributed according to conservation of mass and energy. 

The surface heat, mass and momentum exchange comprise the primary driving 

mechanisms for DYRESM. The surface exchanges include heating due to short-wave 

radiation penetration into the lake and the fluxes at the surface due to evaporation, 

sensible heat, long-wave radiation and wind stress (see Imberger and Patterson, 1981 or 

Imerito, 2009 for further details on the equations used in DYRESM). For the 

evaporative flux at the surface, DYRESM employs the bulk aerodynamic formula: 

 lh a E lh a a s

a

0.622
Q = ρ  L  C  U e - e

P
       (4.1) 

where Qlh is the latent heat flux, Pa is the atmospheric pressure, ρa is the air density, LE 

is the latent heat of evaporation, Clh is the bulk aerodynamic transfer coefficient, Ua is 

the wind speed at 10 metres height, ea is the vapour pressure in the air and es is the 

saturation vapour pressure, which is a function of the surface water temperature. 

Meteorological data required by the model include incident long and short wave 

radiation, rainfall, air temperature, humidity and wind speed. Other inputs include 
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inflow and outflow properties (volume, temperature and salinity), initial profiles of 

temperature and salinity in the lake and a depth-area relationship of the lake. 

DYRESM also incorporates a sub-routine to model water mixing by destratification 

devices, such as impellers and air diffusers. For air diffusers, the algorithm is based on a 

simple, single core plume whose motion is determined from three differential equations 

of conservation of mass, momentum and buoyancy (Patterson and Imberger, 1989, 

Imerito, 2009). This sub-routine requires a number of destratification devices operating 

in the reservoir, device type (ie, air diffuser or impeller), draft tube length and diameter 

(for impellers), height and number of ports (for diffusers), volume flow rate of air (for 

diffusers) and volume of water (for impellers). 

4.3. Methodology 

The model DYRESM was applied to a large farm dam located in Queensland, 

Australia to study the effects of artificial destratification on evaporation. Logan’s Dam 

(27
o
34’26’’S, 152

o
20’26’’E, Figure 4.1) has a storage capacity of 0.7 hm

3
, a full storage 

surface area of approximately 17 hectares and a maximum depth of 6.5 metres. All data 

sets, including meteorological, morphological and outflows (pumping), were provided 

by the South-East Queensland Urban Water Security Research Alliance, which has been 

monitoring the dam since August, 2009, for evaporation study purposes. Inflows were 

estimated by performing a volume balance on the water body. Mean daily values for all 

inputs were adopted. 

The period chosen for the simulations, based on available and consistent data, was 

from 29/09/2009 to 27/01/2010 (121 days). Some DYRESM parameters were first 

calibrated for Logan’s Dam. For validation of the calibrated model, the surface, middle 

and bottom temperature, as well as the temperature of the entire profile, were compared 

with the corresponding field data. A comparison between predicted and observed lake 

water level was also conducted. Predicted values for the overall lake temperature 

(Figure 4.2a) led to a mean absolute error of 0.79
o
C, a mean relative error of 2.4% (-19 

to 10%) and a coefficient of determination, R
2
, of 0.93 in comparison with field 

measurements. For the temperature of the surface only (Figure 4.2b), the mean absolute 

error was 0.88
o
C, the mean relative error, 2.7% (-9.5 to 6.4%) and the coefficient of 

determination, 0.92. These indexes indicate a suitable adjustment of the model. Figure 

4.3 shows the field temperature for the whole profile and the result of the simulated 

water temperature. 
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Figure 4.1. Location of Logan’s Dam in Australia 

Although not strong, Logan’s Dam experienced thermal stratification from the 

beginning of November until the end of the period of study, interspersed with some 

periods of none or of weak stratification (Figure 4.3). The daily average surface 

temperatures varied from 18.5
o
C, in 29/09/2009, to 29.6

o
C in 27/01/2010. Considering 

daily average, the strongest thermal gradients occurred in the end of November, with 

drops of up to 2.5
o
C m

-1
 in the metalimnion. 

a) Whole profile temperature data b) Surface temperature data 

  

Figure 4.2. Simulated water temperatures in Logan’s Dam for the period 29/09/2009 – 

27/01/2010 in comparison with observed temperatures. a) Whole profile data. b) 

Surface data 
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Figure 4.3. Measured and simulated water temperature in Logan’s Dam from 

29/09/2009 to 27/01/2010 

The hypothetical scenarios for the present study consisted of artificial 

destratification by air diffusers of different configurations being used intermittently 

throughout the 121 days of simulation. Different configurations were tested in order to 

find the design of the destratification system that provides maximum evaporation 

reduction. The number of diffusers operating in the dam varied from 1 to 4, and number 

of ports on each diffuser, from 10 to 960. Total air-flow rate per diffuser varied from 

0.003 to 0.096 m
3 

s
-1

. The diffusers were assumed to be placed at the bottom of the lake. 

A total of 169 simulations were run and evaporation and water temperature were noted 

for analysis as described below. 

4.4. Results and discussion 

The total evaporation for the whole period of simulation (121 days) and for all 

destratification designs is presented in Figure 4.4. Each graph represents different 

numbers of diffusers operating in the lake (ie, 1, 2, 3 or 4). The air-flow rates presented 

on the x-axis are per diffuser and at the ambient pressure at the level of the diffuser. 

Each line shows the number of ports per diffuser. The ranges of air-flow rates pumped 

into the lake and number of ports were selected according to the feasibility for the 

circumstances of the study domain. 
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a) 1 Diffuser b) 2 Diffusers 

  
c) 3 Diffuser d) 4 Diffusers 

  

Figure 4.4. Evaporation from Logan’s Dam for the period 29/09/2009 to 27/01/2010 

under different aeration system designs. Baseline evaporation is represented by the 0 m
3
 

s
-1

 air-flow rate. 

The baseline evaporation calculated by DYRESM for the period between 

29/09/2009 and 27/01/2010 from Logan’s Dam is 635 mm and evaporation under 

aeration conditions varied from 635 to 619 mm depending on the configuration of the 

aeration system operating in the lake. Independent of the number of diffusers, the 

maximum evaporation reductions occurred at the maximum air-flow rate (0.096 m
3
 s

-1
) 

and at the maximum number of ports (960). However, these reductions vary from only 

1.7% (-10.5 mm in 121 days), in the 1-diffuser scenario, to only 2.5% (-15.7 mm in 121 

days) in the 4-diffuser scenario. Therefore, as the number of diffusers increases, the 

reduction in evaporation also increases, but these changes are just minor. This tendency 

is also confirmed by Figure 4.5a. For 1, 2, 3 and 4 diffusers, each with 10 ports and 

operating at an air-flow rate of 0.096 m
3
 s

-1
 (dashed lines), the reductions are 0.3, 0.4, 

0.6 and 0.7%, respectively, in comparison with the baseline scenario. For 960 ports 

(solid lines) and same air-flow rate (0.096 m
3
 s

-1
), the reductions found are 1.7, 2.2, 2.4 

and 2.5%, respectively for 1, 2, 3 and 4 diffusers. 
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Figure 4.5b shows the variation in evaporation with the number of ports for 1 

(dashed lines) and 4 (solid lines) diffusers. It is clear that evaporation decreases as the 

number of ports on each diffuser increases, due to a more efficient water mixing. For 4 

diffusers and 10 ports on each, operating at an air-flow rate of 0.096 m
3
 s

-1
, evaporation 

reduction is 0.7%. When the number of ports is increased to 960, evaporation reduction 

increases to 2.5%. Therefore, out of all configurations tested, the maximum reduction in 

evaporation occurs for 4 diffusers, each operating at an air-flow rate of 0.096 m
3
 s

-1
 and 

960 ports. However, it is important to point out that this decrease is only 2.5% (15.6 

mm in 121 days). 

An ‘unrealistic’ scenario with 10 diffusers, 1,000 ports and an excessively high air-

flow rate was also simulated in order to find what the lake evaporation would be under a 

situation of fully-mixed water. Under this circumstance, the total evaporation was 618 

mm. This indicates that further mixing in the lake through other destratification designs 

other than those already tested would result in more consumption of energy but with no 

further decrease in evaporation. 

  

Figure 4.5. Relationship between evaporation from Logan’s Dam and a) number of 

diffusers and b) number of ports per diffuser 

Figure 4.6 shows the surface temperature variation for the baseline simulation and 

for the simulation under strong aeration (ie, 4 diffusers, 960 ports and air-flow rate = 

0.096 m
3
 s

-1
). The figure also shows the difference between bottom and surface 

temperatures for both scenarios. 

The average surface temperature is 26.7
o
C for the whole period of simulation for the 

baseline scenario. For weak aeration (1 diffuser, 10 ports and air-flow rate = 0.003 m
3
 s

-

1
) the average surface temperature for the period of simulation is also 26.7

o
C and for 

strong aeration (4 diffusers, 960 ports and air-flow rate = 0.096 m
3
 s

-1
), 26.6

o
C, 
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indicating that there was no significant difference in the average surface temperature 

between the simulations. However, the graph in Figure 4.6 shows that the surface 

temperature for the strong aeration scenario is sometimes higher and sometimes lower 

than the baseline temperature. 

The bottom set of lines in the graph of Figure 4.6 shows the difference between 

surface and bottom temperatures for both scenarios (baseline and strong aeration). It is 

clear that the aeration reduces the difference of temperature between surface and 

bottom, making the profile more homogenous. However, when it comes to surface 

temperature, the aeration process does not have a significant effect on temperature 

reduction. 

From the graph, it can be interpreted that the temperature of the surface is lowered 

after aeration whenever there is a significant difference between surface and bottom 

waters under natural conditions (eg, beginning and end of October, middle-end of 

November, beginning of December and almost the whole month of January). In these 

cases, the process of aeration efficiently brings cold water from the bottom up to the 

surface, decreasing the temperature, and therefore, evaporation rates. On the other hand, 

the surface temperature after aeration is increased whenever there is no considerable 

difference between surface and bottom temperatures. This indicates that when the 

temperature of the lake is naturally homogeneous under normal circumstances, the 

aeration process increases the heat stored in the dam, impeding the dissipation of heat 

into the atmosphere. Consequently, in conditions of homogeneous water temperature, 

evaporation in the aerated scenario is higher than in the baseline. This is confirmed by 

Figure 4.7, which shows the change in surface water temperature and the change in 

evaporation after aeration (again, for the case of 4 diffusers, 960 ports and 0.096 m
3
 s

-1
 

of air per diffuser). The bars show the temperature of the surface after aeration, in 

comparison with the natural condition, and the blue line shows the evaporation, also as 

a percentage of the baseline values. Thus, evaporation is increased when surface 

temperature increases and reduced when surface temperature reduces. 
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Figure 4.6. Effects of strong aeration on surface water temperature and on the 

difference between surface and bottom waters of Logan’s Dam 

 

Figure 4.7. Effects of strong aeration on surface water temperature of and 

evaporation from Logan’s Dam. The bars show the change in surface water temperature 

under aeration conditions as percentage of the baseline values. The solid line shows the 

difference between surface and bottom water temperatures in the baseline scenario. 

Therefore, the effectiveness of aeration in reducing evaporation will depend on the 

existence of a difference between bottom and surface temperatures. If a lake 

experiences thermal stratification during a long period, aeration will probably have a 

positive effect on evaporation reduction during this period. However, in a small, 

shallow lake like Logan’s Dam, which may experience periods of strong thermal 

stratification interspersed with well-mixed periods (due to natural mixing), success of 

artificial mixing in reducing evaporation will only be achieved if the periods of decrease 

in surface temperature prevail over the periods when surface temperature is increased. 

For the studied reservoir, periods of strong thermal stratification were longer than 

periods of well-mixed water, leading to a positive effect of aeration on evaporation 

reduction. The extent of this effect is related to the design of the destratification system, 
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but the maximum reduction would be only 2.5%. This maximum evaporation reduction 

is achieved using a high energy-consuming design. Figure 4.8 shows the relationship 

between various destratification system designs and the costs per unit of saved water for 

Logan’s Dam. The graphs also show the costs involved to produce water by 

desalination. It can be considered that any destratification system design, whose costs 

per unit of saved water is higher than that for desalination, are not cost-efficient. 

Therefore, only a few designs would result in cheaper water costs than that produced 

water by desalination. 

a) 1 Diffuser b) 4 Diffusers 

  

Figure 4.8. Water saving costs for different destratification system designs for 

Logan’s Dam (2 and 3 diffuser graphs were omitted) 

4.5. Conclusions 

The effectiveness of air-bubble plume aeration in reducing evaporation from open 

waters is a function of the occurrence of periods of strong thermal stratification in the 

lake. Whenever there is a significant difference between bottom and surface 

temperatures, the technique successfully reduces surface temperature and evaporation. 

However, during periods of well-mixed water column the process of aeration may 

increase the heat stored in the water, leading to an increase in evaporation rates. This 

increase in overall heating is due to the heat gained through the reservoir surface. 

The effectiveness of the technique in reducing evaporation will, therefore, depend on 

the circumstances of each reservoir. For Logan’s Dam, for example, it is unlikely that 

the method will bring benefits in terms of evaporation reduction due to the high relation 

between the costs to install, operate and maintain an aeration system and the water 

saved. Nevertheless, the model DYRESM has shown to be a potential tool to predict the 

change in water temperature and to estimate evaporation rates from open waters under 

aeration conditions.  

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

W
a
te

r 
S

a
v
in

g
 C

o
s

t 
(U

S
$
/m

3
/d

a
y
) 

 

Air-flow rate per diffuser (m3/s) 

10 ports 

30 ports 

60 ports 

120 ports 

240 ports 

480 ports 

960 ports 

Desalination cost 

0.0 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

W
a
te

r 
S

a
v
in

g
 C

o
s

t 
(U

S
$
/m

3
/d

a
y
) 

Air-flow rate per diffuser (m3/s) 

10 ports 

30 ports 

60 ports 

120 ports 

240 ports 

480 ports 

960 ports 

Desalination cost 



CHAPTER 4 

74 
 

4.6. Acknowledgements 

We thank the South-East Queensland Urban Water Security Research Alliance for 

providing us with the required data. Funding for this project was provided by Griffith 

University Postgraduate Research School (GUPRS), Endeavour International 

Postgraduate Research School (EIPRS) and Griffith School of Engineering. The model 

DYRESM was freely provided by the Centre for Water Research (CWR), the University 

of Western Australia. 



CHAPTER 5 

75 
 

  

CCHHAAPPTTEERR  55  --  EEvvaappoorraattiioonn  rreedduuccttiioonn  ffrroomm  ffaarrmm  ddaammss  uussiinngg  aaiirr--

bbuubbbbllee  pplluummee  ddeessttrraattiiffiiccaattiioonn  

 

Statement of contribution to co-authored published paper 

This chapter includes a co-authored peer-reviewed paper accepted for publication. 

The bibliographic details of the paper, including all authors, are: 

HELFER, F., ZHANG, H. & LEMCKERT, C. 2012. Evaporation reduction from farm 

dams using air-bubble plume destratification. IWA World Congress on Water, 

Climate and Energy, May 13-18, 2012, Dublin. (Accepted) 

The article has been reformatted to meet the thesis style guidelines. On request of 

the examiners, minor explanation has been added in order to provide further clarity. 

My contribution to the paper involved: literature review, design of the 

destratification system for the study reservoir, simulations with DYRESM, data 

processing, data analyses, analyses of results, figures and tables, writing and editing. 

 

___________________________ 

Fernanda Helfer 

 

___________________________ 

A/Prof Charles Lemckert (principal supervisor and co-author) 

 

___________________________ 

Dr Hong Zhang (principal supervisor and co-author) 

  



CHAPTER 5 

76 
 

 

Evaporation reduction from farm dams using air-bubble plume 

destratification 

 

Abstract: The objective of this paper is to assess the effectiveness of destratification 

by air-bubble plumes in reducing evaporation from shallow and deep dams in Australia, 

based on modelling. DYRESM was applied to model the thermodynamics and 

evaporation from a farm dam in Queensland under different destratification conditions 

and two different depths: 6.5 and 12.5 metres. The results showed that destratification 

can reduce surface temperature and evaporation from both shallow and deep waters, but 

higher effectiveness is expected in deep lakes. This occurs because the bottom water of 

a deep lake is colder than the surface water during almost the entire year, which is a 

condition necessary for reducing the surface water temperature and, consequently 

evaporation rates, under destratification conditions. However, the reduction in surface 

water temperature and evaporation will not be significant during hot weather periods 

(that is, when the difference between the surface water temperature and the air 

temperature is high). Under this condition, the cooled surface water will be rapidly 

heated and the destratification system will only contribute to further increasing the heat 

stored in the water. 

Keywords: evaporation, DYRESM, stratification, water resources 

 

 

5.1. Introduction 

The evaporation of water from farm dams is seen as one of the most significant 

contributors to loss of water in the rural areas of Australia. The volume of water stored 

in farm dams accounts for 9% (around 7,000 hm
3
) of the total water stored in the 

country; however, it is estimated that 40% of this volume is lost every year due to the 

high rates of evaporation (Craig et al., 2005). In fact, evaporation can often exceed 

2,000 mm per year in most agricultural areas in Australia (Department of Natural 

Resources and Mines, 2005). As a consequence, the availability of water for crops 

decreases, affecting productivity and farmer income. 
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For a considerable period, Australia has been developing and studying different 

mechanisms for reducing evaporation from farm dams. Most of the techniques however, 

have been shown either not to be effective, as in the example of windbreaks (Helfer et 

al., 2009a); to be excessively expensive, for example, physical covers (Yao et al., 2010) 

and modifying the dam’s shape to minimize surface area (McJannet et al., 2008a); or to 

impose potential risks to the water quality, for example, the use of chemical and 

physical covers (McJannet et al., 2008b; Yao et al., 2010). 

Destratification by air-bubble plumes is one technique that deserves further 

investigation, as it has been suggested in literature as a potential mechanism for 

reducing evaporation (Koberg and Ford, 1965; Helfer et al., 2011a). The primary aim of 

artificial destratification is to maintain or improve the quality of the reservoir water. The 

potential of the technique in controlling evaporative losses is related to the change in 

water temperature brought about by the mixing device. The principle is that heavy 

hypolimnion fluid is lifted by the air injected at the bottom of the lake. At the surface, 

this water mixes with lighter epilimnion water, reducing the temperature, and 

consequently, evaporation rates. Based on this idea, the technique may only be effective 

in lakes that experience thermal stratification, since there has to be a difference between 

the temperatures of the bottom and the surface waters. However, to date, few studies 

have focused on the use of air-bubble plumes to reduce evaporation from dams. In a 

previous publication we have applied the one-dimensional model DYRESM (Imberger 

and Patterson, 1981) to simulate temperature stratification and mixing dynamics of an 

Australian shallow lake under artificial destratification conditions (Helfer et al., 2011a). 

The results indicated that the technique, although not effective for shallow lakes, may 

be effective for deep lakes due to the higher difference between surface and bottom 

water temperatures. The studied shallow reservoir stratifies in summer if low wind 

conditions dominate, but also mixes rapidly under strong wind gusts. For the 

destratification system to be effective in reducing evaporation at a rate that the aeration 

system can be feasibly maintained, the period of natural thermal stratification has to be 

longer and not interspersed with periods of well mixed profile, a pattern that is usually 

observed in deep lakes. 
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Therefore, in this study DYRESM is applied to a deeper stratified lake located in 

Queensland to assess the effectiveness of destratification by air-bubble plumes in 

reducing evaporation and to compare the results with the outcomes from the previous 

study (shallow lake). 

5.2. DYRESM 

DYRESM is a 1-D model used for the prediction of the vertical distribution of 

temperature, salinity and density in reservoirs of medium size. The development of the 

model dates back to 1978 with the first successful application on Wellington Reservoir 

in Australia (Imberger et al., 1978; Imberger and Patterson, 1981). It has since been 

applied partly with modified codes to many other reservoirs and lakes (eg, Patterson et 

al., 1984; Ivey and Patterson, 1984; Hamilton and Schladow, 1997a; Moshfeghi et al., 

2005; Hipsey, 2006). 

The model requires little calibration due to validation from numerous simulations 

and the inclusion of physical limnetic parameters derived from field and laboratory 

studies (Hamilton and Schladow, 1997a). The main input data in DYRESM are the 

depth-area relationship of the studied lake, daily or sub-daily meteorological data 

(including incident long and short wave radiation, rainfall, air temperature, humidity 

and wind speed), daily discharge, temperature and salinity of inflows, daily discharge of 

outflows and initial profiles of temperature and salinity. The model is based on a 

Lagrangian layer scheme in which the reservoir is represented by a series of adjoining 

horizontal layers of uniform property that vary in thickness and number. This is 

opposed to the fixed grid approach used in other lake models in which differential 

equations are solved numerically on the mesh points. In DYRESM, at each time step, as 

inflows and outflows enter or leave the reservoir, the affected layers expand or contract 

and those above move up or down to accommodate the volume change. Mixing and 

surface layer deepening are modelled by amalgamation of layers, based on a criterion of 

available turbulent kinetic energy and required potential energy. Diffusion in the meta 

and hypolimnion is simulated by transferring volume fractions from one layer to the 

overlying layer, where the fraction is determined by the Lake Number. 

When combining two layers, the conservation laws for temperature, salt, energy and 

momentum can be generalised as: 
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where the subscripts refer to layer indices, M is the mass of water and C is the property 

being conserved (energy, salt or momentum). For conservation of temperature, the 

above assumes the specific heat to be constant. 

The surface heat, mass and momentum exchanges comprise the primary driving 

mechanisms for DYRESM. The surface exchanges include heating due to short-wave 

radiation penetration into the lake and the fluxes at the surface due to evaporation, 

sensible heat, long-wave radiation and wind stress. The sensible and latent heat fluxes 

are described by bulk aerodynamic formulae. The evaporative flux is calculated as: 

 lh a E lh a a s

a

0.622
Q =  ρ  L  C  U e - e

P
       (5.2) 

where Qlh is the latent heat flux, Pa is the atmospheric pressure, ρa is the air density, LE 

is the latent heat of evaporation, Clh is the bulk aerodynamic transfer coefficient, Ua is 

the wind speed, ea is the vapour pressure in the air and es is the saturation vapour 

pressure, which is a function of the surface water temperature. Energy transferred 

according to this equation is always added or subtracted to the uppermost layer. 

DYRESM also incorporates a sub-routine to model water mixing by destratification 

devices, such as impellers and air diffusers. For air diffusers, the algorithm is based on a 

simple, single core plume whose motion is determined from three differential equations 

of conservation of mass, momentum and buoyancy (Patterson and Imberger, 1989). 

This sub-routine requires a number of destratification devices operating in the reservoir, 

device type (that is, air diffuser or impeller), draft tube length and diameter (for 

impellers), height and number of ports (for diffusers), volume flow rate of air (for 

diffusers) and volume of water (for impellers). 

5.3. Simulations 

The model DYRESM was applied to a large farm dam located in Queensland, 

Australia to study the effects of artificial destratification on evaporation. Logan’s Dam 

(27
o
34’26’’S, 152

o
20’26’’E, Figure 5.1) has a storage capacity of 0.7 hm

3
, a full storage 

surface area of approximately 17 hectares and a maximum depth of 6.5 metres. All data 

sets, including meteorological, morphological and outflow, were provided by the South-
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East Queensland Urban Water Security Research Alliance, which has been monitoring 

the dam since August 2009 for evaporation study purposes. Mean daily values for all 

inputs were adopted generating daily outputs at midday. The period chosen for the 

simulations, based on available and consistent data, was from 29/09/2009 to 11/04/2010 

(195 days). 

 

 

Figure 5.1. Location of Logan’s Dam in Australia 

Scenarios: The shallow lake scenario represented the real situation, in which the 

maximum water depth is 6.5 metres, and for which the model was calibrated (Helfer et 

al., 2011a). A hypothetical situation, with maximum water depth equal to 12.5 metres 

composed the deep lake scenario. The baseline scenarios for both situations (shallow 

and deep lake) consisted in the absence of any destratification system operating in the 

dam. Then, scenarios with a destratification system operating continuously throughout 

the 195 days of study were simulated. For both shallow and deep lakes, the 

destratification system consisted of one air diffuser laid at the bottom of the lake. The 

air-flow rates injected through this diffuser into the water varied from 0.003 to 0.8 m
3
 s

-

1
, and the number of ports on each diffuser varied from 10 to 960. A total of 128 

simulations were performed and evaporation and water temperature were noted for 

analysis as described below. 
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5.4. Results and discussion 

Baseline water temperature: The water temperature profiles for the baseline 

scenarios for both shallow and deep lake cases are presented in Figure 5.2. For shallow 

water, Logan’s Dam experienced thermal stratification from the beginning of November 

until the end of the period of study, interspersed with some periods of weak 

stratification (Figure 5.2a). For deep water, thermal stratification occurred during the 

whole period with no periods of well mixed water. For both shallow and deep lakes, the 

average surface temperature was 26.2
o
C, varying from a minimum of 18.6

o
C at the 

beginning of the simulation period (end of September), to a maximum of 30.8
o
C at the 

end of January. The strongest thermal gradients were observed at the beginning of 

December, with drops of up to 2.3
o
C m

-1
 in the metalimnion for shallow water, and at 

the end of January, with drops of up to 2.7
o
C m

-1
 in the metalimnion for deep water. 

Baseline evaporation: The baseline evaporation rates from both shallow and deep 

lakes for the whole period of simulation (195 days) are presented in Figure 5.3. The 

daily evaporation for both scenarios was very similar over the period of simulation. The 

daily rates varied from 1.0 mm on 08/03/2010 to 11 mm on 19/01/2010. Total 

evaporation was 897 mm for the shallow lake scenario and 901 mm for the deep lake 

scenario. The similarities in surface temperature and evaporation between the two lakes 

are due to same boundary conditions on both scenarios. 

 

Figure 5.2. Simulated water temperature profiles for shallow and deep lakes 

(29/09/2009 - 11/04/2010) 
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Figure 5.3. Baseline daily evaporation from shallow and deep lakes from 29/09/2009 

to 11/04/2010 – modelled data 

Evaporation and temperature under destratification conditions – shallow lake 

scenario: The total evaporation for the whole period of simulation for the shallow lake 

scenario is presented in Figure 5.4. The results are for one diffuser operating in the dam 

with number of ports varying from 10 to 960. The total air-flow rate pumped through 

the diffuser into the water (x axis) varied from 0.003 to 0.8 m
3
 s

-1
 at the ambient 

pressure at the level of the diffuser. The results show that as the air-flow rate increases, 

evaporation rate reduces, and that evaporation also reduces as the number of ports 

increases; however, for this shallow lake scenario, the reduction in evaporation reaches 

a maximum of only 1.0%, for 960 ports and for air-flow rate above 0.4 m
3
 s

-1
. For all 

number of ports, the decrease in evaporation is higher up to air-flow rate = 0.2 m
3
 s

-1
. 

After that, there is no significant further reduction (the curves level off as shown in 

Figure 5.4). 

 

Figure 5.4. Total evaporation from shallow lake from 29/09/2009 to 11/04/2010 

under destratification conditions – modelled data 

Figure 5.5 shows the water temperature profile of the shallow lake after 

destratification for the whole period of simulation. The scenario shown in Figure 5.5 is 

for the strongest aeration case (960 ports and air-flow rate = 0.8 m
3
 s

-1
). Although the 
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surface mixed layer, defined up to the level where the water temperature is less than 

95% of that of the surface, deepens from an average value of 2.5 m (baseline) to 4.4 m, 

the temperature of the surface remains practically unchanged. For a lower number of 

ports and lower air-flow rate per port, the mixed layer after destratification is little 

affected (eg, 2.5 m for 10 ports and air-flow rate = 0.003 m
3
 s

-1
, 2.7 m for 10 ports and 

air-flow rate = 0.8 m
3
 s

-1
 and 2.9 m for 960 ports and air-flow rate = 0.003 m

3
 s

-1
). The 

average buoyancy frequency for an equivalent linear profile (Lemckert and Imberger, 

1993) for the whole period is 0.028 s
-1

 in the baseline scenario and drops to 0.017 s
-1

 

after aeration, indicating that mixing has taken place effectively. However, the average 

surface temperature in the strong aeration case reduces from 26.2
o
C (baseline 

temperature) to only 26
o
C. For the other scenarios, the surface temperature remains 

unchanged after destratification. This means that, although the destratification system 

effectively brings the cold bottom water to the surface, this is quickly heated by the sun. 

As a consequence, the total heat stored in the dam is increased during this process. This 

is confirmed by analysing the average bottom temperature, which increases from 23.7
o
C 

in the baseline scenario to 25.3
o
C in the strong aerated scenario. 

 

Figure 5.5. Simulated water temperature profile for shallow lake (maximum depth = 

6.5 m) from 29/09/2009 to 11/04/2010 after strong aeration 

Also, it is important to note that the reduction in surface temperature is only 

observed in those days when the bottom temperature is much colder than the surface. 

Figure 5.6 illustrates that the highest reductions in surface temperature after strong 

aeration occur at the beginning of the simulation period, in the middle to end of 

November and at the beginning of March, exactly when the highest reductions in 

evaporation were also observed. This suggests that if the difference in temperature 

between bottom and surface waters was significant during the entire period of study, for 

example, more than 4
o
C, the reduction in evaporation after destratification would be 

higher. This hypothesis is analysed in the following section. 
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Figure 5.6. Temperature difference between bottom and surface waters for the 

shallow water lake 

Evaporation and temperature under destratification conditions – deep lake 

scenario: The evaporation rates under destratification conditions for the deep lake case 

are presented in Figure 5.7. The evaporation trend is similar to that observed in the 

shallow lake scenario. However, for the deep lake, the reductions are higher. The 

maximum drop is from 901 mm (baseline evaporation) to 852 mm, representing a 

reduction of 5.4% (compared to 1% for the shallow lake). For all number of ports, the 

curves level off after 0.4 m
3 

s
-1

. 

 

Figure 5.7. Total evaporation from deep lake from 29/09/2009 to 11/04/2010 under 

destratification conditions – modelled data 

The water temperature profile for the deep lake after strong aeration is shown in 

Figure 5.8. The average surface temperature reduces from 26.2
o
C (baseline temperature) 

to 25.7
o
C, a slightly higher reduction than that observed in the shallow lake scenario. 

The surface mixed layer deepens from an average of 2.3 m to 10.7 m, with the average 

water depth during the whole period being 12.4 m. The buoyancy frequency drops from 

an average of 0.039 s
-1

 in the baseline scenario to 0.013 s
-1

 in the strong aeration 

scenario, indicating that the mixing has taken place and mixing efficiency is higher than 
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in the shallow lake scenario. However, the surface temperature in the deep lake also 

remains unchanged and the total heat stored in the dam also increases. In this scenario, 

the bottom water temperature increases from an average of 18
o
C (baseline scenario) to 

25
o
C after destratification. 

 

Figure 5.8. Simulated water temperature profile for deep lake (maximum depth = 

12.5 m) from 29/09/2009 to 11/04/2010 after strong aeration 

The reduction in surface temperature after strong aeration (Figure 5.9) is higher at 

the beginning of the simulation period, extending to the beginning of December. Higher 

reductions in surface temperature after destratification are positively correlated with the 

difference between bottom and surface temperatures during this period. From the 

middle of December until mid-February, despite the high difference between surface 

and bottom temperatures, the reduction in surface temperature after destratification is 

not significant. This can be explained by the difference between the air and water 

surface temperatures after destratification during this time. The cold water is brought 

from the bottom to the surface by the destratification system. Heat exchanges at the 

surface will be higher, because of the difference between surface and air temperatures. 

The higher this difference, the higher the input of heat into the water due to sensible 

heat flux. This theory indicates that a destratification system would be more efficient in 

cooling the surface water, and keeping it cool, during mild weather conditions. This 

would be when the surface temperature (resulting from the mixing between the cold 

water brought to the surface and the warm water from the surface) would be in 

equilibrium with the air temperature. A situation like this, however, would only be 

observed during short periods in a year, during spring for instance. Therefore, the 

installation of a destratification system would not be justifiable, although this theory 

would require further investigation. 
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Figure 5.9. Temperature difference between bottom and surface waters for the deep 

water lake 

5.5. Conclusions 

The effectiveness of continuous destratification by air-bubble plumes in reducing 

surface temperature, and consequently evaporation from open water, is a function of the 

occurrence of a difference in temperature between bottom and surface waters. The 

results from this study also indicate that this effectiveness will be more noticeable 

during mild meteorological conditions. Under the existence of a significant difference 

between bottom and surface water temperatures in association with cool weather, the 

technique successfully reduces surface temperature. The surface temperature is then 

kept cool because of the weather, and evaporation rates reduce significantly. As the 

weather becomes hot, the surface water that contains the cold water brought up by the 

destratification system is rapidly heated due to sensible heat flux, and the 

destratification system simply contributes to increasing the heat stored along the depth 

of the reservoir even more. This behaviour was observed for both scenarios considered 

in this study, shallow and deep lakes. The main difference is that for the shallow lake, 

the heat added at the surface is slightly higher than in the deep lake case. This happens 

because the bottom water in a deep lake is always, or almost always, colder than the 

surface. This fact may reduce evaporation from deep, stratified reservoirs, but the 

effectiveness, as explained before, will be minor if the air temperature is constantly hot 

(that is, during summer). 

Concerning the model used, DYRESM has been shown to be a potential tool for 

predicting the change in water temperature and estimating evaporation rates from open 

waters under destratification conditions. A study to evaluate the seasonal effectiveness 
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of destratification systems in reducing lake surface temperature and evaporation is 

recommended for a better understanding of artificial destratification in reservoirs. 
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Influence of bubble plumes on evaporation from non-stratified waters 

 

Abstract: Air-bubble plumes have been used primarily for water quality 

management through destratification; however their impact on evaporation rates has yet 

to be formally quantified. In this paper, the influence of these systems on evaporation 

from water bodies is investigated. Evaporation, temperature, humidity and wind data 

were collected and analysed from a laboratory experiment for various air-flow rates 

injected into non-stratified water. It was found that aeration by air-bubble plumes 

increases evaporation in their direct vicinity. The factors involved in this increase were 

identified and an empirical formula to quantify the loss of water under conditions of 

aeration was derived. To examine their overall impact on reservoirs, a temperate 

reservoir in Australia was taken as example for the application of this function. While 

laboratory data showed that aeration plays an important role in increasing loss of water 

from small non-stratified water bodies – such as water tanks – for real reservoirs, the 

effects of aeration on evaporation increase are insignificant. This is because the area of 

the plume to that of the reservoir is significantly less in real reservoirs than in water 

tanks. In addition, due to thermal stratification conditions in real reservoirs, aeration by 

bubble plumes actually causes a slight reduction in evaporation due to reduction in 

reservoir surface temperatures as a result of the mixing process. Therefore, the net effect 

of air-bubble plume aeration on real reservoirs is a reduction in evaporation. However, 

this quantity was shown to be minor, and does not warrant the use of these systems for 

the sole purpose of reducing evaporation. 

Keywords: bubbles, aeration, evaporation, destratification 
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6.1. Introduction 

The use of air-bubble plume aeration systems in open water reservoirs is a technique 

that has been suggested in the literature as a potential mechanism for reducing 

evaporation (Koberg and Ford, 1965; van Dijk and van Vuuren, 2009; Helfer et al., 

2011a). However, since the primary employment of this technique is for water quality 

improvement, most research carried out so far has focused on the effectiveness of 

artificial aeration in developing and maintaining aerobic conditions in the hypolimnion 

to prevent the release of iron, manganese and nutrients from the sediment, and in 

controlling excessive growth of nuisance phytoplankton, in particular cyanobacteria 

(Lewis, 2004). 

The potential of air-bubble plume aeration in reducing evaporative losses is related 

to the lowering of surface water temperatures. The principle is that, for energetic 

systems, heavy hypolimnion fluid is lifted by the air injected at the bottom of the 

reservoir (Lemckert and Imberger, 1993). At the surface, this lifted cold water mixes 

with lighter and warmer epilimnion water, reducing the surface water temperature, and 

consequently, evaporation rates. Based on this principle, the technique may only be 

effective in reducing evaporation in thermally stratified systems. 

However, bubble plumes may actually increase evaporation. Intuitively, two 

phenomena may be contributors to an evaporation increase. First, evaporation is a 

function of the rate at which the water vapour is removed from the air close to the water, 

which is controlled by the wind speed (Brutsaert, 1982). Therefore, when the air 

bubbles break up at the water surface, they may add momentum to the air, increasing 

the rate at which the humid air is removed from the surface. Second, when air is injected 

into the water, bubbles are formed and water vapour diffuses from the water into them. 

According to Burkard and Van Liew (1994) and Michaelides (2010, personal 

communication), it can be assumed that this water vapour reaches equilibrium between 

the bubble and the ambient water instantaneously (that is, the air inside the bubbles 

reaches 100% relative humidity). This water vapour will then be released during the 

break-up process at the surface, contributing to increasing loss of water. Therefore, for 

aeration systems to be effective in reducing evaporation, the decrease in evaporation 

expected from the reduction in surface water temperature has to be greater than the 

quantity of water lost due to these two processes. 
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Considering all of the above, a laboratory experiment was designed to investigate 

the influence of air-bubble plume on evaporation from non-stratified waters. 

Evaporation, air and water temperatures, air humidity and wind speed were all 

monitored under different injections of air-flow rates into the water. An empirical 

function was derived using the collected laboratory data. This function can be applied to 

estimate evaporation from non-stratified water columns under aeration conditions. A 

temperate reservoir in Australia was then taken as example for the application of this 

function. 

6.2. Laboratory experiment 

Experiments on the effects of aeration by bubble plumes upon evaporation from 

non-stratified waters were conducted in a glass tank with the dimensions of 1.80 m x 

1.80 m x 0.80 m and with 0.7 metre water depth. The tank was divided into two 

compartments of the same dimensions (0.90 m x 1.80 m x 0.80 m). One compartment 

was used as a control experiment (Compartment A), and the other was set under 

different aeration conditions (Compartment B). 

Four KPSI™ temperature gauges (±0.2
o
C accuracy) were used to monitor the 

temperature of the bottom and surface waters in both compartments. The temperature 

gauges were placed centrally at the bottom of each compartment and the surface gauges 

were suspended in the water 1.0 cm below the surface. 

The air temperature and humidity over the tank were monitored by a high accuracy 

mini probe (±0.2
o
C for temperature and ±2% for relative humidity), model Michell 

PCMini52. The same mini sensor was used to take the measurements from both 

compartments. To monitor the wind movement caused by the bubble break-up process, 

an air velocity transducer, model TSI 8475-075, able to capture very low velocities (0.0 

to 0.5 m s
-1

) with accuracy of ±3% was used. Similar to the temperature-humidity 

probe, the same instrument was used to take the measurements of wind movement from 

both compartments. The movement of these two sensors (anemometer and temperature-

humidity probe) across the tank was controlled by a traverser (Figure 6.1) which had the 

ability to move 3-dimensionally over the tank. Temperature, humidity and speed 

measurements were taken at 5 locations spaced 0.40 m apart along the X-direction and 5 

locations spaced 0.16 m apart in the Z-direction, starting 2 cm above the water, as 

shown in Figure 6.2. 
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The anemometer and temperature-humidity sensors were wired to a DAQ board to 

record the voltage signals. The DAQ board was controlled by the software DasyLAB. 

Changes from voltage signals to actual measurements (speed, temperature and relative 

humidity) were calculated according to relationships provided by the manufacturers’ 

specifications for each sensor. The software was calibrated to acquire readings every 20 

seconds over 3-minute intervals at each point shown in Figure 6.2. 

 

Figure 6.1. Sketch of the 2-compartment glass tank and the traverser that held the 

wind and temperature-humidity sensors (Figure not to scale) 

The aeration system was comprised of an air compressor, an air line, valves and a 

0.85-cm long bar air stone diffuser that ran the full width of the compartment. The 

system was installed in compartment B, as shown in Figure 6.2. Five valve settings 

were possible, generating air-flow rates as low as 3.8 x 10
-2

 L s
-1

 to as high as 19 x 10
-2

 

L s
-1

 at atmospheric pressure. Table 6.1 summarizes the trials that were conducted for 

this study. The first round of trials was run with the air temperature set at 20
o
C and the 

second, with the air temperature set as 22
o
C, totalling ten runs in all. The temperature of 

the room was controlled by an air-conditioning system. 
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a) Top View of Compartments A and B 
 

 
b) Side View (overwater) of Compartment A 

 
 

c) Side View (overwater) of Compartment B 

 

 
 

 
 

Figure 6.2. Top view of compartments (a) A and B and side views of compartments 

(b) A and (c) B showing the monitoring points (black and grey balls) (Figure not to 

scale) 

Table 6.1. Summary of the trials: the first round (R1) was conducted with the air 

temperature set at 20
o
C and the second round (R2), with the temperature set at 22

o
C 

Trial 
Air-flow rate 

(L s-1) 

Room 

Temperature (oC) 
Trial 

Air-flow rate 

(L s-1) 

Room 

Temperature (oC) 

R1 – T1 3.8 x 10-2 20 R2 – T1 3.8 x 10-2 22 

R1 – T2 7.5 x 10-2 20 R2 – T2 7.5 x 10-2 22 

R1 – T3 13.0 x 10-2 20 R2 – T3 13.0 x 10-2 22 

R1 – T4 16.0 x 10-2 20 R2 – T4 16.0 x 10-2 22 

R1 – T5 19.0 x 10-2 20 R2 – T5 19.0 x 10-2 22 

The duration of each trial was 3 days in order to capture the changes in evaporation, 

which were expected to be very low due to the absence of solar radiation inside the 

room. Over a 3-day run, the humidity, temperature and wind speed sensors were able to 

gather measurements 30 times for each monitoring point shown in Figure 6.2. 
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Evaporation was determined by assessing the change in surface elevation of the 

water surface in each compartment. This was measured by using a calliper gauge. The 

difference in water level between the beginning and end of each trial was taken as the 

measurement of evaporation. 

6.3. Baseline evaporation and evaporation under aeration conditions 

The baseline evaporation and the evaporation under aeration conditions measured 

for each trial are plotted in Figure 6.3. The baseline evaporation rates during the first 

and second rounds of trials (R1 and R2) were fairly constant. In R1, where the average 

room temperature was 20
o
C, the evaporation rates were around 0.5 mm day

-1
. For R2, 

with average room temperature equal to 22
o
C, the baseline evaporation was lower, at 

0.4 mm day
-1

. The evaporation was slightly higher during R1 due to a slightly higher 

water vapour deficit (ie, lower relative humidity) above the water surface. 

Under aeration conditions, evaporation rates were found to increase with an increase 

of air-flow rate. During R1, the evaporation rate for the lowest air-flow rate (trial R1-

T1) was 0.52 mm day
-1

 and, for the highest (trial R1-T5), 1.17 mm day
-1

. For R2, the 

evaporation rates for the lowest and highest air-flow rates were 0.6 mm day
-1

 and 1.20 

mm day
-1

, respectively. For the intermediate air-flow rates, the measured evaporation 

rates were between those two extremes in both rounds of trials. 

a) R1 – Room Temperature = 20
o
C b) R2 – Room Temperature = 22

o
C 

  

Figure 6.3. Measured baseline evaporation and evaporation under aeration 

conditions during (a) R1 and (b) R2. Error associated with the measurements = ± 0.02 

mm day
-1

 

Figure 6.4 shows the graph of the change in evaporation under aeration conditions in 

relation to the baseline evaporation for the two rounds. 
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a) Absolute increase in evaporation b) Percentage increase in evaporation 

  

Figure 6.4. Increase in evaporation under aeration conditions as compared to 

baseline evaporation during R1 and R2. (a) Absolute values; error associated with the 

measurements = ± 0.04 mm day
-1

. (b) Percentage values 

The increase in evaporation under aeration conditions as compared to the baseline 

evaporation was low for low air-flow rates and higher for high air-flow rates. For R1, 

the change in evaporation varied from 0.01 to 0.7 mm day
-1

, representing relative 

increases of 1.9% and 135%, respectively. For R2, the changes varied from 0.2 to 0.8 

mm day
-1

. In percentage terms, these changes represent 49% and 200%, respectively. 

Figure 6.5 shows the variation of the vapour pressure deficit over the water of the 

two compartments for R1 and R2. The deficit was computed as the difference between 

the saturated vapour pressure at water temperature and the actual vapour pressure 

measured at the uppermost monitoring points, at a height of 65 cm above the water. 

Because the water surface temperature did not change significantly over the trials and 

did not differ between the baseline compartment and the aerated compartment, the 

saturated vapour pressure was nearly constant over each round of experiments. For R1, 

it was around 22 mbar, and for R2, it was around 25 mbar, with the difference attributed 

to a slightly higher water temperature during the second round. The actual vapour 

pressure over the non-aerated water also did not vary significantly among the trials 

within each round. In R1, the actual vapour pressure measured at 65 cm above the water 

was around 18 mbar and, in R2, it was around 22 mbar. Therefore, the water vapour 

deficit was nearly constant for the baseline trials, which can be verified from the dot 

points in Figure 6.5. 
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a) R1 – Room Temperature = 20
o
C b) R2 – Room Temperature = 22

o
C 

    

Figure 6.5. Baseline water vapour deficit and water vapour deficit under aeration 

conditions during (a) R1 and (b) R2 at a height of 65 cm above the water. Approximate 

error = ± 2.2% 

The water vapour deficit for the trials with the aeration system operating decreased 

with the increase in the air-flow rates. This indicates that there was more moisture over 

the water when the aeration system was operating, and that this moisture content 

increased as the air-flow rates were increased. For trials R1-T1 and R2-T1 

(correspondent to the lowest air-flow rate tested), the water vapour deficit was close to 

the baseline deficit. For trials R1-T5 and R1-T5 (the highest air-flow rates), the deficit 

was much less than the baseline deficit. 

Between the two rounds, it can be noted that the deficit of water vapour in the air 

was higher during R1 than during R2 for the baseline trials (Figure 6.5, dot points). This 

explains the slightly higher rate of evaporation during R1 shown in Figure 6.3. For the 

aerated cases, the water vapour deficit did not differ by much between the two rounds 

(Figure 6.5, squares), resulting in similar rates of evaporation (Figure 6.3). 

The relative humidity is an indicator of the level of water vapour saturation in the air 

and it is graphed in Figure 6.6. For the air above the water of the non-aerated 

compartment, the relative humidity was nearly constant and equal to 75% during R1, 

and around 81% in R2. For the aerated compartment, on the other hand, the relative 

humidity was higher for the high air-flow rates tested, indicating again that the moisture 

content was increasing with increased aeration, consequently, making the vapour deficit 

decrease. 
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a) R1 – Room Temperature = 20
o
C b) R2 – Room Temperature = 22

o
C 

    

Figure 6.6. Baseline relative humidity and relative humidity under aeration 

conditions during (a) R1 and (b) R2 at a height of 65 cm above the water. Absolute 

error associated with measurements = ± 2.0% 

While the relative humidity was higher during R2 than during R1, this did not 

significantly influence the air moisture deficit – shown in Figure 6.5 for the aerated 

trials (square points). This indicates that the rate of evaporation cannot be inferred 

solely from the value of the relative humidity or from the value of the actual vapour 

pressure in the air. It is the deficit of vapour pressure in the air that is the real 

controlling factor. This deficit, besides the humidity in the air, also depends on the 

humidity near the water, whose value can be taken as the saturation value for the surface 

water temperature. 

6.4. The influence of the wind 

Wind speed influences evaporation by controlling the rate at which the overwater 

saturated air is replaced by other air. Over an evaporative surface, the near water air is 

filled with water molecules that have just evaporated and broken free. This creates a 

blanket of moisture in the air which can slow down evaporation. Following this logic, it 

would be expected that the aerated water in our experiment would have lower 

evaporation than the non-aerated water, due to its higher overwater humidity and hence 

inability to absorb much more moisture. Contrary to this expectation, the aerated water 

actually experienced more evaporation than the non-aerated water. The explanation for 

this lies in the fact that a wind current moving across a water surface can carry away the 

newly evaporated water molecules, allowing more water to evaporate into that space. 

Moreover, a wind current will carry away more water molecules at higher speeds, 

driving more evaporation in a shorter period of time. 
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In this laboratory experiment however, the air inside the controlled room was still. 

But after looking closely at the measured wind speed data near where the bubbles were 

bursting, a slight air flow was observed and this could have caused the displacement of 

humidity upwards. The following graphs in Figure 6.7 and 6.8 illustrate the measured 

air flow above the aerated and non-aerated waters for three selected trials (R2-baseline, 

R2-T1 and R2-T3). 

Figure 6.7 shows the variability of the air flow along the X axis of the tank. A 

greater flow was more noticeable in the centre, where the bubbles coming from the 

aerator burst to the surface, compared to both the sides of the tank and the non-aerated 

compartment. Figure 6.8 shows the measured air flow profiles at the centre and up to a 

height of 65 cm over the water for the three selected trials. The air flows were constant 

above the non-aerated compartment (shown as dot points). For the aerated compartment 

(trials R2-T1 – square points and R2-T5 – triangle points), the air flows were higher 

near the water, up to a height of around 25 cm above the surface, compared to the 

baseline air flow and to the flow above the aerated compartments above the height of 25 

cm. 

The average air flow at heights of 2-cm and 65-cm above the water is shown in 

Figure 6.9 for all the injected air-flow rates tested in this study. The figure shows that 

the mean air flow at 2-cm above the water was higher over the aerated waters compared 

to the non-aerated (baseline) experiment. It also shows that this flow increased as the 

air-flow rate pumped into the water was increased. The average air flow at 2-cm for the 

lowest pumped air-flow rate was 0.080 m s
-1

 and, for the highest, it was 0.125 m s
-1

. 

The average air flow above the non-aerated (baseline) water was 0.035 m s
-1

. At 65-cm, 

the average air flow above the aerated water was the same as the baseline air flow, at 

0.035 m s
-1

. The error associated with the data shown in Figures 6.8 and 6.9 is ± 3%. 

From Figure 6.7 and 6.8 it can be seen that the height up to which the air-bubble 

bursting process had influence upon the overwater air was around 25 cm above the 

water. Beyond this height, the air flow above the aerated water was basically the same 

as the baseline air flow. 
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a) R2 – Baseline 

 

b) R2 – T1 (Air-flow rate pumped into the water = 3.8 x 10-2 L/s) 

 

c) R2 – T5 (Air-flow rate pumped into the water = 19 x 10-2 L/s) 

 

Figure 6.7. Overwater air flow measured along the aerated and non-aerated 

compartments of the tank during the second round of trials. (a) Baseline; (b) R2-T1; (c) 

R2-T5. The graphs of the trials R2-T2, R2-T3 and R2-T4 were omitted as they showed 

intermediate values between graphs a) and c). Overwater air-flow measurements were 

not taken during the first round of trials 

 

Figure 6.8. Vertical profiles of the air flow at the centre of the tank of the baseline 

trial and aerated trials, R2-T1 and R2-T5. Associated error = ± 3% 
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a) 2-cm height b) 65-cm height 

    

Figure 6.9. Average air flows at 2-cm and 65-cm above the water of the non-aerated 

and aerated compartments. Associated error = ± 3% 

The bulk aerodynamic formula for evaporation (Dalton, 1802) is one of the most 

appropriate formula to explain the effect of the wind on the overwater humidity and, 

consequently, on evaporation. The formula states that evaporation rates from free water 

surfaces are proportional to the vapour pressure deficit above the water surface and that 

this proportionality is controlled by the wind speed over the water: 

h s hE f ( u )( e e )          (6.1) 

where E is the evaporation rate, f(uh) is an empirical function of wind speed uh measured 

at height h, es is the saturated vapour pressure at the surface water temperature and eh is 

the actual water vapour pressure at height h. 

Here, two controlling factor are considered to be involved in the evaporation 

process. One is the water vapour deficit (es – eh), which determines the amount of 

vapour that the air demands. The other is the wind speed, which controls the rate at 

which this demand is being supplied. Therefore, even though there can exist a very high 

demand for water (ie, very high es – eh), if there is no wind or low wind, the evaporation 

will remain low. 

This formula explains, in part, why the aerated water in our experiment, which had 

less vapour deficit above the water (ie, lower es – eh), suffered more evaporation than 

the non-aerated water. The air flow due to the bubbles bursting over the water, as shown 

previously, may have affected the rate of change in vapour deficit, increasing the rate of 

evaporation over the compartment with aeration. 

  

0 

0.05 

0.1 

0.15 

0.03 0.08 0.13 0.18 

W
in

d
 S

p
e

e
d

 (
m

/s
) 

Air flow rate  (L/s) 

Baseline Aeration 

0 

0.05 

0.1 

0.15 

0.03 0.08 0.13 0.18 

W
in

d
 S

p
e

e
d

 (
m

/s
) 

Air flow rate  (L/s) 

Baseline Aeration 



CHAPTER 6   

101 
 

6.5. Evaporation due to air-bubble saturation 

Another important factor to be considered when looking at evaporation from aerated 

waters is the humidity that the bubbles carry when they are rising through the water 

column. The surface between the water and the bubble will evaporate water inside the 

bubble until the air inside the bubble is saturated (Kirzhner and Zimmels, 2006). The 

bubble will leave the water and release the vapour in the atmosphere. Bubbles can 

increase dramatically the evaporation if the water is at a high temperature due to the 

high vapour holding capacity of the bubble. 

In order to compute the amount of water vapour that is added into the submerged 

bubbles the Dalton's law of partial pressures is considered. The mass of air injected into 

the water and the holding capacity of this air for the water temperature have to be 

known. We assume that the equilibrium between the water and the air bubbles is 

reached instantaneously (Burkard and Van Liew, 1994; Michaelides, 2010 – personal 

communication). Therefore, the partial pressure of vapour inside the bubbles must equal 

the saturation pressure associated with the temperature of the liquid (Turns, 2000). A 

reduction in air mass through diffusion could be considered. However, the bubble-water 

contact time in aerated lakes is rapid enough to make the diffusion process negligible 

(Fuster and Zaleski, 2010). McGinnis et al. (2006) showed that dissolution of gas would 

be important only in depths higher than 100 metres. 

Using Dalton's law of partial pressure it is easy to obtain the mass of water vapour 

for 100% relative humidity, which corresponds to the loss of water due to the bubble 

saturation process (Ebs): 

 
s

bs B a

a s

e RH
E =Q ρ

P e 100
        (6.2) 

where Ebs is the loss of water due to the bubble saturation process (Kg day
-1

), QB is the 

air-flow rate injected into the water, ρa is the air density (thus QB ρa is the mass flow of 

dry air at the water temperature, in Kg day
-1

), es/(Pa + es) is the maximum moisture 

holding capacity (%) of the air at the water temperature and RH is the relative humidity 

of the air. The saturation vapour pressure (es) can be obtained through one of the many 

available vapour pressure functions, such as the Magnus-Tetens (Murray, 1967) 

formula: 
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w
s

w

7.5T
e exp 2.3026 0.7858

T 237.3

  
      

      (6.3) 

where Tw is the surface water temperature (
o
C) and es is in hectopascals. 

Figure 6.10 shows the loss of water due to the evaporation inside the bubbles as a 

function of the air-flow rates tested in this study (Figure 6.10a) and as a function of 

higher air-flow rates (Figure 6.10b). 

a) Range of air-flow rates = 0.04 to 0.20 L/s b)    Range of air-flow rates = 0.00 to 400 L/s 

    

Figure 6.10. Loss of water due to bubble saturation (Ebs) during R1 and R2 (a). The 

higher losses during R2 are due to the higher temperature which increases the moisture 

holding capacity of the air bubbles. Approximate error = ± 4%. (b) is an extrapolation 

for air-flow rates as high as 400 L s
-1

 

From Figure 6.10a, it can be seen that the loss of water due to bubble saturation 

increased with the air-flow rate, and that this loss was greater during R2 due to its 

higher temperature, which provides for a higher moisture holding capacity of the air. It 

can also be seen from Figure 6.10b that the water loss for air-flow rates above the range 

tested in this study follows an increasing linear trend, with the slope being defined by 

the water temperature. 

The water loss due to bubble saturation was small compared to the total evaporation 

measured in this laboratory experiments. The rates shown in Figure 6.10a varied from 

2.0% to 6.0% of the total evaporation measured for the trials. The importance of the 

bubble saturation process increased with the increase in the air-flow rate. For the lowest 

air-flow rate tested (3.8 x 10
-2

 L s
-1

), the proportion of water loss attributed to the 

bubble saturation process was 2.3% during R1 and R2 and, for the highest air-flow rate 

(19 x 10
-2

 L s
-1

), it was 5.0% and 5.8% for R1 and R2, respectively. 
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The proportion of the loss of water due to bubble saturation to the total evaporation 

from an aerated open water reservoir, however, would be much less than the proportions 

found from this experiment because in an open water reservoir the area of the plume 

would be significantly less than that of the reservoir. 

We used North Pine Dam, in Australia, to illustrate this explanation. The reservoir 

was aerated at a total rate of 0.33 m
3
 s

-1
 (330 L s

-1
) from October 15

th
, 1995 to 

December 13
th

, 1995 (Moshfeghi et al. (2005) to break down the thermal stratification 

in the water column. The water temperature under aeration conditions was modelled 

using the model DYRESM (Imberger and Patterson, 1981). The surface area of the 

reservoir was 21.36 km
2
. The total baseline evaporation calculated using the Penman-

Monteith model (Monteith, 1965) for the two months was 200 mm. If the proposed 

methodology to find the loss of water due to the aeration was applied, the loss of water 

due to bubble saturation would be 15 m
3
 for the 2-month period. If this volume was 

distributed over the whole surface area of the reservoir, the height of water reduction 

would correspond to only 0.001 mm, representing virtually zero percent of the total 

evaporation. If the same volume of air was pumped into a small water body (eg, 2 m
2
 

surface area), the pond would dry up completely in less than 10 days, given the high air-

flow rate. Therefore, the proportion of the loss of water due to bubble saturation in 

relation to the total evaporation would be significantly large. 

6.6. Empirical evaporation estimates 

Since the late 1800’s, when the first empirical investigations were published after 

Dalton’s work (Dalton, 1802), a large number of empirical equations have been 

developed for predicting evaporation (Sill, 1983). Most of these equations are only valid 

for particular systems and climates similar to where the measurements were made, 

making their application limited (Sartori, 2000). However, given that the quantification 

of evaporation is a difficult task due to the complex interactions that are involved in the 

process, the existing empirical approaches have been, and continue to be, widely used 

due to the lack of more appropriate theoretical models. 

Most of the existing evaporation equations are in the bulk aerodynamic form (Eq. 

6.1) which states that evaporation is proportional to the difference between the vapour 

pressure near the surface of the water and the vapour pressure in the air, and that the 

velocity of the wind affects this proportionality (Brutsaert, 1982). Despite being widely 
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implemented, there is no single universally accepted bulk aerodynamic equation due to 

site-specific conditions that determine different functions of wind speed. 

The wind function, f(uh) is usually obtained as an empirical fit to a set of site 

specific field measurements. In its simplest form, uh is plotted against E/(es – eh), with 

the wind function obtained from the curve fit (Brutsaert, 1982; Sill, 1983). Many fits are 

simply a function in the form of f(uh) = a uh ; however, the Stelling’s equation 

(Brutsaert, 1982) has been the preferred function amongst evaporation investigators (eg, 

Fitzgerald, 1886; Rohwer, 1931; Penman, 1948). This equation has the form f(uh) = b + 

c uh and allows for evaporation under free convective condition (ie, when uh = 0), in 

which case evaporation is driven by the difference in water vapour concentration 

between the air close to the water and the surrounding air, rather than by wind speed. 

Free convective evaporation may not be as important to open water reservoirs as it is to 

enclosed water bodies, such as this laboratory experiment, in which evaporation is 

predominantly driven by the gradient of the water vapour above the surface. 

In the wind functions, a, b and c are empirical parameters that are calibrated for each 

site. Other investigators have attempted to derive improved wind functions by using 

alternative forms, such as parabolic and power forms (Brady et al., 1969; Jaworski, 

1973; Sill, 1983). However, these different forms do not appear to significantly change 

the accuracy of the bulk aerodynamic method, so the simpler forms are still considered 

adequate for most applications (Brutsaert, 1982). Other authors (Sartori, 2000; Alvarez, 

2007; McJannet et al., 2011) have taken wind functions developed for specific locations 

and derived new area-adjusted functions that can be applied to different sized water 

bodies. 

Reviews on the wind functions that can be coupled with the bulk aerodynamic 

formula can be found in Sweers (1976), Stigter (1980), Sartori (2000), McJannet et al. 

(2011) and others. McJannet et al. (2011) have emphasised in their paper the limitations 

of some of the most traditional wind functions, indicating the range of conditions for 

which the equations are valid. Some existing and established wind functions are 

presented in Table 6.2. 
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Table 6.2. Wind functions derived for different sized water bodies and conditions 

Original Source Wind Function Units 

Carpenter, 1889, 18911 f(u2) = 2.93 + 1.95 u2 mm day-1 kPa-1 

Rohwer, 19311 f(u2) = 3.29 + 1.01 u2 mm day-1 kPa-1 

Penman, 19481,2 f(u2) = 2.65 + 1.38 u2 mm day-1 kPa-1 

Harbeck, 19621,4 f(u2) = 9.17 A-0.05 u2 W m-2 mbar-1 

WMO USSR, 19661,2 4 f(u2) = 1.30 + 1.80 u2 mm day-1 kPa-1 

WMO USA, 19661,2,4 f(u2) = 1.31 u2 mm day-1 kPa-1 

Brutsaert and Yu, 19681 f(u2) = 3.623 A-0.066 u2 mm day-1 kPa-1 

Brutsaert and Yu, 19681 - Small pan f(u2) = 2.71 + 2.54 u2 mm day-1 kPa-1 

Brutsaert and Yu, 19681 - Medium pan f(u2) = 2.31 + 2.11 u2 mm day-1 kPa-1 

Brutsaert and Yu, 19681 - Large pan f(u2) = 2.46 + 1.71 u2 mm day-1 kPa-1 

McMillan, 19711 - Fiddlers Ferry model f(u2) = 1.76 + 0.86 u2 mm day-1 kPa-1 

McMillan, 19711 - Fiddlers Ferry lagoon* f(u2) = 1.16 + 1.07 u2 mm day-1 kPa-1 

McMillan, 19711 - Fort Colorado f(u2) = 1.59 + 1.06 u2 mm day-1 kPa-1 

McMillan, 19734,2 (overwater) f(u2) = 3.67 + 2.70 u2 W m-2 mbar-1 

McMillan, 19734 (overland) f(u2) = 4.4 + 2.20 u2 W m-2 mbar-1 

Sweers, 1976 f(u2) = (5 x106 / A)0.05 (1.29 + 0.95 u2) mm day-1 kPa-1 

Thom et al., 19813 f(u2) = 1.20 + 1.62 u2 mm day-1 kPa-1 

Smith et al., 19941 f(u2) = 2.25 + 1.39 u2 mm day-1 kPa-1 

Molina et al. , 20061 f(u2) = 2.06 + 2.28 u2 mm day-1 kPa-1 

Rayner, 20073 f(u2) = (1 + 4.1 U2) / (1 + 0.32 u2) mm day-1 kPa-1 

Alvarez, 20071 f(u2) = 0.037 log10 A
2 – 0.578 log10 A + 3.583 mm day-1 kPa-1 

McJannet et al., 2011 f(u2) = (2.59 + 1.61 u2 ) A
-0.05 mm day-1 kPa-1 

1Cited in McJannet et al. (2011); 2Cited in Sartori (2000); 3Cited in Chu et al. (2010a); 4Cited in 

Sweers (1976) 

u2 is the wind speed taken at a height of 2 metres in m s-1; A is the surface area of the water body in 

m2, W is the width of the water body in m. 

Figure 6.11 shows the plot of the baseline evaporation rates estimated using six of 

the functions shown in Table 6.2 against the observed evaporation rates from the current 

laboratory experiment. The functions derived by McMillan (1971; 1973) are widely 

used and valid for a broader range of wind speeds and lake sizes (Sweers, 1976; de 

Bruin, 1982; Calder and Neal, 1984; Finch and Hall, 2006). The wind function derived 

by Thom et al. (1981) was proven by Chu et al. (2010a) to be adequate for wind speeds 

less than 3.0 m s
-1

 (ie, in conditions where free convective evaporation is relevant). The 

function of WMO (1966) was shown by Sweers (1976) to be almost identical to the 

functions derived by McMillan (1971; 1793) for predictions of evaporation under forced 

convective conditions. 

All of the functions presented in Figure 6.11 yielded a reasonable estimate for the 

free convective evaporation (ie, wind speed = 0) for the current laboratory data. Their 

free convective coefficients (ie, the value of “b” in f(uh)  = b + c uh) are very close, 



CHAPTER 6   

106 
 

varying from 1.15 to 1.60 mm day
-1

 kPa
-1

. The observed values of E/(es – eh) from the 

current experiment yielded b = 1.35 mm day
-1

 kPa
-1

, which is represented by the first 

series of data in Figure 6.11. 

 

Figure 6.11. Measured evaporation rates and evaporation rates estimated with six 

established wind functions 

6.7. Evaporation due to air-bubble bursting process 

In section 6.5 it was shown that, under aeration conditions, evaporation is increased 

by Ebs (Eq. 6.2). This loss of water is due to the release of water vapour carried by the 

saturated bubbles. In this section, a new component for the estimate of evaporation 

under aeration conditions will be derived. This component is related to the additional air 

speed at the surface of an evaporative water body due to the bubble bursting process 

(described in section 6.4), which intuitively, will have some effect on the displacement 

of the saturated air above the surface, thus increasing the rate of local evaporation. This 

component of the total evaporation will be referred to as the remaining evaporation 

(Erem). 

The plot of the measured remaining evaporation, after taking away the baseline 

evaporation and the evaporation due to the bubble saturation, is plotted in Figure 6.12 as 

a function of the injected air-flow rates. The graph shows that the remaining evaporation 

increases with the increase in air-flow rate. This component of the evaporation was 

higher during the second round of experiments. The difference between both rounds can 

be explained by the difference in temperature. The higher temperature during the second 

round allowed for higher moisture holding capacity of the air near the water. The near 

water air, as shown previously in Figures 6.7 and 6.8, is affected by the ventilation of 

the bubble burst much more than the air far from the water, which is drier. Therefore, 

the difference between the two rounds is actually explained by the saturation vapour 
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pressure which is, in turn, determined by the water temperature (the higher the 

temperature, the higher the saturation vapour pressure). The rate of replacement of the 

saturated air near the water will be affected by the air flow imparted by the bubble 

bursting process. 

 

Figure 6.12. The remaining evaporation (Erem) from the aerated compartment after 

subtracting the loss of water due to bubble saturation (Ebs) and the free convective 

evaporation (E) from the total measured evaporation. Approximate error = ± 0.08 mm 

day
-1

 

The bubble bursting process effect on evaporation may be thought of as being a 

function of the air-flow rate released at atmospheric pressure and the bubble core size. 

Bombardelli et al. (2007) studied the scaling of aeration bubble plumes in non-stratified 

water bodies and introduced a characteristic length scale D to represent different 

aeration systems. They argued that D could be used to scale vertical, as well as 

horizontal (radial) distances, in bubble plume systems. The length scale D scales with 

the bubble slip velocity and the air-flow rate as follows: 

3

s

2

B
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gQ
=D          (6.4) 

where g is the gravity, α is the entrainment coefficient, us is the bubble slip velocity, 

taken as a constant equal to 0.3 m s
-1

 (Kobus, 1968; Lemckert and Imberger, 1993). The 

entrainment coefficient can be taken as a function of the air-flow rate, according to 

Bernard et al. (2000): 
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where ha is the reference depth (≈ 10.3 m) and r0 is the radius of the bubble plume, 

given by Bernard et al. (2000) as: 

1
2 5

0
0

Q
r

g

 
  
 

         (6.6) 

where Q0 is the air-flow rate at atmospheric pressure and g is the gravity. 

Dimensional analysis including evaporation (Erem), air-flow rate (QB), saturated 

vapour pressure (es) and D yields the following non-dimensional quantity: 

4

s

Brem*

De

QE
=R          (6.7) 

where Erem is in units of MT
-1

, QB is in L
3
T

-1
, es is in ML

-1
T

-2
 (or Pa) and D is in L. 

Figure 6.13 shows the relationship between the remaining evaporation (Erem) and 

(esD
4
)/QB from the current experimental data. 

 

Figure 6.13. The remaining evaporation (Erem) as a function of (esD
4
)/QB 

From Figure 6.13, it can be seen that the remaining evaporation can be calculated as 

a function of (esD
4
)/QB using the approximation: 

4
-5 s

rem

B

e D
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Q
        (6.8) 

This function will give the remaining evaporation for one air source. The total 

remaining evaporation from a given water body may be estimated by multiplying the 

one-source evaporation by the number of air sources in operation in the water body. 
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Note that evaporation under aeration conditions has to be treated locally because the 

effect upon the overwater atmospheric conditions takes place only in the vicinity of 

where the bubbles emerge and burst. Also note that the depth of the water bodies is 

taken into consideration in the calculation of the radius of the bubble plume, because Q0 

is the air-flow rate at atmospheric pressure and is calculated as a function of the depth of 

the water body due to the effect of bubble expansion. 

6.8. Example of application – Wivenhoe Dam 

This section describes the application of the functions derived for the three 

components of evaporation under aeration conditions to an Australian reservoir. These 

three components - evaporation due to bubble saturation, background evaporation and 

evaporation due to the bubble bursting process - were described in sections 6.5, 6.6 and 

6.7, respectively. It is important to note that the functions were derived from a 

laboratory experiment and have not been tested on a larger scale. 

Wivenhoe Dam is a large dam built on the Brisbane River with its main purposes 

being flood mitigation and the supply of potable water to the south-east Queensland 

region. At full capacity, this dam has a volume of 1,160 hm
3
 and a surface area of 107 

km
2
, with a maximum depth of 40 m. The theoretical aeration system for this dam was 

designed using the methodology outlined in Lemckert et al. (1993). The aeration system 

comprises 375 sources of air, at an air-flow rate of 2.0 L s
-1

 each. The selected period of 

simulation was three years, from 01/01/1984 to 01/01/1986, due to the availability of 

reliable meteorological data. 

The model DYRESM (Imberger and Patterson, 1981), which has been calibrated 

and validated for predictions of evaporation and temperatures for this reservoir (Helfer 

et al., 2011c), was used to simulate the water temperature under baseline and aeration 

conditions. This model has an algorithm to model the mixing of the water by artificial 

air-bubble plume systems. The mixing model is based on the single plume model 

described by McDougall (1978), which has been validated with field data in previous 

studies, such as Patterson and Imberger (1989), Imteaz and Asaeda (2000) and Lewis et 

al. (2001). 

The background (or baseline) evaporation was calculated using Eq. 6.1, with es 

obtained as a function of the simulated water temperatures. The free convective 

coefficient of the wind function was taken from the laboratory data fit (Figure 6.11), and 
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the forced convective coefficient, from McMillan (1973), resulting in f(u2) = 1.35 + 

0.97 u2. It is important to note that wind functions are site-specific and need calibration. 

This function was chosen as a first approximation for the calculation of evaporation. It 

was later adjusted for the studied reservoirs, as explained below. 

The loss of water due to the vapour transported into the bubbles (Ebs) was estimated 

by Eq. 6.2, where again es was calculated as a function of the simulated water 

temperatures. The evaporation due to the bubble bursting process (Erem) was estimated 

by Eq. 6.8. Table 6.3 shows the results for the three components of evaporation outlined 

in this study. The numbers are taken as an average of the three years of simulation. 

Table 6.3. The three components of evaporation under aeration conditions for 

Wivenhoe Dam – background evaporation calculated with wind function f(u2) = 1.35 + 

0.97 u2 

Baseline evaporation 

(non-aeration conditions)1 

Evaporation 

under aeration conditions1 

Evaporation 

change2 
Ebs Erem Ebs + Erem 

mm yr-1 m3 yr-1 mm yr-1 m3 yr-1 m3 yr-1 m3 yr-1 m3 yr-1 m3 yr-1 

1,669 58,827,000 1,650 58,159,404 
-667,596 

(1.13% reduction) 
2,097 935 

3,032 

(~0% increase) 

1 Calculated as a function of DYRESM simulated water temperatures. 
2 Evaporation change attributed to the change in surface water temperature after aeration. 

The baseline evaporation calculated with the bulk aerodynamic formula and the 

proposed wind function resulted in higher rates than previously published values for 

Wivenhoe Dam (eg, Helfer et al., 2011c). The explanation for this is that the wind 

function was adjusted for windless conditions (ie, for free convective evaporation) only, 

based on the laboratory data. One way to work around this is by adjusting the forced 

convective term of the wind function (ie, the coefficient that is followed by the wind 

speed) to the studied water bodies. 

We used the data for evaporation generated by DYRESM to perform this 

adjustment. The daily predictions of DYRESM have been validated by Helfer et al. 

(2011c) to represent the daily evaporation rates from Wivenhoe Dam. It was found that 

the coefficient for forced convective evaporation, which minimises the difference when 

compared to DYRESM daily estimates, was 0.65 for both dams. Table 6.4 summarizes 

the annual values for the three components of evaporation, using the new proposed 

wind function (f(u2) = 1.35 + 0.65 u2). 
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Table 6.4. The three components of evaporation under aeration conditions for 

Wivenhoe Dam – background evaporation calculated with wind function f(u2) = 1.35 + 

0.65 u2 

Baseline evaporation 

(non-aeration conditions)1 

Evaporation 

under aeration conditions1 Evaporation change2 Ebs Erem Ebs + Erem 

mm yr-1 m3 yr-1 mm yr-1 m3 yr-1 m3 yr-1 m3 yr-1 m3 yr-1 m3 yr-1 

1,178 41,514,723 1,168 41,163,285 
-351,438 

(0.8% reduction) 
2,097 935 

3,032 

(~0% increase) 

1 Calculated as a function of DYRESM simulated water temperatures. 
2 Evaporation change attributed to the change in surface water temperature after aeration. 

The background evaporation under baseline and aeration conditions presented in 

Table 6.4 is in accordance with the values published in Helfer et al. (2011c). The annual 

baseline evaporation of Wivenhoe Dam is around 1,180 mm under natural conditions 

and 1,170 mm under conditions of aeration. The fifth column in Table 6.4 shows the 

change in evaporation under aeration conditions as compared to the baseline 

evaporation. This change can be attributed to the change in surface temperature brought 

about by the mixing system. 

Overall, aeration by air-bubble plumes would contribute an insignificant percentage 

to the total annual evaporation due to Ebs and Erem. The increase in evaporation due to 

these two components would represent less than 0.01% of the total evaporation from 

Wivenhoe Dam (last column in Table 6.4). This increase is less than the reduction in 

evaporation caused by the aeration system through affecting the water temperature (as 

shown in Table 6.4, the aeration system leads to a reduction in evaporation – very small 

in magnitude, but still greater than the losses due to the other two components). The 

aeration reduces evaporation by lifting cold bottom water to the surface, thereby 

reducing the surface temperature. This reduction, however, only happens in the 

beginning of the period of artificial destratification (Helfer et al., 2011c; 2012b). After a 

few days of operation, the water from the bottom of the dam becomes as warm as the 

surface temperature. 

6.9. Conclusions 

This paper analysed the effects of aeration by air-bubble plumes on the change in 

evaporation from water bodies. A 0.7-m deep tank divided into two compartments and 

placed in a windless, temperature-controlled room was used. One of the compartments 

was used to measure baseline evaporation, and the other, to investigate the effects of 
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different air-flow rates on evaporation. The air humidity above the water, the 

temperature of the water and the ventilation induced by the bubble break-up process at 

the water surface were all monitored. 

It was found that, compared to baseline evaporation, evaporation from aerated non-

stratified waters increases under aeration conditions, and that this increase is 

proportional to the increase in air-flow rates pumped into the water. Moreover, it was 

found that the increase in evaporation under aeration conditions may be explained by 

two processes. One is the contribution of the “evaporation” inside the bubbles to the 

losses of water. The other, is the higher rate of displacement of overwater vapour, at the 

location where the bubbles emerge and burst, as a result of the bursting of the bubbles. 

Two functions were derived from the laboratory data to predict the water loss due to 

these two processes. The losses due to the first process may be estimated as a function 

of the air-flow rate released at the surface and the saturation vapour pressure at the 

water temperature, assuming that the bubbles reach equilibrium with the ambient water 

instantaneously. It was found that the losses due to the second process could be related 

to the air-flow rate, the vapour pressure and the length scale D proposed by Bombardelli 

et al. (2007) for aeration systems. 

Although the water losses due to those two processes are significant for small water 

bodies, such as experimental tanks, if the derived functions are applied to larger 

temperate water bodies, these losses become minimal when compared to natural 

evaporation. Moreover, the small reduction in evaporation due to the lowering of the 

water temperature of the reservoir induced by the mixing process is much higher than 

the increase in evaporation from those two processes. The results, therefore, indicate 

that the net effect of aeration by air-bubble plumes on evaporation from stratified lakes 

is positive (ie, these systems indeed reduce evaporation), but the water saving is so 

small that it does not warrant the use of these systems for the sole purpose of reducing 

evaporation. 
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Impacts of climate change on temperature and evaporation from a 

large reservoir in Australia 

 

Abstract: Determining evaporation rates is essential for the efficient management of 

reservoirs and water resources, particularly in water-scarce countries such as Australia. 

Today, it is estimated that open water reservoirs in Australia lose around 40% of their 

total water storage capacity per year to evaporation. While this loss is of significant 

concern, the threat of a changing climate has been directing greater focus to how much 

water will be lost from Australia’s reservoirs in the future. This paper analyses 

evaporation rates from a large water supply reservoir in South-East Queensland (SEQ), 

Australia, under current climate and predicted climate change conditions using 

modelling. Daily meteorological predictions from nine global climate models were used 

in the model DYRESM as the driving forces of the thermodynamics of the reservoir 

under study. Two future 20-year period simulations were undertaken, one from 2030 to 

2050, and the other from 2070 to 2090. The modelled future evaporation rates, as well 

as water temperatures, were then compared with modelled evaporation rates and 

temperatures obtained using observed meteorological variables for the period of 1990-

2010. The results showed that the evaporation rates from the study reservoir will 

increase in the future. For the period centred in 2040, the annual evaporation will be 

approximately 8% higher than the 20-year average annual evaporation estimated for the 

present climate. A more pronounced increase in evaporation is expected in 2070-2090, 

with annual evaporation predictions being approximately 15% higher than the baseline 

evaporation. The main agent behind this increase is higher air temperatures in the 

future. According to the modelling results, the mean annual temperature will grow from 

the present value of 20.4
o
C to 21.5

o
C in 2030-2050, and to 23.2

o
C in 2070-2090. As a 

consequence, the mean surface water temperatures of the reservoir will increase by 

0.9
o
C and 1.7

o
C in both timeframes, respectively. This will have a significant impact on 

the evaporation rates, particularly in spring and summer, when the temperature 

increases will be more significant. 

Keywords: climate change, evaporation, reservoirs, temperature 
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7.1. Introduction 

Australia and most semi-arid countries around the world rely on water stored in 

reservoirs for drinking water supply and food production. However, the rates of 

evaporation in these countries, however, can be exceedingly large. In Australia, around 

40% of its total water storage capacity is lost per year due to high rates of evaporation 

(Craig et al., 2005). Concerns over Australia’s future open water evaporation rates are 

increasing due to the threat of a changing climate. In fact, there are indications that the 

meteorological factors involved in the process of evaporation will be significantly 

affected as a result of increasing greenhouse gas (GHG) emissions. The 2007 Australian 

Climate Change Report by the Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) and Bureau of Meteorology (BoM) is probably the best source of 

information on how the Australian climate will change from now, and into the future 

(CSIRO and BoM, 2007). This report is based on results from 23 different global 

climate models used within the Intergovernmental Panel on Climate Change Fourth 

Assessment Report (IPCC, 2007). Predictions for most climatic variables are given for a 

range of GHG emission scenarios. According to the CSIRO and BoM (2007), there is a 

growing body of evidence in support of an increase in Australian temperatures, with an 

increase already of 0.9
o
C since 1950. For the future, the estimate of warming by 2030 

relative to the base climate of 1990 is approximately 1.0
o
C, with warming of around 

0.8
o
C in coastal areas and 1.1

o
C inland. By 2050, warming in Australia will range from 

1.2
o
C to 2.2

o
C for low and high emission scenarios, respectively, and by 2070, from 

around 1.8
o
C to 3.4

o
C. 

As a result of the change in climate, particularly the increase in temperatures, rates 

of evaporation are also expected to increase throughout Australia. The largest increases 

in evaporation are expected in the north and east, where the changes by 2030 are 

estimated to be around 2%. By 2070, the low emission scenario shows increases in 

evaporation of around 3% in the south and west, and around 6% in the north and east, 

while the high emission scenario shows increases of around 6% in the south and west, 

and 10% in the north and east. 

Despite this overall picture of future evaporation in Australia, the effects of climate 

change on evaporation from and thermodynamics of particular lakes can only be 

determined by performing site-specific investigations. This can be undertaken using 

site-specific predictions for the meteorological variables that drive the evaporation 
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process, namely solar radiation, temperature, wind speed and vapour pressure. 

Evaporation under climate change in Australia has only been assessed on a broad scale, 

based on meteorological predictions generated by global climate models. These do not 

incorporate local climate variations, and therefore are inappropriate for finer scale 

analyses, such as the study of evaporation from reservoirs. Therefore, local studies on 

evaporation should be based on meteorological data derived specifically for the study 

site and should incorporate the regional pattern variations of the local climate. 

After obtaining the appropriate meteorological data, the study of the response of 

lakes to climate change can be achieved by using numerical modelling simulation. In 

the modelling of lakes under climate change conditions, the predicted future 

thermodynamics and evaporation driving forces are incorporated in the model, and the 

responses of the lakes to these forces are obtained in a relatively short period of time. 

This further facilitates the investigation of the behaviour of lakes under different climate 

change scenarios and allows a portfolio of all possible outcomes to be created. 

Daily climate change projections into the current century for any country can be 

obtained from global climate models, as mentioned earlier. Global climate models, also 

known as general circulation models (GCMs), are models that solve the primitive 

equations of mass, momentum and thermodynamics to generate a description of the 

state of the atmosphere, and produce most of the meteorological variables, such as wind 

speed, relative humidity, rainfall, temperature and solar radiation. The GCMs are 

typically used to estimate data for a long period into the future and for different GHG 

emission scenarios in order to create climatic statistics (Nunez and McGregor, 2007). 

These data also provide a first look at the range of projected future climate changes, 

which is usually referred to as the climate change envelope. 

Inherent to GCMs, however, is their coarse spatial resolution which, amongst all the 

available models, varies from 200 to 500 kilometres. With this resolution, albeit GCMs 

incorporate the important large-scale atmospheric circulation, they are unable to capture 

local-scale factors, such as the orographic elevation, proximity to water bodies and local 

winds. One way to work around this is to downscale the GCM datasets to a regional 

scale using a regional atmospheric model with atmospheric forcings based on the 

outputs of the GCM. In this way, the local climate trends are captured, while 

maintaining agreement with the large-scale response of each GCM (Thatcher and 

McGregor, 2011). For instance, Sahoo and Schladow (2008) used meteorological 
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predictions from the global climate model GFDL (Delworth et al., 2006) downscaled to 

the California-Nevada region to study the impacts of climate change on the dynamics of 

lakes and reservoirs in that region. Likewise, McGregor and Nguyen (2010) used 

downscaled projections forced by sea-surface temperatures from the CSIRO-Mk 3.5 

model (Gordon et al., 2010) to study the future climate of the Murray-Darling Basin, 

Australia. Furthermore, Nguyen et al. (2011) utilised the downscaling technique for six 

global climate models to investigate the local climate of the Pacific island nations. 

According to these authors, high-resolution simulations provide a better resolution of 

spatial details and of extremes, in addition to yielding boundary conditions for even 

finer resolution simulations. 

In Australia, the CSIRO and BoM have converted broad-scale climate change 

projections from a wide range of GCMs into local-scale regional projections for the 

South-East Queensland (SEQ) region using the CSIRO Conformal-Cubic Atmospheric 

Model (CCAM) (McGregor, 2005; McGregor and Dix, 2001; McGregor and Dix, 

2008). The finer scale detail of these downscaled projections varies from 15 km to 60 

km and thus they are more reflective of regional considerations than the popular GCM 

outputs, and thereby more representative of a plausible future. 

In this context, the aim of this study was to investigate the influences of a changing 

climate on evaporation from a large and important water body located in SEQ, 

Australia. Meteorological predictions from nine GCMs, subsequent to the CCAM 

dynamical downscaling, were used in a validated dynamic reservoir model (Helfer et 

al., 2011c). Modelled future volume-averaged lake temperatures, surface temperatures 

and evaporation rates were analysed and compared with the present-day temperatures 

and evaporation rates. Also, causes and implications of temperature and evaporation 

changes are briefly discussed. The approach and outcomes of this study have 

international applicability, and provide a first indication that in the subtropics, changes 

in evaporation due to climate change may be highly significant. However, for particular 

sub-tropical regions, this would require further investigation due to local climate 

variability. 

7.2. Study site and meteorological data for simulations 

For this study, a large reservoir located in SEQ was considered. Wivenhoe Dam 

(27°23'11"S, 152°37'10"E, Figure 7.1) is built on the Brisbane River and is located 

approximately 40 km northwest of Brisbane. Its main purposes are flood mitigation and 
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the supply of potable water to the SEQ region. At full capacity, this dam has a volume 

of 1,160 hm
3
 and a surface area of 107 km

2
, with a maximum depth of 40 metres. 

 

Figure 7.1. Location of Wivenhoe Dam in Australia (modified from Helfer et al., 

2011c) 

The meteorological data for the nearest weather station, located 25 km from 

Wivenhoe Dam, was provided by the BoM. This was the nearest station with a 

considerably long, reliable and consistent set of historical meteorological data. Daily 

data from 01/01/1990 to 31/12/2010 were used in the simulations to compose the 

baseline (or present-day) scenario. This long-term set of data allowed for an accurate 

estimation of the present-day average thermal behaviour and evaporation of the 

reservoir. 

Future daily projections for solar radiation, wind speed, temperature, air humidity 

and rainfall over the SEQ region were provided by the CSIRO and BoM. Although 

there are currently 23 GCMs available from the World Climate Research Programme 

(WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset 

archive (Meehl et al., 2007), only nine GCMs were considered for downscaling in SEQ 

(Table 7.1). The selection of these GCMs was predicated on the models’ efficacy in 

predicting the present-day climate, particularly the seasonal variability, throughout 

Australia. The nine host GCMs were used to derive daily data on a 15-km resolution 

grid over the SEQ region using dynamical downscaling with the Conformal-Cubic 



CHAPTER 7   

119 
 

Atmospheric Model (CCAM). The downscaling technique is described in Nguyen et al. 

(2011). 

The efficacy of the selected models has been represented in the literature by 

different skill scores. One common model assessment is the non-dimensional measure 

of similarity M (Watterson, 1996), presented in Table 7.1. This score is based on the 

agreement between modelled and observed seasonal-mean temperatures, precipitation 

and sea level pressure in Australia. A single M value between 1 (perfect match) and 0 

(no-skill) is obtained for each model, variable and season, based on pattern correlations 

and root-mean-square errors. The M value of each model presented in Table 7.1 

represents the mean skill score for each of the three aforementioned meteorological 

variables for each of the four seasons (that is, a mean of a total of 12 scores). The mean 

skill scores of the selected models are all above 0.6, meaning that they have high ability 

to predict the Australian climate. In this study, a method of weighting the models’ 

performance, as a means to obtain a clearer sign of the likely changes (Kirono and Kent, 

2011) was also considered, as described in section 5. 

Table 7.1. List of the climate models adopted in this study 

Model Name1 Centre Country 

Original 

Resolution 

(lat x long) 

Key Reference 

M 

Skill 

Score 

CSIRO-Mk3.0 CSIRO Atmospheric Research Australia ~1.80o x 1.80o 
Gordon et al., 

2002 
0.601 

CSIRO-Mk3.5 CSIRO Atmospheric Research Australia ~1.80o x 1.80o 
Gordon et al., 

2010 
0.607 

ECHAM5/MPI-

OM 
Max Planck Institute for Meteorology Germany ~1.80o x 1.80o 

Roeckner et al., 

2003 
0.700 

GFDL-CM2.1 
US Dept. Of Commerce / NOAA / 

Geophysical Fluid Dynamics Laboratory 
USA ~2.0o x 2.5o 

Delworth et al., 

2006 
0.672 

INM-CM3.0 Institute for Numerical Mathematics Russia ~4.0o x 5.0o 
Diansky and 

Volodin, 2002 
0.627 

MIROC3.2 

(medres) 

Center for Climate System Research (The 

University of Tokyo), National Institute 

for Environmental Studies, and Frontier 

Research Center for Global Change 

(JAMSTEC) 

Japan ~2.8o x 2.8o 
Hasumi et al., 

2004 
0.608 

UKMO-

HadCM3 

Hadley Centre for Climate Prediction and 

Research / Met Office 
UK ~2.5o x 3.75o 

Pope et al., 2000; 

Gordon et al., 

2000 

0.608 

UKMO-

HadGEM1 

Hadley Centre for Climate Prediction and 

Research / Met Office 
UK 

~1.25o x 

1.875o 

Johns et al., 2006; 

Martin et al., 

2006; Ringer et 

al., 2006 

0.674 

CCSM3 National Center for Atmospheric Research USA ~1.4o x 1.4o Collins et al., 

2006 
0.677 

1
Models were downscaled to ~15

 
km resolution using CCAM 
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Bias correction 

In this section, the approach to remove the biases (errors) from the predictions 

derived from the nine models used in this study is described. The bias correction 

method is based on the delta change approach, a method that has been extensively 

discussed and applied in similar studies based on climate model predictions (eg, Hay et 

al., 2000; Lenderink et al., 2007; van Roosmalen et al., 2010; Xu & Yang, 2012). 

As described earlier, the time period from 01/01/1990 to 31/12/2010 was adopted as 

the baseline (or present-day) scenario in this study. Observed daily meteorological 

variables (precipitation, air temperature, solar radiation, wind speed and relative 

humidity) for this period were first compared against the meteorological variables 

derived from the nine climate models for the same period. Even though all models 

reproduced the seasonal cycle of the five meteorological variables quite well 

(particularly air temperature, solar radiation and humidity), almost all of the models 

showed significant discrepancies at some time for some particular months and for some 

variables, in comparison to the observed data. In general, all models underestimated 

solar radiation and temperature in all months. The models significantly overestimated 

precipitation, particularly between March and August. They also overestimated wind 

speed in spring. As for vapour pressure, there was a generalised underestimation in 

summer. These biases were then removed using the statistical approach described 

below. 

The delta change bias removal approach is a statistical correction method aiming to 

produce long-term time-series that have a monthly (or seasonal) statistical mean close to 

that of the observations. The standard delta change method consists of computing long-

term averages of monthly (or seasonal) differences between the modelled time-series in 

the control scenario and the modelled time-series in the future scenario. The method 

assumes that these biases (ie, the monthly or seasonal differences between present and 

future modelled data) do not change over time. In order to produce a future time-series 

of the meteorological variables, these calculated biases are applied to observed 

historical climate data. The delta method thus assumes that future model biases for both 

mean and variability will be the same as those in present-day simulations. 

In this study, a novel approach based on the delta change method was used. The 

biases were calculated for the present-day scenario as the difference between modelled 

and observed data. These changes were then subtracted from the modelled future daily 
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time-series. More precisely, instead of creating a database for the future by altering an 

observed current database of meteorological variables with delta change factors, the 

modelled future daily database was altered with the delta change factors obtained from 

the mean difference between present-day modelled and observed time series. This is 

justifiable because future data on a daily basis was available for this study. The standard 

method would be more appropriate in the case where future data is only available on a 

monthly basis, and there is a need to obtain a daily data series for future simulations. 

Another innovation of our approach is the use of the running monthly mean value 

instead of the simple monthly mean in the estimation of the delta change factors. This 

method has been suggested by Haerter et al. (2011) to avoid jumps at the interfaces 

between months. For state variables such as relative humidity and air temperature, the 

delta changes (Δs) were computed for each day i as: 

, ,( ) ( ) ( )m p o ps i V i V i   ;  i = 1, 2, ... , 365        (7.1) 

where the indices ‘m’ and ‘o’ stand for modelled and observed data, respectively, and 

the index ‘p’ refers to the reference period (1991-2010). ( )V i  is the running 31-day 

mean value for all 20 years of the reference period, involving the previous and 

subsequent 15 days to avoid discontinuities at the interfaces between calendar months, 

and is given as: 
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   (7.2) 

For flux variables such as solar radiation, wind speed and precipitation, the delta 

changes (Δf) were computed for each day as: 

,

,

( )
( )

( )

o p

m p

V i
f i   ;  i = 1, 2, ... , 365

V i
        (7.3) 

For leap years, an additional delta change factor was used after the day 59. The 

value of this factor was considered as the same as the one calculated for the day 59. 
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To remove the biases from the future modelled time-series, the following procedures 

were used. For relative humidity and air temperature, the new database was generated 

as: 

, ,( ) ( ) ( )c f m fV i V i s i   ;  i = 1, 2, ... , 365       (7.4) 

where , ( )c fV i  represents each daily value in the future corrected database and , ( )m fV i  is 

the original modelled daily value in the uncorrected database. For solar radiation, wind 

speed and precipitation, the procedure was: 

, ,( ) ( )* ( )c f m fV i V i f i   ;  i = 1, 2, ... , 365       (7.5) 

The method of bias correction was tested with the observed and modelled daily data 

series for the reference time period (1991-2010). The method significantly improved the 

data series, as shown in Figure 7.2. The mean biases in monthly solar radiation were 

reduced from -3.3% to -0.09%. In vapour pressure, it decreased from -4.3% to -0.09%. 

In monthly wind speed, the errors were reduced from 3.8% to -0.04%. The biases in 

temperature were reduced from -6% to -0.02%, and in rainfall, from 40% to 0.3%. 

7.3. Simulations 

All simulations in this study were performed with the 1-D model DYRESM to 

estimate Wivenhoe Dam’s temperatures and evaporation. This hydrodynamic model 

simulates the thermodynamic processes and mass fluxes at the lake surface using 

meteorological variables, inflows and outflows as driving forces. The model is 

described in brief in the following section. 

For the present-day simulation, daily observed meteorological variables from 1990 

to 2010 were used in the model. For future simulations, two distinct 20-year periods 

were chosen, one around 2040 and one around 2080. The daily future meteorological 

predictions were obtained from 9 climate models and passed through a bias correction 

algorithm to reduce systematic errors, as described in the previous section. 
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a) 

 
b) 

 

c) 

 

d) 

 
e) 

 

Figure 7.2. Long-term monthly averages for solar radiation (a), vapour pressure (b), 

wind speed (c), temperature (d) and rainfall (e) before and after bias correction. Shown 

are observations (circles) and simulations from 9 climate models (solid lines), each 

averaged over 1991 to 2010. 
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The future scenarios were simulated in the SRES-A2 emission scenario (IPCC, 

2000). The SRES-A2 scenario comprises a high GHG emission scenario, in which the 

concentration of CO2 reaches 850 ppmv (parts per million by volume) by 2100. Because 

current emission levels are at, or already above, those specified for this scenario 

(Raupach et al., 2007), this appeared to be the most realistic choice. Other similar 

studies, such as Kay et al. (2006), Charles et al. (2007), Kay and Davies (2008), 

Leander et al. (2008), Chu et al. (2010b) and Nguyen et al. (2011) have also opted for 

this scenario. 

Initial conditions were set for water depth and water column temperatures in 

Wivenhoe Dam. The initial lake depth was set at full capacity (40 metres) and water 

column temperatures were assumed to be the same temperatures as measured in January 

2007. The very high similarity between the air temperatures in 2007 and 1990 was the 

main reason for this approach, which implies that the lake had similar temperatures in 

the January of those two years. Because these values only approximate actual initial 

conditions, a model warm-up period was considered. Previous sensitivity tests have 

indicated that Wivenhoe Dam reaches equilibrium with external forcings within one 

month (Helfer et al., 2011c). 

Also for the simulations, vertical mixing processes were assumed to be more 

important than horizontal advective processes, such as inflows and outflows, in 

determining the vertical temperature distribution in the study reservoirs. In large 

reservoirs such as Wivenhoe Dam, where inflows and outflows have only localized 

effects on water temperature, these flows can be ignored when predicting the 

temperature in the central portion of the lake (Ivey and Patterson, 1984). Other studies 

on the temperature dynamics of Wivenhoe Dam (eg, Yao, 2008; Helfer et al., 2011c) 

have found good agreement between modelled and measured temperatures without 

considering inflows and outflows. Therefore, the only water contribution to the dam 

was the rainfall, whereas the outflow was the evaporation. 

7.4. Modelling with DYRESM 

In this study, the one-dimensional processed-based model DYRESM was used to 

model the lake mixing dynamics and to predict water temperatures and evaporation 

rates from Wivenhoe Dam. The model was previously calibrated for Wivenhoe Dam 

against measured temperature, and the validation for evaporation was based on 
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measured data obtained for a nearby dam. Full details of the validation and calibration 

of the model are described in Helfer et al. (2011c). 

An extensive description of DYRESM has been given in literature (eg, Imberger et 

al., 1978; Spigel and Imberger, 1980; Imberger and Patterson, 1981; Patterson et al., 

1984; Hocking et al., 1988; Patterson and Imberger, 1989). In brief, DYRESM takes 

daily or sub-daily meteorological forcing data (solar radiation, wind, air temperature 

and air humidity), volume of inflows and outflows, and then produces outputs for water 

depth, temperature, salinity and density. The model assumes horizontal homogeneity, 

which is based on the lake density stratification. Vertical motions are inhibited by this 

stratification, while horizontal variations in density are quickly relaxed by horizontal 

advection and convection. 

The basic processes modelled by DYRESM are: surface heat and mass transfer; 

dynamics of the surface layer; vertical diffusion in the hypolimnion; and inflow and 

outflow dynamics. The model makes use of the Lagrangian layer concept in which the 

lake is represented by a series of horizontal layers, each with uniform properties but 

variable thickness. These layers are able to expand, contract, amalgamate, subdivide and 

move up and down as they are affected by the inflows, outflows, evaporation and 

rainfall. 

Within the scope of this paper, the processes which are most important are those 

controlling the surface layer. The surface heat, mass and momentum exchanges 

comprise the primary mechanisms for heating, mixing and stratifying a water body in 

DYRESM. The surface layer dynamics is based on an integral turbulent kinetic energy 

model (Sherman et al., 1978; Yeates and Imberger, 2003). The turbulent kinetic energy 

budget is computed through three main processes: convective overturn (where energy is 

released from the decrease in potential energy resulting from dense water falling to a 

lower level), stirring (where energy from the wind stress is applied to the surface layer), 

and shear (where kinetic energy is transferred from upper to the lower layers in the 

water column). The total available energy and the required potential energy for mixing 

the surface mixed layer and the adjacent layer are compared. If the energy available is 

greater than the energy required for mixing, the mixed layer is deepened and the 

available energy is decremented by the required energy. The process is repeated until 

there is no remaining energy to continue the deepening process.  
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Whenever layers are mixed together, the layer properties are redistributed according 

to the conservation laws: 

1ii

1i1iii
new

MM

MCMC
C










        (7.6) 

where the subscripts refer to layer indices, C is the property being conserved (energy, 

salt or momentum) and M is the layer mass. 

The surface energy fluxes include the fluxes due to shortwave and long-wave 

radiation, sensible heat and latent heat. The fluxes of long-wave radiation, sensible heat 

and evaporation are assumed to only operate on the surface layer. Short-wave radiation 

heat input, on the other hand, decays through the water column according to the Beer-

Lambert law. For the evaporative heat flux, which is most important for the present 

discussion, the bulk aerodynamic formula (Brutsaert, 1982) is used: 

 lh a E lh a a sQ = ρ  L  C  U q - q
     

  (7.7) 

where Qlh is the latent heat flux due to evaporation (W m
-2

), ρa is the air density, LE is 

the latent heat of evaporation, Clh is the latent heat transfer coefficient (a parameter that 

is dependent on the water body characteristics), Ua is the wind speed at the reference 

height of 10 m, qa is the specific humidity in the air (mass of water vapour per unit mass 

of moist air) and qs is the specific humidity at saturation pressure, which is a function of 

the surface water temperature. 

The surface mass exchanges include rainfall (input) and evaporation (output). The 

mass of the evaporated water during a given time interval is calculated as: 

lh lh N
N

E

Q A
M

L
           (7.8) 

where lh

NM  is the evaporating mass from the surface layer with area AN. The total mass 

change of the surface layer for the interval is the difference between the rainfall and the 

evaporation. 
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7.5. Results and discussion 

7.5.1. Present-day scenario (1991-2010) 

This section describes the average climate of the baseline scenario, giving emphasis 

to the driving forces of evaporation (air temperature, solar radiation, humidity and wind 

speed). The results of modelled lake temperature and evaporation in the present-day 

scenario are then discussed. Being the model warm-up period, the year of 1990 is not 

included in the analyses. 

Figure 7.3 presents the seasonal variability in air temperature, wind speed, solar 

radiation and vapour pressure at Wivenhoe Dam for the 20-year set of data from 1991 to 

2010. These variables were selected due to their relevance in the process of evaporation. 

The error bars show the interval between the 10
th

 and 90
th

 percentiles of the seasonal 

values. 

  

  

Figure 7.3. Seasonal air temperature, solar radiation, vapour pressure and wind 

speed at Wivenhoe Dam (averages of 20 recent years). The range bars show the interval 

between the 10
th

 and 90
th

 percentiles (year to year variability). For the southern 

hemisphere, Summer = December, January and February; Autumn = March, April and 

May; Winter = June, July and August; Spring = September, October, November 
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As presented in Figure 7.3, the Wivenhoe Dam region is characterized by four well-

defined seasons, with hot, humid summers and cold, dry winters. The mean annual 

temperature is around 20
o
C, with the air temperature in summer being around 25

o
C and 

in winter, 15
o
C. These temperatures characterize a typical temperate climate. Solar 

radiation at Wivenhoe Dam is also seasonal, with higher values in summer than winter. 

Similarly, vapour pressure follows the same trend as temperature and solar radiation, 

with high values in summer and low values in winter. The deficit of vapour pressure 

(not shown in Figure 7.3) is also higher in summer, indicating that higher rates of 

evaporation are expected during this season. Wind speed, on the other hand, does not 

follow a seasonal trend, as illustrated in Figure 7.3. The average wind speed over the 

20-year period was 3 m s
-1

. 

The modelled 20-year average total seasonal evaporation and the 20-year average 

seasonal daily evaporation from Wivenhoe Dam is presented in Figure 7.4. There is a 

clear difference between evaporation in winter and summer. In summer, the 20-year 

average evaporation is around 450 mm and in winter it is 190 mm. Evaporation in 

spring and autumn falls between these two extremes, at around 330 mm. The 20-year 

average evaporation from the dam is 1,300 mm, varying from 1,080 to 1,490 mm. The 

20-year average daily evaporation is 3.6 mm. Daily evaporation in summer is around 5 

mm, whereas in winter it is around 2 mm. In spring and autumn, the daily evaporation is 

about 3.6 mm.  

  

Figure 7.4. Modelled seasonal total and daily evaporation from Wivenhoe Dam 

(averages of 20 recent years). The range bars show the interval between the 10
th

 and 90
th

 

percentiles 

The modelled temperature of Wivenhoe Dam for the period of simulation is 

presented in Figure 7.5. The variation in water depth over the years has been omitted in 

the Figure, as this is a free-surface representation of the lake’s temperatures. There is a 
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notably consistent pattern in the variation of the temperature, with high temperatures in 

summer and low temperatures in winter. This pattern is a result of the seasonal variation 

in the air temperature and solar radiation shown previously in Figure 7.3. The 20-year 

average surface temperature is 22.4
o
C, with an average of 28.2

o
C in summer and 15.6

o
C 

in winter. The bottom temperature is nearly constant in Wivenhoe Dam, with an average 

of 15.2
o
C, oscillating between 15.4

o
C in summer and 14.8

o
C in winter. The 20-year 

average volume-averaged lake temperature is 19.1
o
C, varying from an average of 

22.1
o
C in summer and 15.3

o
C in winter. 
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Figure 7.5. Simulated water temperature for Wivenhoe Dam – 01/01/1991 to 

31/12/2010 

Also notable in Figure 7.5 is the pattern of thermal stratification in Wivenhoe Dam. 

Wivenhoe Dam is a warm monomictic lake that stratifies from September until the 

beginning of May, covering spring, summer and the autumn seasons. During winter, 

Wivenhoe Dam is characterized by well-mixed water columns due to the lake’s 

turnover. Figure 7.6 shows measured in-lake temperature profiles during the year of 

2007. Field measurements were obtained from SEQ Water. 

 

Figure 7.6. Measured in-lake temperature profiles during the year 2007 in Wivenhoe 

Dam. Available measurements were up to 21 metres under the water 
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Thermal stratification is considered an important regulator of the overall metabolism 

of a lake. The epilimnion – upper and warm water layer – is usually well mixed as it is 

subject to mixing induced by the wind. On the other hand, the hypolimnion – bottom 

layer of colder water – experiences limited mixing because it is isolated from surface 

energy inputs due to the existence of a thermocline region between itself and the 

epilimnion. This thermocline region (metalimnion) limits the exchange of dissolved 

substances between the epilimnion and the hypolimnion due to the low level of 

turbulence and mixing. This limited mixing has important implications for the cycling 

of critical constituents such as nutrients and dissolved oxygen. As shown in Figure 7.6, 

in Wivenhoe Dam, the metalimnion is present during almost the entire yearly cycle, 

with the highest thermal gradients occurring from November to April. The depth of the 

epilimnion (or depth of the well mixed layer) is indicative of the level of mixing in the 

lake. In Wivenhoe Dam, the depth of the mixed layer has an average of 3.6 metres in 

summer, 6.8 metres in autumn, 5.0 metres in spring and it is well mixed from top to 

bottom during winter. 

7.5.2. Future scenarios 

This section firstly describes the future climate at Wivenhoe Dam, pointing out the 

main changes in the driving forces of evaporation – namely air temperature, wind speed, 

solar radiation and air vapour pressure. Assessment of the causes of these climate 

changes, however, is not within the scope of this paper. The results of future modelled 

evaporation are then discussed, followed by a discussion on changes in lake 

temperature. 

The modelled results under climate change are presented in an ensemble projection 

of the nine models used in this study, allowing for an assessment of the uncertainties 

implicit in the choice of the GCMs. The results are represented by the average of the 

outcomes from the nine climate models and the uncertainty is indicated by the range 

between the 10
th

 and the 90
th

 percentile values, following similar studies (eg, CSIRO 

and BoM, 2007 and Smith and Chandler, 2010). 

Driving forces of evaporation under climate change 

The 20-year average seasonal air temperature, wind speed, solar radiation and air 

vapour pressure projected for the periods of 2030-2050 and 2070-2090 are summarized 

in Figure 7.7. The grey bars represent the means of the outcomes of the nine models, 
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and the error bars illustrate the intervals between the 10
th

 and 90
th

 percentiles of the 

outcomes. The black bars show the 20-year average values observed in the present-day 

scenario (1991-2010). 

  

  

Figure 7.7. Modelled future seasonal air temperature, solar radiation, vapour 

pressure and wind speed at Wivenhoe Dam (averages of 20 years). The range bars show 

the interval between the 10
th

 and 90
th

 percentiles of the nine model outcomes 

The data presented in Figure 7.7 shows an increase of average annual temperature in 

the period of 2030-2050 in relation to the present-day average climate. This increase is 

predicted to be approximately 1
o
C, ranging between 0.8

o
C and 1.3

o
C, depending on the 

climate model. The most prominent rise in temperature for this period occurs in spring, 

when air temperatures are likely to increase by around 2
o
C, representing a rise of 10% 

in relation to the present climate temperatures. The least significant rise is in autumn, 

when the average air temperature is expected to rise by an average of 0.7%. For 2070-

2090, again all the models agree with a growth of the average air temperature in all 

seasons at the Wivenhoe Dam area. However, the estimated temperature increases for 

this timeframe are more significant than the increases estimated for 2030-2050, lying 

between 1.7 and 3.2
o
C (average of models = 2.7

o
C). Higher temperature increases are 

expected in spring and winter, with a rise ranging between 3 and 4
o
C depending on the 
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model. This represents an increase of approximately 20% in comparison with the 

baseline scenario temperatures. 

The average annual solar radiation is not expected to change significantly in 2030-

2050 and 2070-2090 in relation to the present-day scenario. There is a slight rise in 

radiation for both timeframes, of around 0.5%. However, the estimated changes vary 

from -0.8% to 1.5% between the climate models, which makes it difficult to draw a 

definite conclusion about future annual solar radiation. However, seasonal changes in 

solar radiation are evident in both timeframes, as shown in the bar graphs in Figure 7.7. 

Solar radiation is likely to go down in summer and autumn, but go up in winter and 

spring, in comparison to the baseline solar radiation. For 2030-2050, the range of 

change between models’ results for spring and winter solar radiation is between 3% and 

7% (average of models = 5%). For 2070-2080, this range is between 6% and 12%, with 

an average of 8% for both seasons. The decline in solar radiation in summer and autumn 

for the 2030-2050 timeframe is likely to be -2% and -5%, respectively. When looking at 

the 2070-2090 timeframe, the decrease in summer solar radiation is expected to be -4% 

and in autumn solar radiaiton, -11%. 

According to the nine climate change models, future air vapour pressure is 

anticipated to be just slightly higher than the current long-term vapour pressure in all 

seasons and in both timeframes. The average increase in vapour pressure is 

approximately 0.5% in 2030-2050 and 1.2% in 2070-2090, with a range of change 

between models varying from -0.4% to 2% in 2030-2050 and from -0.9% to 4% in 

2070-2090. An increase in average vapour pressure is expected in summer, winter and 

spring, for both periods of time. In summer, this growth is expected to be of around 1% 

and 1.4%, respectively for 2030-2050 and 2070-2090. In spring, it is expected to be 

slightly higher than in summer, at 1.2% and 3.2% for both timeframes respectively. In 

winter, the increase is in the order of only 0.3% for both time periods. As opposed to the 

other seasons, in autumn, vapour pressure will experience a small decrease, in the order 

of 0.3% in both timeframes. 

The long-term average wind speed in the future projections is estimated to be lower 

than the long-term average wind speed observed in the present-day scenario. For 2030-

2050, the average annual wind speed is projected to drop 1.8%. For 2070-2090, it is 

likely to be 1.6% lower than today’s wind speed. As for seasonality, no pronounced 

changes in wind speed are estimated in future summers. Wind magnitude is expected to 
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slightly increase in spring, with the average growth from the nine models being 0.5% 

and 4.4% for the timeframes of 2030-2050 and 2070-2090, respectively. As opposed to 

spring and summer, considerable reductions in wind speed are expected in winter, with 

drops in the order of -5.2% and -8.6% for 2030-2050 and 2070-2090, respectively.  

Wind speed is also estimated to drop in future autumns. In the time period of 2030-

2050, the expected decrease is approximately -1.5%, and in 2070-2090, -3.4%.  

Evaporation under climate change 

As a result of the aforementioned changes in climate, evaporation from Wivenhoe 

Dam is also expected to change, as is illustrated in Figure 7.8. Compared to the baseline 

evaporation, the average annual evaporation in the period of 2030-2050 is likely to be 

5.6% higher, and in the period of 2070-2090, 14.5% higher. In 2030-2050 annual 

evaporation is estimated to be 1,400 mm, compared to the long-term annual evaporation 

in the present-day scenario of 1,300 mm. The variation in long-term annual evaporation 

for the 2030-2050 period ranges from 1,330 mm to 1,410 mm between the models. 

When looking at the 2070-2090 period of simulation, the average annual evaporation is 

1,490 mm, with variation between the models ranging from 1410 mm to 1540 mm. 

Evaporation is expected to increase in summer, winter and spring in the future 

scenarios with this rise being more pronounced in 2070-2090 than in 2030-2050. The 

more significant increases in evaporation are expected in spring, with an average 

increase of 21% in 2030-2050 and of 40% in 2070-2090. It is important to note that all 

considered models, with no exception, predict a significant rise in spring evaporation. 

The models’ predictions vary between 13% and 26% for the 2030-2050 timeframe, and 

between 30% and 48% for 2070-2090. The main reasons behind the increase in spring 

evaporation – based on the expected changes in the climatic variables presented in 

Figure 7.7 - are the significant increases in air temperatures, which are likely to rise by 

around 2
o
C in 2030-2050 and by 4

o
C in 2070-2090, solar radiation and the slight 

increases in wind speed.  

In winter, evaporation is expected to increase by 1% in 2030-2050 and by 14% in 

2070-2080. In the 2030-2050 timeframe, the results using the nine climate models 

showed an inter-variation ranging from -2% to 4%. Therefore, some of the models 

predict a decrease in winter evaporation, which can be attributed to the significant 

reductions in wind speed. These reductions may outweigh the effects of increasing 

temperatures and solar radiation during this season. Nevertheless, most of the models 
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predict a rise in winter evaporation, resulting in an average increase of 1% in relation to 

the baseline scenario. In the 2070-2090 timeframe, on the other hand, all models predict 

higher evaporation rates in winter, varying from 9% to 21% above the baseline values. 

The main cause of these increases is the significant elevation in air temperatures in 

winter. Even with lower wind speeds, winter evaporation in 2070-2090 is still greater 

than winter evaporation in the control scenario due to the higher air temperatures. 

In summer, evaporation is expected to increase by 5% in 2030-2050 and by 12% in 

2070-2090. Increased summer evaporation is estimated by all of the models, and the 

main cause of this rise is the elevation in air temperatures. Even with predicted 

decreases in wind speed and solar radiation, and slight increases in vapour pressure, the 

resulting effect is still an increase in evaporation in summer, attributable to the higher 

temperatures. 

Autumn is the only season when evaporation is predicted to be lower than the 

current long-term evaporation. The reduction is predicted to be, on average, -5.5% in 

2030-2050 and -8% in 2070-2090. All the models adopted in this study resulted in 

lowering of evaporation rates in autumn. The variation between the models is between -

2.7% and -9% in the 2030-2050 timeframe, and between -3.5% and -12% in the 2070-

2090 timeframe. The main factors leading to reduced evaporation rates in this season 

are the reductions in solar radiation and wind speed. The effects from these reductions 

on evaporation outweighed the effects of the slight increases in air temperatures, as 

shown in Figure 7.7. 

Figure 7.8 also shows the predicted changes and variation in seasonal daily 

evaporation. It should be noted that the seasonal trends in daily evaporation follow the 

trends of the total evaporation discussed above, although in different scale. The 

expected changes with respect to the baseline evaporation are therefore explained by the 

causes discussed above: significant changes in daily evaporation are expected 

particularly in spring in the 2030-2050 timeframe, and in summer and spring in the 

2070-2090 timeframe. The predicted daily rate of evaporation in spring for the period 

2030-2050 is 4.4 mm day
-1

, which is 21% higher than the baseline spring daily 

evaporation. For the period 2070-2090, summer and spring daily evaporation rates are 

5.6 mm day
-1

 and 5.1 mm day
-1

 respectively. These represent increases of 12% and 40% 

respectively, as compared to the baseline daily evaporation rates.  
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Figure 7.8. Modelled future seasonal evaporation from Wivenhoe Dam (averages of 

20 years). The range bars show the interval between the 10
th

 and 90
th

 percentiles of the 

nine model outcomes 

Figure 7.9 shows the predictions after weighting the evaporation results from the 

nine models based on the M score for each model. This score, as mentioned earlier, is 

based on the agreement between simulated and observed seasonal-mean temperature, 

precipitation and sea level pressure across Australia. Even though this score is not based 

on evaporation predictions, it is still one of the closest available forms of assessing the 

quality of the projections. Models with higher M value were assumed to give more 

reliable projections of future climate, and therefore were assigned a higher weight (eg, 

27% for ECHAM5, and 21% for CCSM3, which predict the current average climate 

with higher level of accuracy in comparison with the other models). 

  
Figure 7.9. Modelled future seasonal evaporation from Wivenhoe Dam (averages of 

20 years) using a model weighting system. The range bars show the interval between 

the 10th and 90th percentiles of the nine model outcomes 

As noted in Figures 7.9 and 7.8, the trends in the estimates with the model weighting 

system did not differ from the trends obtained without a weighting system. According to 

both methods, higher evaporation is expected in future summer and spring seasons and 

lower evaporation in future autumn. In winter, evaporation is only significantly higher 
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than the baseline values in the 2070-2090 timeframe. Both methods also yielded similar 

magnitudes for the future evaporation rates. This is an important outcome, as it shows 

that all the models adopted in this study produced similar outputs. 

Lake temperature under climate change 

The changes in climate presented in Figure 7.7 also affect Wivenhoe Dam 

temperatures, as shown in Figure 7.10. Overall, it can be seen that there is an increase in 

the long-term average surface temperature of Wivenhoe Dam in the future scenarios in 

comparison to the baseline long-term average surface temperature. The average surface 

temperature increases from 22.4
o
C (baseline value) to 23.1

o
C in 2030-2050, and to 

24.05
o
C in 2070-2090. All of the models predict an increase in the average lake surface 

temperature. In 2030-2050, the variation between the outcomes from the nine models 

lies between 0.55
o
C and 0.80

o
C, whereas in 2070-2090, it lies between 1

o
C and 2

 o
C. 

 
  

Figure 7.10. Modelled future seasonal temperatures of Wivenhoe Dam (averages of 

20 years). The range bars show the interval between the 10
th

 and 90
th

 percentiles of the 

nine model outcomes 

Lake surface temperatures are expected to increase more significantly in spring. For 

the 2030-2050 timeframe, the increase is expected to be 1.7
o
C in relation to the baseline 

spring surface temperatures. For the 2070-2090 timeframe, the increase is even higher, 

at 3.3
o
C in comparison to today’s spring temperatures. Also significant are the changes 

expected in winter. In this season, surface temperatures in 2030-2050 are estimated to 

be 1
o
C higher than the baseline winter surface temperatures, and 2.5

o
C higher in 2070-

2090. In summer there is also a predicted increase in lake surface temperatures, but this 

is not as pronounced as the increases estimated for winter and spring. The increase in 

summer surface temperatures is expected to be 0.4
o
C in 2030-2050 and 1

o
C in 2070-

2090 in comparison to the baseline summer temperatures. 
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The volume-averaged temperature of Wivenhoe Dam is estimated to be 

approximately 19
o
C in the present-day scenario. The simulations with future climate 

variables resulted in an average lake temperature of 19.5
o
C in 2030-2050 and 20.5

o
C in 

2070-2090. As with surface temperature, the average lake temperature is also expected 

to increase more significantly in spring than in the other seasons. The higher water 

temperatures in spring explain the more pronounced increase in evaporation in this 

season. 

Table 7.2 summarizes the changes predicted in the meteorological variables used in 

the modelling of evaporation, as well as the changes in lake temperature and in 

evaporation from Wivenhoe Dam for the two future timeframes adopted in this study 

(2030-2050 and 2070-2090). The changes are categorised as significant, slight and 

unchanged. The table shows that the main agents behind the significant increases in 

evaporation and lake temperature in the future timeframes (eg, in spring) are primarily 

the increased air temperatures. Ii is also noticeable that wind speed plays an important 

role in the determination of evaporation rates. Even small increases/decreases in this 

climatic variable will cause a significant change in evaporation. For instance, in 2030-

2050, the models predict a significant increase in air temperature and a slight increase in 

solar radiation in both winter and spring seasons. In winter, however, there is a slight 

reduction in wind speed, whereas in spring, there is no change in wind speed. The slight 

reduction in wind speed in winter counterbalanced the increases in temperature and 

solar radiation, resulting in unchanged evaporation rates in this season. In spring, 

however, as there was no change in wind speed and therefore, nothing to counterbalance 

the high temperatures and solar radiation, the result was a significant increase in 

evaporation. This important effect of the wind can be explained by the aerodynamic 

model used to estimate evaporation in the model DYRESM. This model is largely 

sensitive to changes in this parameter. 
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Table 7.2. Significance of the future changes in meteorological variables, lake 

temperature and evaporation from Wivenhoe Dam 

2030-2050 

 Summer Autumn Winter Spring Annual 

Air 

Temperature1 
Significant 

increase 
No change 

Significant 

increase 

Significant 

increase 

Significant 

increase 

Solar 

Radiation2 
Slight 

decrease 

Slight 

decrease 

Slight 

increase 

Slight 

increase 

No 

change 

Vapour 

Pressure2 
No 

change 

No 

change 

No 

change 

Slight 

increase 

No 

change 

Wind Speed2 No 

change 

Slight 

decrease 

Slight 

decrease 

No 

change 

Slight 

decrease 

Lake 

temperature1 
No 

change 

No 

change 

Significant 

increase 

Significant 

increase 

Slight 

increase 

Evaporation3 Slight  

increase 

Slight 

decrease 

No 

change 

Significant 

increase 

Slight 

increase 

2070-2090 

 Summer Autumn Winter Spring Annual 

Air 

Temperature1 
Significant 

increase 

Slight 

increase 

Significant 

increase 

Significant 

increase 

Significant 

increase 

Solar 

Radiation2 
Slight 

decrease 

Significant  

decrease 

Significant 

increase 

Significant 

increase 

No 

change 

Vapour 

Pressure2 
Slight 

increase 

No 

change 

No 

change 

Slight 

increase 

Slight 

increase 

Wind Speed2 Slight 

increase 

Slight 

decrease 

Significant  

decrease 

Slight 

increase 

Slight 

decrease 

Lake 

temperature1 
Significant 

increase 

No 

change 

Significant 

increase 

Significant 

increase 

Significant 

increase 

Evaporation3 Slight 

increase 

Slight 

decrease 

Slight 

increase 

Significant 

increase 

Significant 

increase 
1 significant: >1oC change / slight: 0.5oC - 1oC change /  no change: <0.5oC change 
2 significant: >6% change / slight: 1% - 6% change / no change: <1% change 
3 significant: >15% change / slight: 4% - 15% change / no change: <3% change 

Figure 7.11 shows the average volume-averaged lake water temperature from 1991 

to 2010 and for the two future projections. There is a noticeably gradual increase of 

warming of Wivenhoe Dam over the years. From 1991 to 2010, the rate of warming was 

0.02
o
C per year. From 2030 to 2050, the warming rate is estimated to be approximately 

0.03
o
C per year.  From 2070 to 2090, the rate of warming is likely to reach 0.035

o
C per 

year. The impact of such changes will not only affect evaporation rates, but also, as a 

consequence of lake warming, the water chemistry and the biological activity of the lake 

are likely to change. For instance, higher temperatures will decrease the maximum 

amount of oxygen that can be dissolved in the water, leading to oxygen stress if the 

water receives high loads of organic matter. This will have an impact on the biological 

processes of fish including growth, reproduction and behaviour.  
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Figure 7.11. Mean temperature of Wivenhoe Dam in current (1991-2010) and future 

scenarios – modelled results. The range bars extend from the 10
th

 to 90
th

 percentiles of 

the results from the nine models used in the simulations 

7.6. Conclusions 

This study analyses the changes in water temperatures and evaporation from a large 

Australian reservoir under climate change conditions. The conclusions drawn here are 

based on Wivenhoe Dam, a temperate lake located in Queensland.. 

The climate change scenario used in this study was the SRES-A2 emission scenario, 

which is a realistic scenario based on current global greenhouse gas emissions. Two 

future timeframes were used, one from 2030 to 2050 and the other from 2070 to 2090. 

Projected daily meteorological data from nine global climate models downscaled to a 

15-km resolution grid over the study area were used to derive daily water column 

temperatures and evaporation rates through modelling with the well established 1-D 

model DYRESM. The projected modelled temperature and evaporation were compared 

to modelled temperature and evaporation obtained with observed meteorological data 

from the period of 1991 to 2010. An ensemble of projections was used in this 

assessment to account for the uncertainties involved in the choice of climate models. 

The simulations showed that the long-term average annual evaporation from 

Wivenhoe Dam is 1,300 mm. The average annual evaporation in 2030-2050 is slightly 

higher than the baseline evaporation, at 1,400 mm, and the predicted average annual 

evaporation in 2070-2090 is considerably higher, at 1,490 mm. By observing the future 

climate against the evaporation predictions, it can be concluded that the main changes in 

the driving forces that bring about this increase in evaporation are the increased air 

temperatures.. Higher air temperatures are expected in the future in all four seasons, 

particularly in summer, winter and spring. The season which will experience higher 

18 

19 

20 

21 

22 

23 

1990 2010 2030 2050 2070 2090 

M
e
a
n

 A
n

n
u

a
l 

L
a

k
e
 

T
e
m

p
e

ra
tu

re
 (

o
C

) 



CHAPTER 7   

140 
 

changes in evaporation is spring, due to not only higher temperatures, but also higher 

solar radiation and wind speeds. As opposed to spring, autumn seasons will experience 

a slight decrease in evaporation, due to decrease in solar radiation and wind speeds.  

Therefore, it appears that evaporation from SEQ reservoirs will increase in the 

future, but this increase will not be significantly higher than the baseline evaporation 

over the next 50 years. Beyond this timeframe however, important increases in 

evaporation are expected, particularly in warm seasons such as summer and spring. This 

demonstrates that with a growing economy and population, SEQ will have to either 

increase water availability through construction of additional reservoirs or desalination 

plants, or decrease the losses of water through, for instance, the employment of 

technologies to reduce evaporation from the existing reservoirs. Some widespread 

technologies utilised to reduce evaporation are chemical covers, hard covers, shaded 

cloth or windbreaks. 

As a result of a changing climate, particularly higher air temperatures, lake 

temperature will also be different. The average volume-average temperature of 

Wivenhoe Dam is likely to change from 19
o
C in the baseline scenario to 19.5

o
C and 

20.5
o
C in the periods of 2030-2050 and 2070-2090 respectively. The changes in lake 

temperature are more pronounced in winter and spring than in the other seasons in 

2030-2050. For 2070-2090, significant lake warming is expected in summer, winter and 

spring. The results also showed that Wivenhoe Dam has been warming over the past 

decades and will warm at even higher rates towards the end of the century. 

 

7.7. Considerations about the methodology 

In regard to the present research methodology, the results of this study were derived 

from thermodynamic modelling of Wivenhoe Dam using forcings obtained from nine 

GCMs downscaled over the SEQ region. The nine GCMs were selected by the CSIRO 

and the Bureau of Meteorology, Australia, from the 23 available GCMs, based on their 

efficacy in simulating the control climate of SEQ. The results of the simulations from 

this study were presented and assessed in an ensemble projection of the nine models in 

order to account for the uncertainties implicit in the choice of the GCMs. Hence, the 

results were shown as a range of probable outcomes or, more precisely, as an envelope 

of projections forced by the nine GCMs. This multi-model approach was taken for two 
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main reasons. First, selection of one or two GCMs based on any criteria would not 

produce a scientifically robust analysis. Secondly, attempts to reduce the wide spread in 

future projections should never be made by removing models arbitrarily from an 

analysis. Although this approach recognises the impossibility of obtaining an exact 

magnitude for future evaporation and temperature changes of Wivenhoe Dam, it 

provides an initial insight into the relevant trends, as well as into what is most likely to 

happen in the future in regard to evaporation and lake temperature. This first look at the 

climate change envelope impact on evaporation from Australian reservoirs will then 

assist in sound decision-making concerning reservoir water management and planning 

in Australia. The adoption of this methodology to other reservoirs in Australia in order 

to determine a national trend is what we recommend for further investigation. 
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CCHHAAPPTTEERR  88  --  CCoonncclluussiioonnss  

 

The main objectives of this research were i) to examine the effectiveness of air-

bubble plume aeration in reducing evaporation from open water reservoirs using 

numerical modelling with DYRESM, ii) to understand the evaporation mechanism of 

well mixed waters under aeration conditions using laboratory experiments and iii) to 

investigate the impacts of climate change on evaporation from reservoirs in South-East 

Queensland, Australia. These objectives have been achieved, and this accomplishment 

is discussed below. 

Chapter 2 presented the seminal literature review needed to understand air-bubble 

plume aeration and how these systems could be used as a mechanism to reduce 

evaporation from reservoirs. In this chapter, the interaction between aeration and mixing 

in reservoirs was studied, as well as the physical basis associated with this interaction. 

This understanding was fundamental not only to postulate how these systems could lead 

to evaporation reduction in stratified water bodies, but also to design efficient aeration 

systems for the study reservoirs. Chapter 2 also presented the literature review 

necessary to understand the numerical model used throughout this research. 

In Chapters 3 to 6, the two first objectives described above were addressed through a 

sequence of modelling and laboratory studies. Also, in Chapter 3 the numerical model 

used in this study (DYRESM) was assessed and validated for evaporation predictions. 

The focus of Chapter 7 was the effects of climate change on evaporation from reservoirs 

in South-East Queensland, Australia, which was also addressed through modelling and 

simulation. Although specific conclusions were presented at the end of each of these 

chapters, a unified and integrated conclusion about the research problems is given 

below. Implications of the findings of this research and recommendations for future 

work are also discussed. 

Following a thorough comparison between field measurements and model 

predictions, the model DYRESM was shown to accurately predict temperatures and 

most importantly, evaporation rates from reservoirs. This study confirmed that little 

calibration of the model is required, as previously suggested by other authors. This 



CHAPTER 8  

143 
 

indicates that DYRESM has become a potential tool for predictions of evaporation rates 

and may assist other studies on reservoir evaporation in future work. 

It was found that the effectiveness of air-bubble plume aeration in reducing 

evaporation from open waters is a function of the occurrence of thermal stratification in 

a lake. In well-mixed waters, aeration leads to an increase in the heat stored in the water 

due to heat gained through the surface, increasing evaporation.  

Thermal stratification develops in large temperate reservoirs from spring to autumn. 

This thermal condition allows for the existence of a supply of cold water at the bottom 

of the lake which, under a well-designed destratification system, can be lifted to the 

surface, reducing surface temperatures and evaporation rates. However, the system is 

only effective in reducing evaporation rates at the very beginning of the aeration 

process. As the system continues to operate, the supply of cold bottom water eventually 

becomes exhausted, and the water body begins to gain heat, increasing evaporation. 

More significant reductions in evaporation rates can be obtained if an aeration 

system is started at the beginning of spring, when the air temperatures are mild. At this 

time, the reduced surface temperatures remain cool, and evaporation rates are reduced 

significantly. In warmer weather however, the surface waters, cooled by the cold waters 

lifted by the aeration system, are heated so rapidly by sensible heat that aeration, instead 

of helping reduce surface temperatures, only helps distribute the heat in the water 

column, therefore not affecting the evaporation rates. 

This study also showed that aeration by bubble plumes increases evaporation in the 

vicinity where the bubbles burst, with this increase being important for small reservoirs, 

and insignificant for large reservoirs. When balancing the increase in the loss of water 

induced by aeration with the reduction in the loss of water due to the lowering of the 

surface temperature, the eventual net gain is a reduction in the amount of lost water. 

However, this reduction is insignificant when taking the entire yearly evaporation cycle 

into consideration, an issue further exacerbated by the high costs of installing, operating 

and maintaining an aeration system. 

Therefore, the knowledge built around air bubble plumes and their effects on water 

temperature through this thesis shows that the use of these systems for the sole purpose 

of reducing evaporation is not warranted. If at all possible, a continuous supply of cold 

water at the bottom of the lake would make conditions ideal for an artificial 
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destratification system to be effective in reducing surface temperatures and evaporation 

rates, which is unfeasible from the point of view of water management. 

As for the impacts of climate change on evaporation from reservoirs, this study 

showed that the driving forces of evaporation are predicted to change in the coming 

years in South-East Queensland. These changes involve higher air temperatures and 

solar radiation, which will make average evaporation rates higher than the current rates. 

The more pronounced increases in evaporation are expected in the warm months, 

particularly in spring and summer, which is of concern given that these are the seasons 

when the highest water demands occur. 

It is recommended that local studies continue to be implemented in order to estimate 

a national trend in evaporation change due to climate change in Australia. This is so that 

the country can decide whether to continue carrying out research into mechanisms to 

reduce evaporation, or shift to investigating and improving ways to increase water 

availability, such as desalination, water recycling and the construction of additional 

reservoirs. 

Some mechanisms with potential to reduce evaporation from reservoirs are physical 

and chemical covers (monolayers). Chemical covers need more investigation in regard 

to their resistance to wind drift, spreading, shore deposition, break-up by waves, 

biodegradation and application strategies. More investigation into the effectiveness of 

different chemical covers in reducing evaporation is also required. Nevertheless, so far 

monolayers have been shown to have a potential to reduce evaporation by up to 40% if 

all the aforementioned issues are minimised. Physical covers have the potential to 

reduce evaporation by up to 80%. Important issues with these however, are the lack 

practicability and high costs of construction and ongoing maintenance, which make 

them more feasible for small dams and reservoirs than for large open storage dams. 

Air-bubble plume aeration, previously believed to be a potential mechanism to 

reduce evaporation from reservoirs, can now be discarded as a possible alternative. 

However, its widespread use as a mechanism to improve water quality still remains 

important. 
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AAPPPPEENNDDIICCEESS  

 

This section presents three other publications which helped disseminate the concepts 

and results of this PhD research. As these studies focused more on assessing the 

effectiveness of different mechanisms to reduce evaporation from reservoirs, rather than 

air-bubble plume systems only, they were deliberately not included in the main body of 

this thesis. Nevertheless, their contribution to the learning process associated with this 

candidature was of fundamental importance. 
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