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Abstract 

This thesis presents the findings of a study examining the hydrological processes controlling 

lake evaporation in a Canadian Shield landscape. The purpose of this study is to provide a 

recommendation on a suitable operational lake evaporation method for implementation in a 

partially-physically-based meso-scale hydrological model to improve simulation of the cli-

mate-hydrological feedback loop. 

 

Detailed hydroclimatic observations were recorded for two lakes located in northwestern 

Ontario, Canada to estimate actual lake evaporation using a Bowen ratio energy balance ap-

proach. Multiple operational lake evaporation methods were evaluated for their ability to re-

produce the reference lake evaporation rates. Each method was tested for its sensitivity to 

regionalized and estimated forcing data.  

 

The results of this study found a modified version of the Priestley-Taylor combination 

method most accurately reproduced measured lake evaporation. This method incorporates a 

novel lumped lake heat storage model developed to estimate heat storage fluxes using re-

gional climatic forcing. 
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Chapter 1 

Introduction 

Water is a cornerstone of Canada’s national identity. From the first settlement of humans in 

North America, throughout the period of European exploration, and into the early 20th cen-

tury, waterways have been Canada’s main arteries for migration, exploration, and trade. In 

more recent history, Canada’s water bodies have served as economic engines through vari-

ous means, including hydroelectric power production, agricultural irrigation, fishing, and rec-

reational activities. With over 750,000 km2 of its landmass covered by lakes and streams, 

Canada is noted by many for its privileged abundance of freshwater resources relative to 

other nations (Natural Resources Canada, 2010). Historically Canadians have often viewed 

freshwater resources as being limitless and in no danger of being depleted. However, recent 

observations of our environment have caused many to question this notion and take a closer 

look at just how abundant our supply is (Schindler, 2001). Furthermore, citizens are demand-

ing from the professionals of both government and industry to develop appropriate mitiga-

tion and adaptation strategies to protect the waters Canadians rely on so greatly. Increased 

human activity coupled with climate change projections are requiring scientists and engineers 

to better quantify the availability of freshwater in Canada and its level of resilience to these 

stresses. Analyzing the sensitivity of freshwater resources to climate change is not a straight-
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forward endeavour, as the surface water bodies being studied are highly entwined in a com-

plex feedback loop that governs the transport of water with the atmosphere above and the 

substrate below (Monteith & Unsworth, 1990). 

 

Accurate quantification of climate change impacts over large regions requires the use of 

computer programs that are capable of simulating a landscape’s dominant hydrological pro-

cesses and its response to climatic forcing (Roberts, Pryse-Phillips, & Snelgrove, 2012). 

Known as hydrological models, these numerical tools are a relatively recent development of the 

latter half of the 20th century and have allowed hydrologists to quantify water availability in a 

given region by programming equations to simulate the hydrologic cycle over a spatial and 

temporal domain too large for direct measurement or hand calculation (Todini, 2007). With 

the increased processing capabilities of modern computers and the advent of digitized hy-

droclimatic datasets, hydrological modelling of watershed response to the projected change 

in climatic conditions generated by Global Climate Models (GCMs) and Regional Climate 

Models (RCMs) modelling is evolving to become a de-facto component of modern hydro-

logic studies and environmental approval processes (Bohrn, 2012; Rodenhuis & Schnorbus, 

2010; Senatore, Mendicino, Smiatek, & Kunstmann, 2011; Poulin, Brissette, Leconte, 

Arsenault, & Malo, 2011). 

 

1.1 Project Motivation 

Despite the advent of hydrological modelling during the past few decades and its rapid 

growth, limitations in their capabilities still exist. For practical reasons, certain hydrological 
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processes simulated within these models are often neglected or inaccurately accounted for 

through oversimplification. This is often done because the process is deemed insignificant to 

the overall water balance for the region of interest or there is a lack of measurement to verify 

or improve the simulated process (Spence, Rouse, Worth, & Oswald, 2003).  

 

One major component to the hydrologic cycle that is often simplified or omitted in nu-

merical models is estimation of lake evaporative fluxes. While modellers have focused on 

improving estimates of evapotranspiration in soil surfaces within these hydrological models, lit-

tle has been done to program algorithms specific to lake evaporation. The focus on evapo-

transpiration rather than lake evaporation has occurred due to the former’s importance for 

accurate simulation of the water balance of vegetative surfaces in the upper layer of the soil 

column, as it controls many other runoff mechanisms (i.e. canopy storage, surface storage, 

infiltration, and interflow).  

 

Evapotranspiration is also a topic of interest to many fields of science outside of hydrol-

ogy (e.g. forestry, agriculture, botany, soil sciences, etc.). The interconnection between evap-

otranspiration and the many disciplines previously listed has led to a large catalog of scien-

tific literature available on the subject and field measurements to verify evapotranspiration 

loss equations. Conversely, lake evaporation is a somewhat unique hydrological process, and 

is often deemed as insignificant to the overall water balance in many watersheds where the 

percentage of land covered by open water is relatively small. Outside of hydrology, lake 

evaporation is of interest to relatively few scientific disciplines, other than perhaps microme-

teorology and climatology.  
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In Canada, there are as many as two million freshwater lakes, covering 7.6 percent of the 

country’s total surface area (Schertzer, 1997). In the northern and boreal regions of the 

country, lakes can account for as much as 10 – 20% of the total surface area, making lake 

evaporation a significant component of the hydrologic cycle (Granger & Hedstrom, 2010). 

Though the dominance of lakes within Canada’s north is widely acknowledged, much of the 

physical climatology of these lakes remains unexplored (Schertzer, 1997). Despite the power-

ful capabilities in modelling evapotranspiration, the vast majority of hydrological models cur-

rently available either neglect evaporation on lakes entirely or treat the process as being 

equivalent to the potential evapotranspiration rate of a well-watered vegetative surface.  

 

The scientific literature available on the subject has clearly demonstrated that lake evapo-

ration behaves in a manner distinctly different than potential evapotranspiration, especially 

for lakes with appreciable depth (Schertzer, 1997). The large volume of water stored in lakes 

has the ability to store large amounts of heat energy, resulting in a time lag of lake evapora-

tion compared to soil on land. The heat storage can also lead to a large difference between a 

lake’s surface water temperature and the air above it. This phenomenon can even influence 

local atmospheric conditions (Spence, Rouse, Worth, & Oswald, 2003; Granger & 

Hedstrom, 2010).  

 

In several cases, it has been found that energy inputs control evaporation rates as a lake 

warms in the spring; however, wind conditions and vapour pressure deficit govern lake 

evaporation rates in late summer and fall when water temperature is greater than the sur-
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rounding environment (Oswald & Rouse, 2004; Blanken, et al., 2000; Spence, Rouse, Worth, 

& Oswald, 2003). The abrupt land-water interface occurring between lakes and the sur-

rounding banks may also lead to lake evaporation’s sensitivity to upwind fetch length 

(Oswald & Rouse, 2004; Granger & Hedstrom, 2010; Morton, 1967). Studies have also 

shown that northern and boreal shield lakes are particularly sensitive to climate change, as a 

slight increase in seasonal average air temperatures can result in large increases in lake evapo-

ration (Schindler, et al., 1996; Blanken, et al., 2000).  

 

Combined, these factors suggest that the dominant physical controls on lake evaporation 

rates differ from those governing evapotranspiration in soil, and thus the use of soil evapo-

transpiration algorithms to estimate lake evaporation are likely less accurate when applied to 

model domains dominated by surface water features, such as the Canadian shield region. 

While methods to estimate lake evaporation have been developed for localized hydrologic or 

aquatic ecosystem studies, very few have been incorporated into hydrologic models for 

widespread application, likely due to the fact that this process is considered insignificant in a 

large portion of watersheds studied/modeled. For watersheds in the Canadian Shield evapo-

rative losses can account for up to 80% of the overall water budget (i.e. precipitation – run-

off) (Canada. Fisheries and Environment Canada, 1978). Considering the predominance of 

surface waters in this landscape (Canada. Department of Energy, Mines, and Resources, 

1974), lake evaporation forms a significant component to the hydrological cycle. 

 

The level of complexity of these lake evaporation equations vary, with some of the more 

advanced and theoretical formulations requiring large amounts of input variables that are not 
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readily available in most parts of Canada, particularly the remote northern regions where 

these processes dominate (Schindler, 2001). Therefore, the selection of the optimal lake 

evaporation method for use in a hydrological model is not trivial. Careful consideration must 

be given into selecting a method that requires only readily-available input data while still be-

ing sophisticated enough to provide accurate estimates. The selection of a method too sim-

plified may neglect important physical controls on evaporation rates and lead to error, while 

the selection of a method too sophisticated limits its ability to be applied in regions without 

the necessary forcing data. 

 

In practice, Manitoba Hydro has experienced some challenges in using a physically-based 

hydrological model in boreal and northern regions. Since 2008, work has been done to de-

velop a WATFLOOD hydrologic model the Nelson-Churchill watershed for climate change 

impact studies and inflow forecasting. Preliminary results from this study have revealed 

WATFLOOD’s difficulty in simulating lake evaporation in the Precambrian shield of the 

Winnipeg River Basin and Boreal forest of the Churchill River Basin.  

 

In its current form, the WATFLOOD model employs a simplified temperature-based 

potential evapotranspiration algorithm to approximate lake evaporation (Neff, 1996). Review 

of scientific literature reveals that this particular equation was developed originally for agri-

cultural surfaces to approximate reference crop evapotranspiration (Hargreaves & Samani, 

1985). In his thesis, Neff found that although WATFLOOD was generally able to reproduce 

the overall water balance observed in the boreal environment, some adjustment factors were 

required to reduce the bias and seasonal error in simulated evapotranspiration rates com-
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pared observations made at the flux tower locations (Neff, 1996). It is possible that the 

omission of several other controls important lake evaporation (i.e. heat storage, vapor pres-

sure deficit, wind speed, upwind fetch) is leading to WATFLOOD’s inability to accurately 

account for evaporation in lake-dominated landscapes. It is therefore hypothesized that the 

replaced of the current method with a more suitable lake evaporation equation will improve 

model results when modelling lake-dominated terrain and increase defensibility of WAT-

FLOOD’s use for climate change studies in the Nelson-Churchill watershed. 

1.2 Objectives 

This thesis investigates suitable equations and methods to estimate lake evaporation in a bo-

real Precambrian watershed for application in a partially-physically-based distributed water-

shed model. The objectives of this research are: 

 to analyze and determine dominant physical controls of evaporation for small shield 

lakes, 

 to examine the performance of multiple lake evaporation methods in replicating ob-

served measurement using detailed hydroclimatic observation at site, 

 to evaluate the sensitivity of each evaporation method towards the use of approxi-

mated or regionalized forcing data, and, 

  to provide guidance on the lake evaporation estimation techniques selected for fu-

ture incorporation in the WATFLOOD hydrological model. 
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1.3 Organization 

The following section outlines the organizational structure of this thesis. Included below is a 

brief summary of the chapters to follow. It is intended that this section may help guide the 

reader in locating information of interest.  

 

Chapter Two (Literature Review) provides a review on evaporation theory and technical 

detail on physically-based methods to estimate lake Evaporation. Further discussion is pro-

vided on common equations and techniques used to estimate hydroclimatic variables neces-

sary for the evaporation methods used when direct measurement is unavailable. A summary 

of papers characterizing the current understanding of evaporative processes in shield lakes is 

provided. Commentary is also given on the various evaporation methods currently incorpo-

rated in the predominant hydrological models used in Canada. Chapter Three (Description of 

Study Area and Test Design) provides study site details, details on data collection and the meth-

odology developed to complete this thesis. Chapter Four (Empirical Estimates of Forcing Data) 

describes empirical techniques employed to evaluate each evaporation method’s sensitivity to 

regionalized and approximated forcing. Chapter Five (Development of an Isotopic Framework) 

outlines the development of an isotopic framework for qualitative analysis of the dominant 

controls of the local hydrologic cycle and calculation of parameters necessary for lake evapo-

ration estimates using an isotopic mass balance approach. Chapter Six (Analysis of Results and 

Discussion) provides discussion on measured lake evaporation rates and the performance of 

the operational methods evaluated. Chapter Seven (Conclusions and Recommendations) presents a 

summary of the conclusions and provides recommendations for future research. 



 

 

Chapter 2 

Literature Review 

While often considered a common-day occurrence, evaporative processes are quite complex 

in nature, and as a result are difficult to accurately quantify and model. Understanding the 

governing equations for evaporation is fundamental to selecting appropriate methods of es-

timation in a hydrologic model. This chapter is intended to familiarize the reader with the 

fundamental principles that govern lake evaporation and provide an overview of common 

operational methods/equations used to provide estimates of these fluxes. For each method 

identified in this chapter, discussion is provided on the suitability for application in this pro-

ject’s intended use. A brief discussion is also given on methods of estimating selected varia-

bles required in these evaporation equations when direct measurement is unavailable. The 

chapter concludes with an overview of how other hydrological models similar to WAT-

FLOOD currently model lake evaporation. Finally, a brief discussion outlining the im-

portance of evaporation considerations to climate change studies is given. 
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2.1 Physics of Lake Evaporation 

Evaporation is the process in which water near the earth’s surface undergoes a phase change 

to become atmospheric water vapour. For this to occur, several conditions are necessary. 

Firstly, there must be an available supply of water to evaporate. As a second requirement, 

sufficient energy is required for the water to transform from a liquid to a gaseous state. Fi-

nally, there must be a transport mechanism to carry the water vapour away from the evapo-

rating body (Granger & Hedstrom, 2010). 

2.1.1 Water Availability 

For lakes and streams, the condition of water availability is almost always satisfied, as these 

natural features are defined by their possession of a free-water surface without an inhibiting 

surficial resistance to evaporation. In northern climates, this free-water surface is periodically 

restricted by the formation of an ice cover. Nonetheless, a similar process continues to occur 

through the sublimation of accumulated snowpack and ice covering the lake. Sublimation; 

however, is not typically considered a part of lake evaporative losses, as the phase change is 

occurring directly from solid to gaseous form, rather than liquid to gas and is modelled using 

a separate set of equations. 

2.1.2 Energy Supply 

As mentioned previously, evaporation occurs when water changes from a liquid to gas. This 

phenomenon occurs when water molecules (which are in a constant state of motion) in-

crease in speed until they possess sufficient energy to break through the water surface and 

into the atmosphere above it (Gray, 1973). The energy input for this process comes from the 
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sun, either directly as short-wave radiation or indirectly as long-wave radiation emitted by the 

atmosphere and adjacent bodies that are heated by the sun. The energy balance typical for a 

lake or water body can be written as (Schertzer, 1997): 

 

                  (1) 

 

Where: 

   Net radiation (W m-2) 

   Sensible heat transfer to the atmosphere (W m-2) 

   Latent heat used for evaporation (W m-2) 

   Conductive heat transfer across the bottom of the lake (W m-2) 

   Net heat storage in the lake volume, expressed as flux density through the lake sur-

face (W m-2) 

   Net advected heat through lake inflows and outflows (W m-2) 

 

   is defined as net radiation, being the net difference of incoming and outgoing long and 

shortwave radiation (Oke, 1997): 

               (2) 

Where: 

   Downward solar radiation (W m-2) 

   Upward or reflected solar radiation (W m-2) 

   Downward longwave radiation (W m-2) 
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   Upward longwave radiation (W m-2) 

 

  , or its components, can be measured directly using net radiometers, pyranometers, 

and pyrgeometers or estimated using physically-based or empirical equations (Section 2.3.1). 

Measurement and numerical models can be used to determine   ,   , and    and are char-

acteristics of the properties of water within the lake itself. The remaining two terms (     ) 

represent the sensible and latent heat fluxes between the water surface and atmosphere. 

These fluxes occur over the entire water surface-atmosphere interface, and thus are imprac-

tical to measure directly. Modelling these flux rates requires careful consideration of the 

feedback between the water body and atmosphere, as they are governed by convective tur-

bulent transport mechanisms described in Section 2.1.3. Once the fluxes of latent and sensi-

ble heat are quantified, the evaporation rate of a lake can be calculated by solving the equa-

tion: 

 

  
  

    
  

           

   
 

      

  
 

(3) 

 

Where: 

  Evaporation rate (mm d-1) 

   Latent heat flux (W m-2) 

   Density of water (kg m-3) 

   Latent heat of vaporization (J kg-1) 
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The latent heat of vaporization defines the amount of energy per unit mass required for wa-

ter to change from liquid to gaseous state and is calculated as (Dingman, 2008): 

 

                          (4) 

 

Where: 

   Latent heat of vaporization (J kg-1) 

   Water temperature (°C) 

2.1.3 Momentum Transport and Turbulent Energy Exchange 

Evaporation is a diffusive process that follows Fick’s first law of motion. This law states that 

a diffusive substance will move from a region of high concentration to a region of low con-

centration at a rate proportional to the spatial gradient of concentration (Dingman, 2008), or 

in general terms: 

 

          
     

  
 

(5) 

 

Where: 

      The rate of transfer of x in direction z 

   The diffusivity of x in the fluid of interest 

     The concentration of substance x at any given location within the fluid 
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Latent and Sensible Heat Transport Mechanisms 

Evaporation from a lake occurs as water vapour is transported away from the water-air inter-

face and through the atmosphere directly above it. The flux rate of latent heat transfer 

(evaporative loss) is therefore dependent upon the vertical gradient of vapour content in the 

atmosphere. Similarly, sensible heat exchange occurring between the water body and atmos-

phere is a function of the air column’s vertical temperature gradient. The transport of both 

the sensible and latent energy occurs through two main process, conduction and convection (Oke, 

1987).  

 

Conduction is the process in which energy is transmitted through a substance by the col-

lision of the rapidly moving particles themselves. Because of their relative densities, conduc-

tion is usually an effective mode of energy transfer in solids, less so in liquids, and least im-

portant in gases. Therefore, conductive energy transport is negligible in the atmosphere, with 

the exception of the thin laminar boundary layer that exists at the atmosphere-land surface 

interface, known as the Laminar Boundary Layer (LBL). The LBL is typically on the order of 

millimetres in thickness (Oke, 1987).  

 

Convection involves a vertical interexchange of air or water mass and can only occur in 

liquids and gases. Erratically moving parcels of matter, called eddies, transport energy from 

one location to another. Eddies form as inertial forces caused by fluid motion increase rela-

tive to the viscous forces present through inter-molecular attraction. The ratio of inertial to 

viscous forces is defined as the Reynolds number (  ) (Monteith & Unsworth, 1990): 
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(6) 

 

Where: 

  Fluid velocity (m s-1) 

  Characteristic length dimension (m) 

  Kinematic viscosity of the fluid (m2 s-1) 

 

Critical values of    for the onset of turbulent flow in air typically range between 

      and     (Monteith & Unsworth, Principles of Environmental Physics, 1990). The 

Reynolds number in the atmosphere is typically far greater than this critical value, and thus 

flow is considered fully-turbulent, with convection being the dominant transport mechanism 

of energy, momentum, and mass (Oke, 1987).  

 

Convective eddies can be set into turbulent motion by either free or forced convection. 

Free convection is caused by air being at a different density than a surrounding body, rising 

through the atmosphere by the buoyant lifting force of warmed air. If atmospheric condi-

tions aid this type of convective mechanism, the atmosphere is said to be unstable. Converse-

ly, if such motion is inhibited, it is said to be stable. Under neutral conditions, the environmen-

tal lapse rate is equivalent the adiabatic lapse rate. Forced or mechanical convection is caused 

by friction at the earth’s surface and causes the air parcels to be physically thrown in motion 

as they flow over obstacles. This type of convection is dependent upon the roughness of the 
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surface and the speed of horizontal flow. When both free and forced convection co-exist, a 

state of mixed convection occurs (Oke, 1987). 

 

 The portion of atmosphere that is directly influenced by surficially-induced turbulent 

energy, heat, and moment transfer is defined as the Planetary Boundary Layer (PBL). The 

height of the PBL fluctuates depending upon surficial features, weather conditions, and the 

time of day. The overall height of the PBL can range from as little as 100 m on a calm night 

to 3 km on a sunny day with strong winds (Oke, 1997). 

 

Momentum Transfer in the PBL 

The flow of air (wind) in the PBL is reduced by surface resistance from the ground and this 

effect increases as the distance from the ground decreases. Under fully-developed uniform 

flow with neutral atmospheric stability conditions the mean horizontal wind speed exhibits a 

logarithmic vertical wind profile described by the Prandtl-von Karman Log-Law (Monteith 

& Unsworth, Principles of Environmental Physics, 1990): 

 

 ̅  
  

 
  (

 

  
) 

(7) 

 

Where: 

   Friction velocity (m s-1) 

  von Karman’s constant (0.41) 

   Surface roughness length (m) 
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 ̅  Mean horizontal wind speed at height z (in metres) (m s-1) 

 

Friction from the roughened surface causes the momentum of air flowing above it to be 

transferred downward (where wind speed is zero). The frictional force exerted by the wind 

on the ground surface is equal to the downward flux of horizontal momentum by the wind 

travelling above the surface ( ): 

 

       
  (8) 

 

Where: 

  Surface shear stress (kg m-1 s-2) 

   density of air (kg m-3) 

 

The friction velocity (  ) is a function of the intensity of the turbulent horizontal and vertical 

velocity components of the eddies,    and   , respectively (Oke, 1987): 

 

   ̅     (9) 

   ̅     (10) 

   √     ̅̅ ̅̅ ̅̅  (11) 
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Where: 

  Instantaneous horizontal windspeed (m s-1) 

  Instantaneous vertical windspeed (m s-1) 

 ̅ Average horizontal windspeed (m s-1) 

 ̅ Average vertical windspeed (m s-1) 

   Horizontal turbulence intensity (m s-1) 

   Vertical turbulence intensity (m s-1) 

 

In the form of Fick’s law, the momentum transferred by the turbulent eddies can be de-

scribed as being proportional to the vertical wind gradient: 

 

       

  ̅

  
 

(12) 

 

Where: 

   Eddy diffusion coefficient of momentum (m2 s-1) 

  ̅

  
 

Vertical gradient of horizontal wind speed (s-1) 

 

Because    is a function of fluid’s turbulence intensity rather than the fluid itself, it is 

extremely variable in both space and time, and thus is difficult to measure. To overcome this 

issue, the previous equation can be combined with the log-law to create the more well-

defined form of the equation, where momentum is a function of the change in mean hori-

zontal wind speed over two selected heights (     ) (Oke, 1987): 
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 [

  ̅

  (
  
  

)
] 

(13) 

 

Turbulent Sensible and Latent Heat Transport 

As the same eddies described previously are also responsible for the convective transport of 

sensible and latent heat, analogous equations can be used to quantify their respective fluxes: 

 

        

   ̅̅ ̅

  
 

(14) 

        

  ̅

  
 

(15) 

 

Where: 

   Water vapour density (absolute humidity) (kg m-3) 

   Heat capacity of air (J m-3 °C-1) 

   Eddy diffusion coefficient of water vapour (m2 s-1) 

   Eddy diffusion coefficient of heat (m2 s-1) 

 

The eddy diffusion coefficients in flux calculations above are often simplified by assum-

ing that they are equal, (i.e.         ). This equality is in most cases a reasonable as-

sumption, and allows one to calculate the ratio between sensible and latent heat transfer, 

known as the Bowen Ratio, (  ) (Oke, 1997; Bowen, 1926): 
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    ̅

     ̅̅ ̅
  

  ̅

  ̅
 

  

  
 

(16) 

 

Where: 

 ̅ Average actual vapour pressure (Pa) 

 ̅ Average temperature (°C) 

  Psychrometric constant (Pa °C-1) 

 

It should also be noted that the Bowen ratio assumes neutral atmospheric stability. A com-

mon means of checking this assumption is through the use of the Richardson Number, (  ): 

 

   
 

 ̅
 
   ̅    

   ̅     
 

(17) 

 

Where: 

  Gravitational acceleration (m s-2) 

 ̅ Average temperature (°C) 

  ̅    Vertical temperature gradient (°C m-1) 

  ̅    Vertical horizontal wind speed gradient (s-1) 

 

Corrections can be applied to calculated flux rates to account for non-neutral atmospheric 

conditions using empirical equations derived using the calculated Richardson number 

(Thom, 1975). 
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2.2 Operational Lake Evaporation Estimates 

From Section 2.1, lake evaporation occurs through complex turbulent and convective pro-

cesses. Calculation of evaporation directly from the relationships derived previously requires 

numerical solution of the compressible Navier-Stokes Equations (NSE). Because of the size 

of modelling domain, level of physiographic heterogeneity, spatial resolution of hydroclimat-

ic data, and the time domain typically encountered in a hydrological modelling experiment, 

this approach is computationally impractical and thus seldom encountered outside of the 

most sophisticated microclimatology research experiment. 

 

Out of practical necessity, operational hydrologists are tasked with employing empirical 

or conceptual formulae to simplify these evaporative processes for use in a hydrologic mod-

el. The method chosen must be simple enough to only use parameterization/forcing data 

that is available for the region and time range of interest. It must also be computationally ef-

ficient, such that simulation over a large watershed does not take an unreasonable length of 

time. In light of these simplifications, the approximation method must still incorporate a suf-

ficient level of physics to ensure that the calculated evaporative fluxes are accurate across the 

entire spatial and temporal modelling domain, with consideration of the entire range of re-

gional climatic conditions anticipated. A recently published report provides excellent sum-

maries of current lake evaporation estimates suitable for use in Canadian environments 

(4DM Inc., 2012). These methods are briefly described in this section.  
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2.2.1 Water Balance 

A water balance method works by quantifying all contributing components to the water bal-

ance of a particular water body, and then solving for the unmeasured balance term (i.e., 

evaporation). This type of approximation has been around for considerable time, and is a 

common approach in many catchment-scale hydrologic field studies that have taken place in 

the Canada (Yao, Scott, Guay, & Dillon, 2009; Newbury & Beaty, 1977; Hargan, Paterson, & 

Dillon, 2011; Bennett, 1978). 

 

The water balance is typically represented in the form of (Shuttleworth, Evaporation, 1993): 

 

    
          

 
 

(18) 

 

Where: 

  Net Evaporation loss from the specified volume per unit area (mm) 

  Net precipitation (mm) 

   Net volume of liquid water both entering or leaving the specified volume as meas-

ured inflow or outflow both above and below the surface (litres) 

   Change in liquid stored within the specified volume (litres) 

   “Leakage”, i.e., the total volume of liquid water leaving the specified volume which 

is not, or cannot be, measured, and which therefore represents an error in the 

method (litres) 

  Effective area of the sample volume at the land surface (m2) 
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Advantages/Limitations 

While conceptually simple, the water budget method’s main weakness is that the error in the 

calculated evaporation term is an accumulation of the errors of the other measured variables, 

and can lead to a large degree of measurement uncertainty. While lake level and river runoff 

are arguably some of the most accurate and easily obtained hydrologic measurements availa-

ble, difficulties often arise in defining a closed control volume for a specific lake. The calcu-

lation of evaporation specific to a lake requires gauging all inflows and outflows of a lake, 

leading to the necessity of multiple hydrometric measurement locations for one specific wa-

ter body. 

 

 Errors also arise from the uncertainties of quantifying non-channelized runoff entering a 

lake as well as the estimation of groundwater upwelling/seepage (Dingman, 2008). In the 

case of larger modelling domains, additional errors arise in the estimation of areal precipita-

tion amounts. The spatial variability of rainfall events occurring within a watershed is not 

well defined, and estimates of total precipitation may come from meteorological stations not 

in close proximity to the water body of interest (Shuttleworth, Evaporation, 1993). For these 

reasons (relating to error) mentioned above, evaporative flux rates calculated from the water 

balance approach are typically restricted to monthly-averaged values and coarser resolutions 

(4DM Inc., 2012). 

 

Often, the complications resulting from stream flow measurement uncertainty are avoid-

ed by using an evaporation pan as a proxy to actual lake evaporation. The flux is rate calcu-

lated using an evaporation pan; however, it can be substantially different from actual lake 
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evaporation and usually requires the application of empirically-derived pan coefficients to 

account for this error. Especially in cases where lake heat storage is great, the seasonal distri-

bution of pan evaporation can be significantly different than what is occurring in the region-

al lakes, and thus is often restricted for use on an annual-averaged basis (Hounam, 1973). 

Previously, Environment Canada provided evaporation pan observations at approximately 

245 weather stations. In recent years, this practice has been discontinued (4DM Inc., 2012). 

 

2.2.2 Isotope Mass Balance 

Another approach emerging within the water budget-type method is the use of stable water 

isotopes to quantify lake evaporation through an isotopic mass-balance approach (Gibson, 

Edwards, & Prowse, 1996). Stable isotopes of oxygen and hydrogen (18O, 2H) readily occur 

within the water molecules and exhibit systematic spatial and temporal variations in mass 

concentration resulting from fractionation effects that accompany water-cycle phase chang-

es. Because of these fractionation effects, stable water isotopes provide a labeling system 

within the water budget, allowing for further insight into the nature of the various source 

waters (e.g. precipitation, surface runoff, interflow, groundwater upwelling) and end mem-

bers of a particular water system (e.g. surface water outflow, evaporative losses, groundwater 

infiltration). 

 

By sampling end-member components for concentrations of heavy isotopes (        , 

the isotopic enrichment of a lake through evaporative process can be traced and quantified. 

Early studies suggest that this method is capable of providing reasonable estimates of sea-
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sonal lake evaporation; however the uncertainty in estimates is highly dependent upon iso-

tope sampling resolution and frequency (Gibson, 2002). Nonetheless, isotope tracers provide 

insightful information on the prevalence of evaporation within a lake’s water balance 

(Falcone, 2007) and have the potential to validate a hydrological model’s sub-process param-

eterization through the simulation of evaporative isotopic fractionation occurring within a 

watershed (Stadnyk-Falcone, 2008). 

 

The water balance and isotope mass balance for a well-mixed lake during the open water 

season can be written as (Gibson, 2001): 

 

  

  
       

(19) 

      

  
             

(20) 

 

Where: 

  Volume of the lake (m3) 

  Lake inflow (m3 s-1) 

  Lake outflow (m3 s-1) 

  Lake evaporation (m3 s-1) 

   Isotopic composition of the lake (concentration) 

   Isotopic composition of inflows (concentration) 

   Isotopic composition of outflows (concentration) 
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   isotopic composition of evaporative flux (concentration) 

 

The isotopic composition of evaporative fluxes is difficult to measure directly, and there-

fore is typically estimated using the Craig and Gordon boundary layer model (Craig & 

Gordon, 1965): 

 

   
 

      
(
     

  
       ) 

(21) 

 

Where: 

  Atmospheric relative humidity (‰) 

   Equilibrium liquid-vapour isotope fractionation 

   Kinetic separation term 

   Equilibrium separation term 

 

The combination of the mass-balance and water balance equations allows for solution of 

two unknowns, typically being lake inflows and evaporative fluxes. It should also be noted 

that due to limitations in both collected data and complications in winter hydrological pro-

cesses, the equations presented do not hold true for the winter season when lakes may be 

ice-covered and thermally stratified, as the isotopic signature of melt water contributions and 

the fractionation effects are not fully captured by the equations presented previously. 

 

Suitability for Hydrological Modelling 
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Because of the large amount of hydrometric measurements required, the isotopic mass bal-

ance approach is typically not employed outside of small research watershed experiments 

where all surface flows are extensively monitored. The coarse resolution of evaporative rate 

fluxes obtained from this method is also a disadvantage to many applications where daily or 

hourly flow computations are required. The frequent sampling and analysis of the isotopic 

signature of all components of lake water balance also limits its applicability to regions where 

isotope samples are routinely collected and analyzed. 

 

 Furthermore, the requirement of measured stream flow data inhibits this method 

from be used in a forecasting mode, where inflows/outflows become the unknown variable 

for the hydrologic model to solve. Typically, the water balance approach is intended to vali-

date other approximation methods rather than be used directly in a hydrologic model. 

2.2.3 Bowen-Ratio Energy Balance 

The Bowen Ratio Energy Balance (BREB) method is generally recognized as one of the 

most accurate methods of estimating lake evaporation (4DM Inc., 2012; Schertzer & Taylor, 

2009). BREB is a practical solution to the energy budget of a lake, with its main advantage of 

being able to simultaneously solve for the two water surface fluxes (latent and sensible heat) 

in the energy balance of a lake through the use of the Bowen Ratio. BREB has been used ex-

tensively in many studies of lake evaporation in northern Canada (Rouse, et al., 2005; Stewart 

& Rouse, 1976). The energy balance combined with the Bowen ratio can be written to solve 

for evaporative flux as: 
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(22) 

 

Typically,    and    are ignored as the amount of advected energy and heat transfer 

across the lake bottom are considered negligible in comparison to the large amount of heat 

stored,   . Heat storage in the lake is estimated by measuring the vertical temperature pro-

file through lake water column to solve the equation: 

 

          (23) 

 

Where: 

   Heat capacity of water (J m-3 °C-1) 

   Depth-integrated water temperature (°C) 

  Lake depth (m) 

 

The BREB method is known for its relatively high accuracy and reliability, and as a result 

is often used as a reference method for other approaches to estimating lake evaporation. 

Other than solar radiation, the measurements required are fairly basic (temperature and hu-

midity). Historically, Environment Canada provided solar radiation data at many of its 

weather observation location, but this practice has been discontinued since 2005. If lake heat 

storage is considered negligible, there is no need to measure water temperature. 
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 Despite these advantages, the BREB method makes some important assumptions and 

has its limitations. Firstly, the use of the Bowen Ratio assumes that the eddy transfer coeffi-

cients of latent and sensible heat flux densities are equal. While this is typically true for neu-

tral and unstable atmospheric conditions, it often may not be the case during localized tem-

perature inversions in the PBL, causing stable atmospheric conditions (Oke, 1987). Also, be-

cause of the relatively small distance between the two measurement heights and the relatively 

small temperature and vapour pressure gradients that can exist over a lake, normally ac-

ceptable measurement errors of temperature and humidity can result in unrealistic evapora-

tion rates. For this reason, evaporation estimates from the BREB technique are considered 

most accurate when the Bowen Ratio is between 1 and -1 (4DM Inc., 2012).  

 

Suitability for Hydrological Modelling 

Because of the requirement for solar radiation data, temperature measurements throughout 

the water and air column, and humidity measurements at least two levels, the BREB tech-

nique is too data intensive for most hydrological modelling applications. It is, however; a 

fairly good method of monitoring estimation over lakes for the validation of more suitable 

evaporative estimation methods. 

2.2.4 Mass Transfer 

The mass transfer approach is one of the oldest and most widely-used evaporation estima-

tion methods in engineering practice. Also known as the aerodynamic method, the mass 

transfer approach relates evaporation rates to wind speed and the vapour pressure deficit 

above the water body (Dingman, 2008). Mass-transfer equations are derived through empiri-
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cism, typically based on evaporation measurements taken using more sophisticated methods, 

like BREB (2.2.3) or Eddy Covariance (2.2.7). There are many examples of mass-transfer 

equations being applied in hydrologic studies in Canada and the United States, ranging from 

small shallow lakes in the subarctic to the expansive Great Lakes of southern Ontario (Singh 

& Xu, 1997; Blanken, et al., 2000; Burn & Hesch, 2007; Derecki, 1981; Winter, Rosenberry, 

& Sturrock, 1995; Granger & Hedstrom, 2010). The exact mass-transfer formula used varies 

from application to application (due to its empiricism); however, it is typically represented in 

the general form of: 

 

             (24) 

 

Where: 

  Net evaporation loss from the specified volume per unit area (mm) 

   Mass transfer coefficient 

  Measured wind speed (m s-1) 

   Surface vapour pressure (kPa) 

   Atmospheric vapour pressure (kPa) 

 

The mass transfer coefficient is also typically treated as constant, leading to errors when 

atmospheric stability increases. The more sophisticated mass-transfer equations account for 

these issues by providing empirical correction factors (Granger & Hedstrom, 2010; Granger 

& Hedstrom, 2010; Derecki, 1981). As an example, Granger and Hedstrom’s mass transfer 

equation is in the form: 
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      (25) 

 

 

Where: 

  Mass transfer coefficient 

  Measured 2 m wind speed above the lake (m s-1) 

 

The coefficient  , takes the form: 

              (26) 

 

Where: 

   Horizontal land-water temperature gradient          

     Horizontal land-water vapour pressure deficit         

 

The coefficients b, m, and n are dependent upon atmospheric stability. For stable 

tions        : 

 

                (27) 

                   (28) 

                  (29) 

 

Where: 
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  Upwind fetch distance (m) 

 

 

 

For unstable conditions        :  

                (30) 

                    (31) 

                  (32) 

 

Practical Considerations and suitability for a hydrological model  

A main advantage of the mass-transfer approach is its simplicity while still retaining a strong 

and defendable physical basis. All input variables, with the exception of water temperature 

(and the corresponding surface vapour pressure), are readily available if a weather station is 

nearby. The surface vapour pressure is typically calculated as the saturated vapour pressure 

for the temperature of the water surface. While not nearly as readily available as the other pa-

rameters, reasonable estimates of surface water temperature can be made using either re-

motely-sensed data (Dingman, 2008) or through other empirical estimation techniques that 

use air temperature and physical characteristics of the lake (Kettle, Thompson, & 

Livingstone, 2004; Sharma, Walker, & Jackson, 2008; Bussieres & Granger, 2007; Shuter, 

Schlesinger, & Zimmerman, 1983). 

 

The main limitation of the mass-transfer method is that the mass-transfer coefficient is 

empirically derived and is not universally applicable, requiring either calibration to direct 
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measurement of evaporation by other means in a representative study region. The mass-

transfer method is also highly dependent upon measured input data being representative of 

conditions over the lake surface. In particular, mass-transfer equations have been found to 

be sensitive to estimates of the vapour pressure deficit (Singh & Xu, 1997). 

Because of its simplicity, mass-transfer methods continue to be used in hydrologic in en-

gineering practice with an acceptable degree of accuracy once calibrated (Singh & Xu, 1997). 

The variables required for the mass-transfer methods are widely available in both weather 

models and Regional Climate Models (RCMs), leading to the potential for use in forecasting 

applications. Several forms of the mass transfer equation provide guidance on selection of an 

appropriate mass-transfer coefficient. Combined with model calibration/validation tech-

niques, this method appears quite well suited to application in a hydrological model with lim-

ited data. 

2.2.5 Combination Methods 

The combination method is aptly named by its trait of combining the mass-transfer and en-

ergy budget methods to calculate evaporative losses. The benefit of the combination ap-

proach is the need for surface temperature measurement is eliminated. While there are a few 

different versions of the combination method, almost all are slight modifications to the ver-

sion developed by Penman (Penman, 1948). For application in lakes, a common version is 

that formulated in (Brutseart, 1982): 

 

  
 

   

       

   
       

 

   
[                        ] 

(33) 
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Where: 

  Slope of the temperature-vapour pressure gradient (Pa °C-1) 

    Measured wind speed at 2 metres(m s-1) 

Often the Penman equation is simplified by assuming that air travelling over a large 

enough water body will become saturated and such that the mass-transfer term will become 

negligible. This equilibrium evaporation rate is equal to the energy term of the Penman equa-

tion. Because the air above the lake is not fully saturated, evaporation rates are typically 20-

30% greater than the equilibrium evaporation rate (Priestley & Taylor, 1972). Therefore, the 

introduction of an empirical adjustment coefficient     is used to account for this increase 

in evaporation rate. This approximation of the Penman Equation is called the Priestley-

Taylor equation and is typically written as (Stewart & Rouse, 1977): 

 

      

 

   
        

(34) 

 

 

Practical Considerations and suitability for a hydrological model 

Similar to both the energy balance and mass transfer methods that form its basis, the combi-

nation approach has a strong physical basis. It has also been widely applied in experiments 

across the globe with satisfactory results. In particular, the Priestly-Taylor formulation re-

quires fairly few inputs considering its strong physical basis. For this reason, many hydrolog-

ical models incorporate a combination method as an option in estimating potential evapora-

tion. 

 



2.2 Operational Lake Evaporation Estimates  35 

 

 

In practice, the inputs that are required for the combination method are not often avail-

able. While there is no need for water surface temperature data, the inclusion of the lake en-

ergy storage term requires the collection of water temperature profiles if it is deemed signifi-

cant. The requirement for radiation data also restricts its use to regions where it is collected, 

or an estimate of solar radiation must be made from other climatic variables (i.e. air tempera-

ture, cloud cover, humidity, etc.). 

2.2.6 Temperature-Based Approaches 

Temperature-based approaches to estimate lake evaporation require the fewest amount of 

input variables compared to all other methods previously described. In essence, temperature-

based methods assume that evaporation is solely a function of solar radiation, which can be 

accounted for by using air temperature as a proxy. By nature of this simplification, tempera-

ture-based approaches are highly empirical and come in various formulations. A common 

example of a temperature-based formula is the Hargreaves equation. In the Hargreaves equa-

tion, (Hargreaves & Samani, 1985), extraterrestrial radiation is added to simulate the season-

ality and influence of direct shortwave solar inputs: 

 

                                     (35) 

 

Where: 

      Maximum daily air temperature 

      Minimum daily air temperature 
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    Extraterrestrial solar radiation 

 

Practical Considerations and suitability for a hydrological model 

Because of its simplicity, temperature-based methods are some the most common ways of 

estimating evaporation in a hydrological model. Temperature measurement is one the most 

readily available observation types recorded at weather stations and is usually not difficult to 

approximate accurately at most sites. For cold regions, temperature is almost always required 

for continuous hydrologic simulations where snowmelt is an important component to run-

off. 

 

A major drawback to temperature-based approaches is that they are typically designed to 

estimate potential evapotranspiration in vegetated soil rather than lake evaporation, and 

therefore do not account for lake heat storage. As a result, these approaches are often cited 

as the least accurate of methods available, particularly for large or clear lakes where heat 

storage is significant (Schertzer & Taylor, 2009). 

2.2.7 Eddy Covariance 

Eddy covariance is a rapidly emerging method to quantify evaporation by directly measuring 

the turbulent eddies carrying latent heat and sensible fluxes away from a lake. Because of its 

direct measurement, Eddy covariance is considered the closest direct measurement of actual 

lake evaporation. Eddy covariance instrumentation consists of high speed infrared hygrome-

ters and acoustic anemometers to accurately measure humidity and wind speed at a high fre-

quency (5-20Hz). Evaporative fluxes can be calculated as (Oke, 1987): 
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 ̅̅ ̅̅ ̅̅ ̅ (36) 

 

Where: 

   Latent heat of vaporization (J kg-1) 

   Vertical turbulence intensity (m s-1) 

  
  Turbulent component of vapor density (kg m-3) 

 

Practical Considerations and suitability for a hydrological model 

Eddy Covariance possesses the unique property of being the most-direct measurement of 

evaporation. Of all the methods considered, it also has the most theoretically sound basis. 

Eddy covariance does not require any assumptions in terms of heat storage influence or at-

mospheric stability.  

 

These advantages; however, come at a cost. The high resolution, quick-response sensors 

are quite expensive and require maintenance personnel trained in turbulence theory. With 

costs of equipment decreasing, eddy covariance is increasingly replacing BREB as the meas-

urement for other estimation techniques to be compared against. Eddy covariance (EC) is 

not commonly used in hydrologic models as the fetch of the instrument footprint must be 

representative of the lake being modeled, limiting the applicability of data regionalization. As 

EC towers are not commonly installed across Canada, their use is at this point restricted to 

research projects. 
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2.2.8 Complimentary Relationship 

The complimentary approach is a conceptual approach to estimating lake evaporation, fun-

damentally hinged on the definition of potential evaporation being the rate at which evapo-

ration occurs with an abundant supply of water (Bouchet, 1963).  

 

Bouchet formulated the hypothesis that under steady state conditions, air flowing over a 

well-watered vegetated surface begins to evaporate at the potential evaporation calculated by 

Penman. However, with a sufficient amount of time and travel distance, a reduction in actual 

evaporation rate occurs because of the reduction in water availability in the soil. Bouchet 

postulated that this reduction in latent heat flux results in a proportional increase to sensible 

heat transfer instead and thus leads to a warming effect. This increased temperature results 

in an increased potential evaporation rate and leads to a driver for additional evaporation 

from the soil. This process forms a feedback loop until an equilibrium state is achieved 

(Dingman, 2008). For wet environments, Bouchet theorized potential evaporation to be 

equal to the energy term of the Penman Equation, as the mass-transfer component goes to 

zero under a fully-saturated atmosphere. 

 

Building off of Bouchet’s work, Morton (Morton, 1983) developed a program called the 

Complimentary Relationship Areal Evapotranspiration Model (CRAE). CRAE calculations 

were based on the concept of actual evaporation being equal to twice the wet-environment 

PET less the equilibrium PET rate. Based on field experiments, Morton found that the wet-

environment PET rate proposed by Bouchet was inadequate, and instead adopted the PET 

value approximated by Priestley and Taylor (Priestley & Taylor, 1972). The wet environment 



2.2 Operational Lake Evaporation Estimates  39 

 

 

model became formulated as the Complimentary Relationship Wet Environment Model 

(CRWE) for shallow lakes, and eventually incorporated a heat storage routing model to be-

come the Complimentary Relationship Lake Evaporation model (CRLE) (Morton, 1983). 

While the formulation of the model is somewhat complex, the FORTRAN source code and 

an accompanying technical reference manual have been published by the National Hydrolo-

gy Research Institute (Morton, Ricard, & Forgasi, 1985). 

 

Practical Considerations and suitability for a hydrological model 

This method has the advantage of only requiring land-based temperature, humidity, and so-

lar radiation data. Similar to the Priestley-Taylor method it is based upon, the requirement of 

radiation data is also one of its weaknesses. 

 

The accuracy of the CRLE heat routing method has also been questioned, even by the 

developer himself (Morton, 1983). Typically, CRLE estimates are considered accurate only 

on a monthly or annual basis, and have been shown to have inaccuracies in arid or cold re-

gion environments where water temperatures are consistently cooler than the surrounding 

air mass. The use of a Muskingum routing method for the energy input also limits lake evap-

oration to be made on a monthly average basis, as the lag time and storage coefficients a 

monthly time step due for numerical stability. One could possibly overcome this stability is-

sue by subdividing the lake into sequential reaches; however, the WREVAP program does 

not support this methodology, nor has it been tested in terms of parameterization.  
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Nonetheless, CRLE incorporation of heat storage and routing goes far beyond the ma-

jority of other empirical evaporation equations available and continues to see widespread use 

in industries requiring operational estimates of reservoir evaporation. It should be noted that 

there is a lack of scientific research on this method since Morton’s last major publication on 

the subject in the 1980s, as most hydrological researchers have turned towards BREB and 

EC approaches in recent years. 

2.3 Estimation of Missing Data 

While many of the aforementioned evaporation equations require extensive climatic variable 

inputs, several equations and techniques have been developed over the years to approximate 

climate data in situations when direct measurement is not available. Naturally, the introduc-

tion of these approximations adds to error and uncertainty in estimates of lake evaporation; 

however, it is sometimes found that the benefits of including an approximation of these cli-

matic controls may outweigh the omission of them entirely (Uhlenbrook, Roser, & Tilch, 

2004). Typically the variables most difficult to obtain for the methods above are solar radia-

tion, lake temperature, and near-surface wind speed. 

2.3.1 Solar Radiation 

Solar radiation is an important contributor to the earth’s energy balance. For this study, sev-

eral components of the solar radiation were estimated. As a refresher, net radiation can be 

comprised of several components, of which, certain combinations get used by various tech-

niques. The estimation of each are described below: 
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Extraterrestrial Solar Radiation  

Extraterrestrial solar radiation,      refers to the total amount of solar energy available 

above the earth’s atmosphere. Extraterrestrial solar radiation is a function of the time of year 

and latitude of the study site. For daily averaged estimates of     the following equation is 

recommended by Dingman (2008): 

 

          [                                       ] (37) 

 

Where: 

    Solar constant = 1367 Wm-2 = 1181 MJ m-2d-1 

  Solar declination (radians) 

  Latitude of site (radians) 

   Eccentricity correction factor (function of day of the year) 

  Angular velocity of the earth’s rotation = 15°hr-1 = 0.2618 radian hr-1 

 

Clear-sky Solar Radiation 

Clear-sky solar radiation     refers the maximum amount of incoming solar radiation a site 

can receive at any given time. Clear sky radiation is a function of extra-terrestrial solar radia-

tion and the atmosphere’s transmissivity. For sites below 6000m elevation and with low at-

mospheric turbidity,     can be approximated as: 

 

                      (38) 
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Where: 

  Elevation above sea level (m) 

 

Estimation of Downward Solar Radiation 

Total downward solar radiation measured at a site is a function of clear-sky solar radiation 

and the amount of cloud coverage in the sky. If cloud observation is not available, the diur-

nal temperature cycle can be used as an indicator of cloud cover. During clear days, the at-

mosphere is transparent to solar radiation, resulting in more radiation reaching the surface 

and increasing the maximum daily air temperature. Similarly, less outgoing long wave radia-

tion is absorbed by the sky on a cloudless night, resulting in a lowered minimum daily air 

temperature. On overcast conditions, the opposite occurs – clouds absorb solar radiation in 

the day and reduce the maximum daily temperature, while insulating the air at night and re-

ducing long wave radiation losses (Allen, 2011). Hargreaves and Samani (1985) provide the 

following equation to estimate net inward solar radiation from temperature measurements: 

 

      √               (39) 

 

Where: 

    Regional adjustment coefficient (0.16 for interior locations, 0.19 for coastal re-

gions). 
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Estimation of Upward Solar Radiation 

The amount of solar radiation reflected by a surface is dependent upon its albedo. Albedo is a 

dimensionless ratio that quantifies the percentage of incident solar radiation reflected up-

wards a diffused or backscattered solar flux (Oke, 1997): 

 

       (40) 

 

Where: 

  Surface albedo 

 

Water is a somewhat unique in that its albedo is dependent upon the angle of the sun. 

McCormick and Meadows (1988) define the surface of albedo of water to follow the equa-

tion: 

 

  
     

    
 

(41) 

 

Where: 

  Solar zenith angle 

 

Combined, the net solar radiation can be written as     

                   (42) 
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Estimation of Incoming and Outgoing Long wave Radiation: 

All objects above absolute zero emit long wave radiation. The amount of long wave radia-

tion is dependent upon its emissivity and surface temperature. The atmosphere emits long 

wave radiation both upward to space and downward to the ground, while surfaces on earth 

only emit radiation upward (Oke, 1997). The amount of long wave radiation emitted by a 

water surface is defined by the equation: 

 

                              (43) 

 

Where: 

   Surface emissivity (0.97 for water) 

   Water surface temperature 

   Incoming long wave radiation from the atmosphere 

 

The amount of incoming long wave radiation from the atmosphere depends on air tem-

perature and the emissivity of the air itself. Unlike surface objects, atmospheric emissivity 

can vary substantially, and is primarily dependent upon air temperature, humidity, and cloud 

cover (Dingman, 2008). Following a review of several empirical equations, Flerchinger et al. 

(2009) proposed the following equation to estimate the emissivity of the atmosphere: 

 

                                    (44) 
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Where: 

  Fraction of cloud cover,     
  

   
 

   Atmospheric vapour pressure (kPa) 

 

Combined, the net long-wave radiation flux can be estimated as (Dingman, 2008): 

 

                                          (45) 

2.3.2 Lake Water Surface Temperature 

Lake water surface temperature is a variable often hard to obtain in all but the most-heavily 

studied research areas. While this variable is important to hydrologists studying evaporation, 

it is arguably of even greater concern to scientists studying the aquatic ecosystems within the 

lake. Not surprisingly, methods on estimating lake surface temperature have been developed 

predominantly by scientists interested in limnology and aquatic biology. Research has shown 

lake surface temperature is strongly correlated to multiple-day smoothed air temperature and 

theoretical clear-sky solar radiation (Kettle, Thompson, & Livingstone, 2004; Sharma, 

Walker, & Jackson, 2008; Schertzer & Taylor, Assessment of the Capability to Compute 

Evaporation from Okanagan Lake, other Mainstem Lakes and Basin Lakes and Reservoirs 

using the Existing Database, 2009). Kettle, Thompson, and Livingstone (2004) found the 

following equation to accurately estimate surface water temperatures in northern lakes: 

 

                   (46) 
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Where: 

   ,c Empirical regression coefficients 

      Exponential air temperature smoothing function 

 

      is defined as: 

 

 (    )  (
 

  
)      (  

 

  
)   (       ) 

(47) 

 

Where: 

     Air temperature at timestep, t 

   Smoothing coefficient 

 

Coefficients and weighting parameters are either calibrated to the lake of interest, or can 

be estimated as a function of lake volume or depth. For lakes in southwestern Greenland, it 

was found that estimates of the weighting and smoothing coefficients could be made based 

on maximum lake depth and surface area: 

 

                 (48) 

                 (49) 

                       (50) 

                    (51) 
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  Maximum lake depth (m) 

  Lake surface area (m) 

2.3.3 Wind Speed 

Wind speed is an important parameter to mass-transfer and combination lake evaporation 

equations; however, the height specified by these equations typically does not match the 

height at which this variable is recorded. The height at which Environment Canada usually 

measures wind speed is 10m above the surface, a standard reference height chosen to mini-

mize the influence of surface roughness/obstruction on measurements. Conversely, many 

mass-transfer equations require the wind speed taken 2m above the water surface to inten-

tionally incorporate these surficial influences on the efficiency of mass-transfer. The estima-

tion of 2m wind speed is best done using the Prandtl-von Karman log-law equation de-

scribed in Section 2.1.3. Surface roughness heights can either be estimated using textbook 

values (Oke, Boundary Layer Climates, 1987; Oke, Surface Climate Processes, 1997; 

Monteith & Unsworth, Principles of Environmental Physics, 1990; Brutseart, 1982), or al-

ternatively this parameter can be solved for if wind measurement exists at two heights 

(Monteith & Unsworth, Principles of Environmental Physics, 1990): 

 

      (
                 

     
 ) 

(52) 
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2.4 Evaporative Processes in Shield Lakes 

Earliest studies on evaporative processes in Canadian Shield lakes occurred in the 1970s. 

Robertson and Barry (1985) conducted an energy balance for a shield lake in the 1970s and 

noted the importance of lake evaporation to the regional water balance. Stewart and Rouse 

performed lake energy balance studies to determine the applicability of the Priestley-Taylor 

equation for shallow northern lakes (Stewart & Rouse, 1976) and developed a simplified ap-

proximation requiring only incoming solar radiation (Stewart & Rouse, 1977). Roulet and 

Woo (1986) applied the model developed by Stewart and Rouse in an arctic watershed, and 

found that the alpha term varied from location to location. Bello and Smith (1990) compared 

the Stewart and Rouse’s model to an energy budget of lakes in the Hudson Bay lowlands and 

evaluated the influence of heat advection to the lakes’ energy balances. Sing and Xu (1997) 

evaluated the performance of several mass-transfer equations for three lakes in northwestern 

Ontario, with comparison to measured pan data.  

 

More recently, Blanken et al. (2000) determined that wind speed and vapour pressure 

deficit were the strongest controls of evaporation for Great Slave Lake in the Northwest 

Territories. Spence et al. (2003) evaluated the energy budget of a small shield lake in the 

Northwest Territories, finding that evaporation rates were most influenced by solar radiation 

in the spring while the lake was warming, and the vapour pressured deficit as it cools in the 

winter. It was also determined that the strong thermocline developed in the study lake was 

due to the attenuation of solar radiation near the water surface due to poor water clarity, 

preventing deep heat storage. The sheltering of the lake from wind by surrounding trees also 

contributed to the strong thermocline observed, as it reduced wind mixing effects. 
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Oswald and Rouse (2004) found that the lag in the onset of thermal stratification in the 

dimictic shield lakes is positively correlated with their mean depth and surface area. Large 

evaporative water losses correspond to periods of low net radiation and cold dry air over 

large shield lakes, while smaller, shallower lakes experience periods of high evaporation oc-

curring on days with high net radiation and warm, dry air. It was also found that the capacity 

of larger lakes to store more heat results in longer ice-free periods and higher evaporation 

rates. 

 

Granger and Hedstrom (2010) studied evaporation rates at three lakes in northern and 

western Canada, and found that the major control on evaporation was wind speed, followed 

by the land-surface temperature and vapour pressure gradients. It was also found that evapo-

ration rates occurred under two separate regimes depending upon the directional gradients 

between air and water temperatures. From these observations, Granger developed a set of 

mass-transfer equations to estimate lake evaporation. This method was compared with EC 

measurement and found to be in close agreement (Granger & Hedstrom, Modelling hourly 

rates of lake evaporation, 2010). 

 

To briefly summarize, past research on lake evaporation in shield environments has 

shown that the controls governing this process are highly dependent on lake morphology, 

surrounding topology, and local climatology. It is difficult to find an overarching consensus 

on this topic, other than the importance of heat storage for deep lakes and wind fetch for 

large lakes. 
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2.5 Sensitivity of Lake Evaporation to Climate Change 

As previously described, lakes are complex components of the hydrologic cycle. Their ability 

to store energy and mass combined with feedback loops to the atmosphere causes a non-

linear response of energy flux rates when change to atmospheric forcing occurs. Future cli-

mate projections from Global Climate Models and Regional Climate Models indicate that 

many climatic variables will change in the future, and it is important to consider that lakes 

may respond differently to these changes than land components of watersheds. Review of 

literature suggests that evaporation rates in lakes are particularly sensitive to climate change, 

and that the non-linear response of feedback loops is not always adequately described by 

simplified evaporation methods. These simplifications can lead to biased projections. 

 

 Based on a 10-year analysis of seasonal, intra-seasonal, and inter-annual variations of 

evaporation for a shield lake in northern Wisconsin; Lenters, Kratz, and Bowser (2005) 

found that the controls of lake evaporation variability were sensitive to different controls for 

different timescales. Inter-annual variability was strongly associated with net energy availabil-

ity and heat storage, intra-seasonal variability was associated with synoptic weather events, 

and seasonal variability was driven primarily by temperature and radiation. The authors con-

cluded that while many empirical methods, such as the mass transfer equations, may be ca-

pable of reproducing lake evaporation for a given study, their calibration is sensitive to their 

reference period and cannot be relied upon for future projects due to the complex feedback 

loops and controls. 
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 Snucins and Gunn (2000) noted that the small, deep, and clear lakes of the boreal shield 

are particularly sensitive to climate change, as small changes to air temperature can have pro-

found effects on the thermal structure of these lakes due to their clarity and ability to allow 

for deep penetration of solar radiation and storage of energy. This study confirmed the con-

clusions previously made by Schindler et al. (1996), who found that the evaporation of deep 

clear lakes of the boreal shield were particularly sensitive to the gradual increase in tempera-

ture and decrease in precipitation observed in the ELA for the period of 1970-1990.  

2.6 Lake Evaporation Routines in Hydrological Models 

As mentioned in the introduction, the level in which lake evaporation is incorporated into a 

hydrological model can vary substantially. The purpose of this section is to summarize the 

methods in which lake evaporation are currently calculated in several physically-based hydro-

logical models deemed to have a similar capability to WATFLOOD in modelling natural Ca-

nadian watersheds. While not intended to be an exhaustive list, the models described below 

represent the main operational and research hydrological models currently being used in wa-

tersheds within the Canadian Shield. 

2.6.1 WATFLOOD 

WATFLOOD is distributed, physically based hydrological model developed by Dr. Nicholas 

Kouwen of the University of Waterloo (Kouwen & Mousavi, 2002). Similar to many hydro-

logical models, lake evaporation is assumed to be equal to land-based estimates of potential 

evapotranspiration. Currently, there are three methods available in WATFLOOD: the Har-

greaves equation (Hargreaves & Samani, 1985), the Priestley-Taylor combination method 
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(Priestley & Taylor, 1972), and specified monthly average pan evaporation. Full documenta-

tion of the current methods is contained in the master’s thesis by Todd Neff (Neff, 1996). 

2.6.2 Mike-SHE 

Developed by the Danish Hydraulic Institute (DHI), Mike-SHE is a semi-distributed hydro-

logical model with widespread use in Europe and a gaining popularity across the globe 

(Graham & Butts, 2005). Mike-SHE calculates actual evapotranspiration in the model using 

a modified version of the K&J algorithm (Kristensen & Jensen, 1975); however, this method 

requires the user to provide a reference crop potential evapotranspiration rate time series. In 

Mike-SHE, lakes are treated as shallow, water covered surfaces, and therefore there is no 

separate calculation of lake evaporation (it is equal to the specified reference potential ET 

rate). 

2.6.3 SLURP 

The SLURP model is a semi-distributed model developed by Environment Canada’s Na-

tional Hydrology Research Institute (NHRI) (Kite, 1995). Though the model is no longer 

supported by the developer, its general structure is somewhat similar to WATFLOOD and 

possesses the key feature of allowing the user the option of calculating evaporative losses for 

programmed lakes based using Morton’s CRLE method (Morton, 1983). The use of CRLE 

requires an estimation of lake depth and is also limited to monthly average evaporation rates. 
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2.6.4 HYDROTEL 

The HYDROTEL model is a distributed hydrological model developed by  

L’Institut National de la Recherche Scientifique Eau Terre Environnement (INRS-ETE) in 

Quebec City, QC (Fortin, Turcotte, Massicotte, Moussa, Fitzback, & Villeneuve, 2001). 

HYDROTEL has several options available to calculate potential evapotranspiration includ-

ing those of Thornwaite (1948), Priestley and Taylor (1972), Penman and Monteith (1965), 

Linacre (1977), and a proprietary temperature-based algorithm developed by Hydro Quebec. 

In all cases, lake evaporation is treated as the potential evapotranspiration rate calculated by 

the model. 

2.6.5 HEC-HMS 

HEC-HMS is a semi-distributed hydrological model developed by the United States Army 

Corps of Engineers (Feldman, 2000). The model is the successor to the former US-ACE 

HEC-1 and SSARR models, and thus incorporates many of the routines previously devel-

oped for these models. Due to the model structure, lakes coded in HEC-HMS do not un-

dergo evaporation losses. This being said, it is technically possible to simulate lake evapora-

tion by calculating lake evaporation offline from the model, and specifying these losses as 

lake withdrawals. Non-coded lakes represented within the catchments of the model are as-

sumed to evaporate at the potential rate determined by either the Priestley-Taylor method 

(1972), or a specified monthly average evaporation pan rate. 
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2.6.6 CRHM 

The Cold Regions Hydrological Model (CRHM) was developed by the University of Sas-

katchewan’s Centre for Hydrology (Pomeroy, et al., 2007). CRHM is a semi-distributed 

model designed for the hydrological study of runoff response in small to medium catch-

ments. Being a research model, CRHM is flexible in that the user can choose how to define 

the modelled watersheds representative hydrological response units (HRUs) and further-

more, can choose from a suite of separated modules to simulate various hydrological pro-

cesses. Being open source, the user also has the option of programming routines written is 

C++. Currently CRHM has several evaporation routines available, including Granger-Gray 

(Granger, 1989), Penman-Monteith (Monteith, 1965), Priestley-Taylor (Priestley & Taylor, 

1972), and Shuttleworth-Wallace (Shuttleworth & Wallace, 1985). This being said, no im-

plementation of a lake-specific evaporation algorithm is included with the model. 

2.7 Summary 

Lake evaporation is a complex process involving turbulent transfer of energy and mass. Due 

to the complexity of calculating these fluxes directly from first principles, several approxima-

tion methods exist ranging from complex and physically based to simplified and conceptual. 

For several of these methods, regionalized or approximated data are required, as representa-

tive direct measurement of certain variables is often unavailable. Past research on evapora-

tion in shield lakes indicates that although heat storage is an important process, specifics on 

governing controls are highly dependent on the morphology of the lake itself and the sur-

rounding environment. Long-term studies on evaporative processes in shield environments 

also reveal their particular sensitivity to climate change due to the non-linear feedback pro-
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cesses existent between the lake and atmosphere. Currently, most hydrological models do 

not take these important processes into consideration, and simply approximate lake evapora-

tion to be equivalent to land-based potential evapotranspiration, or neglect these losses en-

tirely. The prevalence of surface waters in the boreal regions of Canada would therefore sug-

gest that unless a dedicated lake evaporation model is used, the results of existing hydrologi-

cal models in this region may contain considerable bias or uncertainty.  

 



 

 

Chapter 3 

Description of Study Area and Test Design 

In order to assess the performance and suitability of various lake evaporation estimation 

methods, a field site with adequate meteorological and hydrometric data collection was re-

quired. This study was to be situated within a boreal or Canadian Shield landscape. The site 

also required an estimate of the benchmark “reference” lake evaporation rate. Upon review-

ing historic and current hydrological research activities, it was decided that the Experimental 

Lakes Area (ELA, 2012) was the most suitable site for this study. Factors considered in this 

selection included the location of the field site within the Canadian Shield, its drainage into 

the Nelson-Churchill watershed, the length of historical meteorological data available, and its 

relatively close proximity to the University of Manitoba. The purpose of this chapter is to 

provide a description of the characteristics of the ELA and the measurements taken for lake 

evaporation estimation techniques. 
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3.1 Description of Study Area 

The Experimental Lakes Area (ELA) is located in northwest Ontario on the Precambrian 

Shield, approximately 60 kilometres southeast of Kenora (Figure 3-1). Following concern 

over pollution in the lower Great Lakes, the ELA was established in the late 1960s by the 

Canadian Department of Fisheries and Oceans (DFO) for research and long-term monitor-

ing of the source and nature of pollutants to Canadian aquatic ecosystems using watershed 

scale experiments (Johnson & Vallentyne, 1971). In the 1970s, 1004 lakes were surveyed and 

assigned numbers, with 58 currently licensed jointly by the Canadian and Ontario govern-

ments for scientific experiments. The site has been in continuous operation since 1968, and 

has served as an important contributor to the understanding of national and regional pat-

terns of climate change and anthropogenic effects on aquatic ecosystems. A recent partner-

ship with Environment Canada has brought the potential for new research and projects re-

lated to climate (Blanchfield, Paterson, Shearer, & Schindler, 2009).  

3.1.1 Geology 

The ELA site is located at an altitude of 360-380m above mean sea level. The area is under-

lain by Precambrian acid granites on the south-western part of the shield, with some areas 

overlain by thin glacial drift, composed of sand and gravel of quartz, plagioclase, and K-

feldspar. Hill tops and hill slopes have little to no soil, but low lying areas and shorelines 

have brunisols consisting of a mixture of partially decomposed plant remains (Brunskill & 

Schindler, 1971). 
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3.1.2 Vegetation 

Vegetation in the ELA is typical of a boreal (fire-controlled) sub climax forest, comprising 

mainly of jack pine, black spruce, trembling aspen and white birch with juniper undergrowth. 

Along the lake shores, isolated stands of red pine and red spruce exist. Boggy areas exhibit 

black spruce, alder, and tamarack, with Labrador tea, leather leaf, and bog rosemary 

(Brunskill & Schindler, 1971). Typically, soils or bedrock are topped by a moss mat, domi-

nated by sphagnum species, which can reach depths greater than 0.5m in low lying areas 

(Schindler, et al., 1996). Most wetlands in the area are small, typically classified as either om-

botrophic bogs or poor fens. In the wetlands, peat derived from sphagnum ranges to a depth 

of 10 m or more (Schindler, et al., 1996). 

3.1.3 Drainage Network 

Drainage systems in the ELA are controlled by the strongly sheared, jointed, and faulted 

bedrock. Combined with minimal soil cover, most lakes in the ELA are situated in watertight 

basins, with little to no groundwater influence (Brunskill & Schindler, 1971). The ELA lies 

on the divide between two major river drainages, with many lakes in the area being headwa-

ters. Lakes within the ELA range from 1 to 84 Ha in area, and have lake depths ranging 

from less than 1m to 117m in depth. Lakes in the northern portions of the ELA contribute 

to the English River system, while the southern portion of the ELA drains into Lake of the 

Woods. The two river systems combine near the Manitoba-Ontario border and flow into 

Lake Winnipeg via the Winnipeg River. Lake Winnipeg drains into Hudson Bay through the 

Nelson River System.  
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Figure 3-1: Map of Experimental Lakes Area (a) relative to the Manitoba-Ontario border, and (b) the 
specific lakes used in this study within the ELA.  
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3.1.4 Climate 

Being situated in the interior of North America, the ELA’s climate is strongly continental. 

The average annual air temperature is 2.6 °C (similar to the 2.6 °C average temperature at 

Winnipeg Airport). The difference between the maximum (July) and minimum (January) av-

erage monthly temperature measured at the Rawson Lake meteorological station is more 

than 35 degrees Celsius. The majority of the regions precipitation falls between May and 

September (Figure 3-2). Compared to prairie regions to the west, the ELA has a relatively 

moist climate. An average of 663.9mm of precipitation is recorded annually, compared to 

513.7mm in Winnipeg (Environment Canada, 2013). 

 

 

Figure 3-2: Rawson Lake Climate Normals (1971-2000) 
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3.2 Data Collection 

Being an active research site, the ELA is home to an extensive suite of scientific instru-

mentation recording climatic and hydrometric observations, many of which are not widely 

available in most other places in Canada. At the time of study, Environment Canada and the 

Federal Department of Fisheries and Oceans (DFO) were actively involved in an inter-

disciplinary study on the influence of stream order on the biological and hydrological charac-

teristics of a lake trout ecosystem. As part of this project, in collaboration with Dr. Chris 

Spence (Environment Canada), monitoring rafts were deployed on two ELA lakes to record 

the climatic and hydrometric parameters necessary to estimate lake evaporation using the 

BREB method. Parallel to the monitoring rafts, a meteorological observation station situated 

near the permanent field office recorded regional climatic information. Additionally, water 

samples of the lake and precipitation were taken on a monthly basis for stable water isotopic 

analysis. 

3.2.1 Lake Based Measurement 

Lake based meteorological observations were obtained from monitoring rafts deployed on 

Lake 373 (L 373) and Lake 626 (L 626) (Figure 3-3, Figure 3-4). Both L 373 and L 626 are 

typical of the “shield lakes” across northwestern Ontario and eastern Manitoba. These lakes 

are characterised by their watertight, bedrock bottoms and relatively clear water column. 

Both L 626 and L 373 are relatively deep for their surface areas and stratify in the warm 

summer months.  
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Lake 373 is a headwater lake with two identified contributing catchment inlets, and one 

defined (controlled) outlet that drains downstream to L 375. Lake 626 was a third-order lake 

receiving water from one inlet. Since 2011, these inflows have been diverted around the lake, 

now making it a headwater basin, with one controlled outlet that drains downstream into L 

627. Lake 626 has a comparable surface area to Lake 373; however it is significantly shallow-

er. Detailed morphometric properties of the lake are listed in Table 3-1. 

 

Figure 3-3: Configuration of L 626 Monitoring Raft 

Table 3-1: Morphometric Properties of Study Lakes 

Lake Lake  
Order 

Surface 
Area (Ha) 

Maximum  
Depth (m) 

Average  
Depth 

(m) 

Volume  
(106 m3) 

373 1 27.5 20.8 10.7 3.013 

626 4 25.8 11.2 6.4 1.772 
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Figure 3-4: Photos of L 373 (Top) and L 626 (Bottom) 
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Description of Raft Instrumentation 

Net global radiation was recorded for each lake using a Kipp & Zonen NR-Lite net radiome-

ter placed approximately 1 metre above the water surface. Manufacturer specifications indi-

cate a typical accuracy of +- 5% measurement (10% worst-case) with factory calibration 

(Campbell Scientific, 2010) . 

 

Met-One 083E Temperature and relative humidity sensors were placed at three heights 

on the raft (1.975m, 1.415m, and 0.7m for L 626, and 2.16m, 1.38m, and 0.72m for L373). 

The sensors have a reported accuracy of +/- 2% relative humidity and +/- 0.1°C (Campbell 

Scientific, 2012) Wind speed was recorded at all the above heights using anemometers using 

a combination of Met-One 013A and R.M. Young 05305 wind monitors. Both models have 

stated accuracies of +/- 2% with a threshold speed of 0.45 m s-1 (Campbell Scientific, 2000; 

Campbell Scientific, 2013). 

 

 A thermistor string was deployed below the raft to measure water temperature through-

out the water column. Water surface temperature was also recorded using a floating thermis-

tor. For these measurements, Tidbit temperature loggers were used, with a specified accuracy 

of +/- 0.2 °C (Onset Computer Corp., 2006) .In addition to the raft-based observations, 

lake levels were recorded continuously via level loggers at each lake, with outlet discharge 

measurements taken using a calibrated v-notch weir. Streamflow measurements are typically 

estimated to be +/- 10-15% (Hamilton & Moore, 2012). 
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Description of Isotope Sampling 

Monthly water samples were taken at both lakes for calculation of evaporation through iso-

topic mass balance. Water samples were taken at the inlets, outlet, and centre of each lake in 

duplicates. A precipitation bucket was also setup on the shore of L 626 to obtain composite 

water samples of rainfall contributing to lake inflows Figure 3-5: Map of Isotope Sampling 

Locations for L 373 and L 6266 (Figure 3-5)  
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Figure 3-5: Map of Isotope Sampling Locations for L 373 and L 626 
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3.2.2 Land Based Measurement 

In addition to the monitoring raft observations, a meteorological observation site is main-

tained in the ELA near the field camp at Rawson Lake (Figure 3-1). The inclusion of the da-

ta from this location was seen as being beneficial to the study by providing a means of test-

ing the sensitivity of each evaporation method when using regional weather data rather than 

site specific measurement. Hourly measurements of temperature, precipitation, humidity and 

wind speed were taken as being “representative” of the meteorological parameters taken at 

weather stations typical to remote basin sites.  

 

Additionally, the incoming solar radiation recorded at this weather site was used to test 

methods of approximating net radiation fluxes from downward solar radiation, a variable 

that has been historically recorded at select weather sites and readily available from most re-

analysis datasets. Evaporation pan measurements maintained at this location were also used 

in this study to evaluate the representativeness of “traditional” lake evaporation estimation 

techniques. 

 

Being a Canadian Network for Isotopes in Precipitation (CNIP) site, historic monthly 

average values of deuterium and oxygen-18 concentrations in observed precipitation were al-

so available for this location for the period of 1997-2007 (Birks S. J., Edwards, Gibson, 

Drimmie, & Michel, 2004). 
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3.3 Experimental Design 

Having identified a suite of methods available to estimate evaporation, a methodology for 

this study was developed to determine the most suitable candidate for implementation in a 

hydrological model, with emphasis on boreal and shield landscapes. In consideration of the 

objectives listed in Section 1.2, the experimental design also incorporated a provision to 

compare the sensitivity of selected methods to the use of regionalized or approximated pa-

rameters in the case that local measurements are unavailable.  

3.3.1 Period of Study 

For this study, evaluations of candidate methods were based upon a two year study period 

(2009 and 2010). Lake monitoring rafts were deployed from May to October of each year, 

representing the majority of the open water season. 

3.3.2 Selection of Candidate Methods 

Based upon the literature review conducted in Section 2.2, it was decided to evaluate four 

evaporation methods of contrasting complexity and data requirement. These methods were 

selected to represent the best method available from each “group” of estimation techniques 

(Section 2.2). The final methods selected were selected: 

 

 Evaporation Pan (Water Balance Method) 

 Granger Lake Evaporation (Mass-Transfer) 

 Priestley-Taylor (Combination-Method) 
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 Hargreaves (Temperature Index) 

 

As a method of testing sensitivity of estimates to regionalization, the evaporation esti-

mates were calculated using both local and regional weather forcing. In cases where regional-

ized data were not available, data was generated empirically from regional forcing. Based on 

the above, a total of nine evaporation estimates were calculated: 

 

1. Evaporation Pan with lake coefficient correction (EP) 

2. Granger Mass-transfer method using local data (GL1) 

3. Granger mass-transfer method using regional meteorological data and estimated lake 

surface temperature (GL2)  

4. Hargreaves temperature-based method using local data (HG1) 

5. Hargreaves temperature-based method using regional data (HG2) 

6. Priestley Taylor combination method using local data (PT1) 

7. Priestley Taylor combination model using local met data and estimated heat storage 

model (PT2) 

8. Priestley-Taylor combination using regional solar radiation data and estimated heat 

storage model (PT3) 

9. Priestly Taylor using NARR solar radiation data and estimated heat storage model 

(PT4) 

10. Priestley-Taylor neglecting heat storage flux (PT5) 
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3.3.3 Benchmark BREB Evaporation Rate 

Using the data collected from the monitoring rafts, a benchmark evaporation rate was calcu-

lated using the BREB technique. The performance of each method was evaluated based on 

its ability to replicate the evaporation estimated by BREB. Typical accuracy of this method is 

+/- 10% when averaged over a season, and +/- 15% when averaged over a month (4DM 

Inc., 2012). Both cumulative evaporation amounts and the seasonal distribution of evapora-

tion were considered in this performance. To aid in the analysis of methods, the BREB 

evaporative flux was evaluated based on its correlation to several key variables typical in the 

approximation methods: 

 

 Air Temperature 

 Wind speed/Direction 

 Vapor Pressure Deficit 

 Net Radiation 

 Heat Storage 

 Air-Surface Water Temperature gradient 

 

The Bowen ratio was calculated using the slope of the temperature and vapour pressure 

measurements through the log-transformed instrument heights. Fluxes were calculated on a 

half-hourly basis and averaged over a daily timestep. The techniques and equations used to 

estimate each parameter are discussed in further detail in the next chapter. 
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3.3.4 Isotope Mass Balance 

In addition to evaporation calculated using a BREB approach, evaporation rates were calcu-

lated based on water balance methods using a stable isotope mass balance model derived in 

the STELLA modelling system. Estimates from stable water isotopes, by nature of the data 

collected in the program, were monthly estimates of evaporation and were used as a means 

of benchmarking the accuracy of other evaporation estimates relative to both isotope mass-

balance relative and energy budget solutions. Details describing the development of the iso-

topic framework for the ELA are contained in Chapter 5.  

3.4 Summary 

Based on its representativeness of a typical lake-dominated Canadian Shield landscape, and 

the amount of instrumentation available, the ELA was chosen as the most suitable location 

for a field-study on lake evaporation. Detailed hydroclimatic variables were recorded at a 

land based meteorological station and monitoring rafts deployed on two lakes. Additionally, 

an isotope sampling program was setup to develop an isotopic framework for the area to 

understand the nature of evaporation and other hydrological processes through stable water 

isotope fractionation. Based on the literature review, nine estimation methods were selected 

for evaluation of accuracy relative to ‘measured’ evaporative fluxes estimated using the Bow-

en Ratio Energy Balance approach (i.e., assumed to be truth). Additionally, evaporative loss-

es (total monthly) were estimated using an isotopic mass balance approach to evaluate the 

accuracy of this new and emerging technique relative to the other methods.  

 



 

 

Chapter 4 

Empirical Estimates of Forcing Data  

Despite the longstanding understanding of the general controls of evaporation, it is the un-

fortunate reality that measurement of climatic variables governing these processes is often 

unavailable at a widespread spatial distribution, or over watershed domains. To many prac-

ticing hydrologists, this limitation is realized when required to perform a study or analysis of 

a watershed with limited amounts of data. To overcome this limitation, the use of regional-

ized data sets, and/or the development of empirical equations to fill missing data gaps are 

necessary. 

 

 It was determined early on in this study that part of the evaluation of the candidate lake 

evaporation models should include some form of analysis on the sensitivity of the method-

ology to regionalized or approximated datasets. Upon reviewing the candidate methods and 

variables typically recorded, five key parameters were identified as likely unavailable in many 

boreal and shield climates due to their level of remoteness: 
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1. solar radiation, 

2. above lake air temperature, 

3. lake water surface temperature, 

4.  2 m wind speed, 

5. lake heat storage flux 

 

This chapter documents the techniques employed to develop empirical estimates of 

these variables, and provides a quantitative assessment of their accuracy in replicating local 

observation at the ELA study site. 

4.1 Solar Radiation 

For this study, three main forms of solar radiation were estimated: theoretical clear sky solar 

radiation    , net incoming solar radiation   , and net radiation,   . These solar fluxes were 

calculated using the equations listed in Section 2.3.1. The accuracy of each estimate was 

evaluated by comparison to the net radiometers installed on the monitoring rafts and the py-

ranometer installed at the meteorological station. 

4.1.1 Clear Sky Solar Radiation 

Calculated theoretical clear sky solar radiation for 2009 and 2010 are shown below in on 

Figure 4-1 and Figure 4-2, respectively. For comparison purposes the total incoming solar 

radiation measured at Rawson Lake is also shown on these plots.  
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Figure 4-1: Comparison of Theoretical Clear-sky Solar Radiation to 2009 Observations 

 

Figure 4-2: Comparison of Theoretical Clear-sky Solar Radiation to 2010 Observations 
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The plots indicate a good level of agreement between theoretical approximation and ob-

servation, as all measured values plot below the theoretical curve, with sunny days approach-

ing the upper boundary. As to be expected, net radiation inputs are greatest in late June and 

early July, corresponding with the summer solstice. Further analysis reveals that the sunniest 

days of the 2009 and 2010 open water seasons occurred in September and early October, as 

they plot closest to the theoretical clear sky line (indicating minimal cloud cover). It can also 

be seen from these plots that 2009 was a sunnier year with less overcast days than 2010. 

4.1.2 Total Incoming Solar Radiation 

Following the method of Hargreaves and Samani described in Section 2.3.1, net incoming 

solar radiation was estimated using daily maximum and minimum air temperatures recorded 

at the Rawson lake meteorological station. These calculated values were compared to meas-

ured readings from the installed pyranometer. Results are shown on Figure 4-3: 
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Figure 4-3: Comparison of Observed Incoming Solar-Radiation to Estimated Values using Tempera-
ture 

 

Figure 4-3 shows that while the overall correlation between observed and estimated is 

reasonable (R2=0.62), the method tends to overestimate solar radiation on cloudy days and 

underestimate on sunny days. 

 

As second approximation method, the surface level incoming solar radiation field was 

obtained from the North American Regional Reanalysis (NARR) dataset for comparison. 

NARR is a medium resolution (32 km) and high frequency (3hour time step) gridded assimi-

lated reanalysis dataset that provides climate variables for all of North America. Recent re-

search has found NARR estimates of downward solar radiation to be accurate in comparison 

to surface observation taken in the Canadian prairies (Shook & Pomeroy, 2011). For this 
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study, the downward short-wave radiation flux (dswrf) at the mono level was extracted at the 

nearest grid point to the study lakes using Matlab. Comparison was then made to the obser-

vations take at the meteorological site. Results are shown below on Figure 4-4. 

 

 

Figure 4-4: Comparison Observed Incoming Solar-Radiation to NARR output (dswrf.nc) 

 

Figure 4-4 suggests that the NARR output data provides a slightly more accurate esti-

mate than one using a temperature based approach. The overall correlation (R2 = 0.71) is ac-

ceptable, though there appears to be a slight overestimation in the NARR data, with a con-

sistent 53W/m2 bias of inward solar radiation. This is higher than the 24 W/m2 bias reported 

in (Shook & Pomeroy, 2011). 
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4.1.3 Net Radiation 

As a final estimate of solar radiation, an analysis of the accuracy of estimating net radiation 

fluxes (  ) using both the observed regional incoming solar radiation and the NARR output 

from Section 4.1.2. For this evaluation, surface albedo and net long wave solar radiation 

were calculated using the empirical methods described in Section 2.3.1. These estimates were 

compared to observations recorded by net radiometers installed on monitoring rafts. Esti-

mates using Rawson Lake pyranometer data are shown on Figure 4-5 and Figure 4-6, and es-

timates using NARR are found on Figure 4-7 and Figure 4-8. 

 

 Results suggest that reasonable estimates of net radiation can be achieved using regional 

pyranometer data. For both lakes, the estimated net flux shows strong correlation to direct 

measurement with minimal bias and skew. Conversely, NARR does not perform as well 

(Figure 4-7 and Figure 4-8), which is somewhat expected due to the coarser resolution of the 

data relative to point measurements and the lack of downscaling, bias correction and post-

treatment. Much poorer correlations to direct observation and a consistent overestimation of 

net radiation fluxes are found when using NARR data.  Interestingly, the reduced slope of 

the regression line on Figure 4-6 indicates an underestimation of net radiation for sunnier 

days. While it is difficult to determine the exact source of error, it may be due to exposure of 

the site at low solar angles altering the duration of sunlight for longer summer days, or po-

tentially could be representative of errors in atmospheric emissivity and net longwave radia-

tion fluxes from localized vapour pressure gradients. The use of a net radiometer on the 

monitoring rafts inhibits detailed analysis of these separate components and further analyses 

cannot be conducted with the information available.   
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Figure 4-5: Estimation of L 373 Net Radiation flux using Rawson Lake Pyranometer Data 

 

Figure 4-6: Estimation of L 626 Net Radiation flux using Rawson Lake Pyranometer Data 
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Figure 4-7: Estimation of L 373 Net Radiation flux using NARR data 

 

Figure 4-8: Estimation of L 626 Net Radiation flux using NARR data 
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4.2 Air Temperature 

While it may seem trivial to consider air temperature a fairly stable variable throughout dif-

ferent hydrological scales, lakes at times have the characteristic of influencing the PBL above 

them (Oke, 1987). To test the representativeness of regionalized temperature data to the lo-

cal lake climate, observed air temperature data at the Rawson Lake weather station was com-

pared to the 2m air temperature taken at each lake. Results are shown on Figure 4-9 and Fig-

ure 4-10. 

 

 

Figure 4-9: Comparison of L 373 and Rawson Lake Met Station Air Temperature 
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Figure 4-10: Comparison of L 626 and Rawson Lake Met Station Air Temperature 

 

The figures above exhibit a very high level correlation (R2=0.99 for both), with points 

plotting directly on the 1:1 slope (indicating a perfect fit between estimated and observed lo-

cal air temperature). This validates the assumption that (for this watershed) regionalized air 

temperature data is representative of above lake conditions. 

4.3 Lake Water Surface Temperature 

Following the methodology of Kettle, Thompson, and Livingstone (2004) described in Sec-

tion 2.3.2, lake water surface temperature was estimated based on Rawson Lake air tempera-

ture data. The model weighting coefficients were calibrated to the 2009 datasets and validat-

ed using the 2010 observations. Results are shown on Figure 4-11 and Figure 4-12. 
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Figure 4-11: L373 Water Surface Temperature Model Calibration/Validation 
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Figure 4-12: L626 Water Surface Temperature Model Calibration/Validation 



4.4 Heat Storage  85 

 

 

The plots above show that the calibrated water surface temperature model provides rea-

sonable estimates of water surface temperature relative to observed conditions (measured 

from the rafts). The largest error in the model’s performance occurred in October 2010, dur-

ing which a warm spell caused the model to overestimate surface water temperatures. This 

error is likely attributed to the cooling of the water weakening the stratification in the water 

column prior to lake turnover; a process which is not represented in the simplified model. 

Under such conditions, the model will not represent observed conditions. The RMSE statis-

tic shows that even during the validation year, both lakes were modelled to within 10% error 

on average. An error of this magnitude is typical for many hydroclimatic variables, including 

stream flow (Hamilton & Moore, 2012). 

4.4 Heat Storage 

Literature suggests that heat storage is one the most important controls on open water lake 

evaporation. Because several forms of evaporation estimation techniques (e.g., BREB, Pen-

man, Priestley-Taylor) require an estimate of heat storage     , and because full tempera-

ture profile measurements of lakes are rare, a model to estimate heat storage was required to 

estimate this commonly unknown component to the energy budget.  

 

While several lake energy budget models exist, they generally require forcing data and pa-

rameters that are generally not available for remote sites. The development of this heat stor-

age model was done to provide a reasonable estimate of lake heat storage using only readily-

available regional climatic data, and would form a key component to the analysis of opera-

tional estimates of lake evaporation using regional data. It was decided that multivariate line-
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ar regression model may provide a reasonable approximation of heat storage flux as a first 

attempt. 

 

The first step in this method was to visually assess the correlation between several key 

variables thought to have influence on the heat flux term. Consideration was also given to 

whether or not these variables would be readily available or easily estimated in remote boreal 

regions of Canada. Based on literature and experience, the variables considered for this anal-

ysis were: 

 

 Air Temperature – Water Surface temperature difference         

 Clear sky solar radiation     

 Mass-Transfer Term [          ] 

 

Each variable was regressed against the heat storage term. This was done on a lake-by-

lake basis. Results are shown on Figure 4-13. Regression models were fitted to each lake un-

der the form of the equation: 

 

                          (          ) (51) 

 

Coefficients and statistics are presented below in Table 4-1: 
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Table 4-1: Heat Storage Model Regression Coefficients 

 

 

While two lakes provide inadequate data to attempt to relate these coefficients to their 

morphology, it is interesting to note the relative magnitude of each coefficient with respect 

to the modelled lakes. Whereas the terms   and    represent “conductivity” coefficients for 

solar and mass-transfer inputs across the surface of the lakes, respectively, it is not surprising 

that they are of similar magnitude, as both L 373 and L 626 have similar surface areas (Table 

3-1). The term      represents the amount of heat storage gained or lost dependent upon the 

difference between lake surface and air temperature. Being a deeper lake, it would be ex-

pected that L 373 would be capable of storing more energy in its water column, and thus 

would have a larger coefficient to account for the amount of energy gained/lost through 

sensible heat transfer. The term    is a “negative offset” to the heat stored in a lake, and 

could be considered the “thermal inertia” that must be overcome at the beginning of the 

open water season (in which the water temperature profile is inverted) prior to the develop-

ment of the typical stratified temperature profile in the open water season. As would be ex-

pected, L 373 being the deeper lake has a larger negative offset term compared to the L 626. 

Parameter L 373 L 626 

   -84.75 -67.46 

   0.52 0.44 

   24.41 18.02 

   -31.61 -30.69 

r2 0.81 0.78 
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Figure 4-13: Scattergrams of Heat Storage Predictor Variables for L 373 (a-c) and L 626 (d-f) 
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To test the formulated regression model, the cumulative seasonal heat storage of each 

lake was compared against the measured values obtained from the monitoring rafts. Results 

are shown on Figure 4-14 and Figure 4-15. 

 

Overall, the results of the linear regression model appear to be satisfactory. In all years, 

for both lakes, the coefficient of determination is extremely high (>0.95), indicating a high 

degree of skill in representing the seasonal pattern of heat storage. The RMSE for all cases is 

less than 2%. Both of these statistics are promising, as they suggest that the seasonality and 

volume of evaporative losses should be well represented in a method using this model to ac-

count for heat storage. The figures also seem to indicate that the model tends to underesti-

mate heat storage for L 373, especially for 2009 when heat storage fluxes were the greatest. 

Being the deepest lake, this seems to indicate that the error may be attributed the simplifica-

tion of many of the complex processes occurring in a thermally stratified lake (i.e. convec-

tive/advective heat transport, mixing, etc.). With additional data, it could be possible to fur-

ther refine these parameters in the future. 
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Figure 4-14: Evaluation of L 626 Heat Storage Model Performance  
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Figure 4-15: Evaluation of L 373 Heat Storage Model Performance 



4.5 Wind Speed Transformation  92 

 

 

4.5 Wind Speed Transformation 

While wind speed is a parameter common to most meteorological stations in Canada, it is 

rarely recorded at a height suitable for estimating evaporation. Generally speaking, mass-

transfer and combination methods required wind speed estimates within 2m of the ground. 

The standard tower height for Environment Canada weather stations is 10m. If regional 

wind speeds are not properly transformed, large cumulative errors in evaporation estimates 

may result. 

 

Section 2.3.3 described methods in which wind speed measurements at two heights 

could be used to calculate the effective surface roughness height and transform wind speed 

to any given elevation using the log-law. For this study the average 2m wind speed was com-

bined with the 10m wind speed at the Rawson Lake station to estimate each lake’s surface 

roughness height and then transform the meteorological wind speed to the equivalent height 

of the raft anemometer for comparison. Results are shown on Figure 4-16 and Figure 4-17. 
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Figure 4-16: Comparison of Observed L 373 Wind Speed vs. Rawson Lake Adjusted Wind speed 

 

Figure 4-17: Comparison of Observed L 626 Wind Speed vs. Rawson Lake Adjusted Wind speed 
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The above figures show that the regional 10m wind speed can be transformed to match 

lake observations to a reasonable degree of accuracy (R2 = 0.86 and 0.84). The calculated 

roughness heights (zo) are in agreement with the range typically given in textbooks on the 

subject (Oke, Boundary Layer Climates, 1987; Monteith & Unsworth, Principles of 

Environmental Physics, 1990).  

 

 The increased roughness height for L 626 (relative to L 373) suggests that the observa-

tion raft is more influenced by surrounding trees that may shelter the anemometers from 

wind. The previous analysis on net radiation (Section 4.1.3) reinforces the idea of the raft be-

ing slightly sheltered by trees. 

4.6 Wind Direction 

To further the understanding of wind on lake evaporation, a wind rose was constructed 

to assess the magnitude and relative frequency of wind speeds for the eight major cardinal 

points. This analysis was performed for both of the monitoring rafts. Results of this analysis 

are shown on Figure 4-18. This figure indicates a dominance of wind from the south-

westerly direction. This is consistent with the prevailing winds typical for summer conditions 

in northwestern Ontario and the Canadian prairies (NAV CANADA, 2013). It is interesting 

to note that while easterly winds are rare, they are quite strong in nature compared to the 

other wind directions. 
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Figure 4-18: Annual Wind Rose Analysis for L 626 and L 373 2m Wind Speed 

  



4.7 Upwind Fetch Calculations  96 

 

 

4.7 Upwind Fetch Calculations 

An estimation of directional upwind fetch was required for the Granger mass transfer meth-

od. To perform this calculation, the USGS WAVES toolbox was used (Rohweder, et al., 

2012). WAVES is an ArcGIS plugin capable of calculating wind fetch for a specified direc-

tion based on rasterized land cover imagery. For this analysis, a full 360-degree fetch analysis 

was performed. Effective fetch was calculated following the methodology of the U.S. Army 

Corps of Engineers Coastal Engineering Manual (U.S. Army Corps of Engineers, 2002). Ef-

fective upwind fetch lengths for L 373 and L 626 are shown in Figure 4-19 and Figure 4-20, 

respectively. 

 

Analysis of upwind fetch indicates that while L 373 has a fairly large exposure to the pre-

vailing southerly winds, L 626 is somewhat sheltered in these directions. This sheltering ef-

fect is evident in the previous wind-rose analysis for both lakes (Figure 4-18), where compar-

atively speaking to L 373, the magnitude of wind speeds from the southerly and westerly di-

rections are reduced. 
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Figure 4-19: L 373 Raft Upwind Fetch Lengths 

 

Figure 4-20: L 626 Raft Upwind Fetch Lengths 
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4.8 Summary 

As a means of quantifying the error and uncertainty introduced into evaporation estimates 

using regionalized and approximated data, several empirical equations were tested for their 

ability to reproduce local hydroclimatic observations. Results indicate that local solar radia-

tion fluxes can be accurately approximated using regional shortwave radiation measure-

ments. It was also found that the use of regional reanalysis data resulted in overestimated net 

radiation fluxes due to its coarse resolution and lack of bias correction and post treatment. 

This study also shows that, for this watershed, regionalized air temperature closely approxi-

mates local observations above the study lakes. The application of simple regression models 

resulted in accurate estimates of water surface temperatures and heat storage fluxes using 

basic climate data as predictor variables. Finally, it was found that the regional 10m wind 

speed data could be accurately transformed to the 2m above lake wind speed using the 

Prandtl-von Karman Log Law. 

 



 

 

Chapter 5 

Development of an Isotopic Framework  

As mentioned in Section 3.3.4, the use of an isotope mass balance approach for estimating 

lake evaporation was studied for comparison purposes to the BREB approach. Water sam-

ples (30 mL) were taken from the study lakes and analyzed for 18O and 2H composition to 

within ±0.2‰ and ±1‰ analytical uncertainty, respectively. Information pertaining to the 

isotopic composition of local precipitation was obtained from historical data provided by the 

CNIP site located in the ELA, and through the collection of monthly rainwater samples dur-

ing a 2009 field campaign in the area. Hydrologic end members contributing to overall lake 

water balance were sampled in order to develop a regional isotopic framework for the Ex-

perimental Lakes Area. The - framework provides a reference to quantify lake water en-

richment from evaporative processes relative to isotopic signatures of precipitation and oth-

er surface water inflows. Upon establishing this regional framework, analysis of the spatial 

and temporal variability of the various contributing end members of the lake water balance 

was conducted to provide qualitative information on dominant hydrological processes within 

the study area. Due to time constraints related to water sample analysis and hydrometric data 

availability, results from the 2009 year only are presented. 
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5.1 Development of Regional Framework 

Following common convention, stable water isotopic compositions are expressed in terms 

of a δ value representing the deviation in per mil (‰) from the isotopic composition of a 

standard. 

 

       [                     ] (52) 

 

Where: 

  
[             ]

[             ]
 

(53) 

 

For hydrological studies, Vienna Standard Mean Ocean water (VSMOW) is typically 

used as a standard datum, as it approximates the isotopic composition of the global ocean 

reservoir. Intuitively, both δ18O and δ2H for VSMOW are equal to zero, with more enriched 

samples having a positive value, and more depleted samples having a negative value. All 

samples were analysed by the University of Victoria Environmental Isotope Laboratory run 

by Alberta Innovates Technology Futures (AITF) using a Delta V Advantage mass spec-

trometer according to the methodology reported by (Nelson, 2000). 

 

Data obtained from the collection of field water samples are typically illustrated in a two-

dimensional scatter plot (called - space) with measured δ18O and δ2H of the samples being 

the x and y axes, respectively. Using the plotted data and knowledge of fractionation effects 

of water phase changes, trend lines are fitted to the data creating an “isotopic framework” 
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used to describe trends and relationships pertinent to the water cycle for that region. The 

isotope mass balance relationships presented below are fundamental for the understanding 

of the processes causing the enrichment and depletion of δ18O and δ2H in lakes during the 

open water season. This information is fundamental to understanding the role of evapora-

tion in the region, as it is this hydrologic process that contributes to the amount of enrich-

ment observed in the  

5.1.1 Development of the Local Meteoric Water Line 

As one of the fundamental components of the isotope framework for the ELA, the devel-

opment of the Local Meteoric Water Line (LMWL) was conducted using the isotopic com-

position of precipitation for the area. The LMWL is calculated as the linear best-fit line when 

the isotopic compositions of collected rain samples are plotted in δ18O- δ2H space.  

 

The regressed LMWL was calculated to be                   (Figure 5-1), con-

sistent with previously reported slopes for Canada ranging from 7.8-8 and intercepts from 

5.2 to 8.5 (Birks & Edwards, Atmospheric circulation controls on precipitation isotope-

climate relations in western Canada., 2009; Gibson, et al., 2005). 
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Figure 5-1: Calculated ELA Local Meteoric Water Line 

5.1.2 Development of the Local Evaporation Line 

Using lake water samples obtained from both L 373 and L 626 during the 2009 field season, 

the construction of a Local Evaporation Line (LEL) can be conducted. The LEL is obtained 

by calculating the linear best-fit line for the lake water (i.e., samples which have under-gone 

evaporative enrichment relative to meteoric input) samples in δ18O- δ2H space. For compari-

son purposes, the theoretical slope of the LEL can also be calculated using the equation 

proposed by (Gibson, Birks, & Edwards, 2008). 
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The atmospheric isotopic composition,   , was calculated using the precipitation equilib-

rium assumption (Gibson, Birks, & Edwards, 2008): 

 

              (55) 

 

The slope of the LEL was regressed and found to be 4.09 (Figure 5-2), which is typical 

for Canadian boreal lakes reported to range from ~4-7, with slopes closer to 4 being typical 

of lower latitude lakes in the boreal shield (Gibson, et al., 2005). Comparatively, the theoreti-

cal SLEL was found to be 4.4, using evaporative flux-weighted long term averages, respective-

ly. Differences in the LEL slope can be attributed to the use of exclusively summer (ice-off, 

evaporatively-enriched) values for regression-based SLEL and the seasonality of the region. 

The sole use of summer month samples causes bias towards months with higher evaporation 

rates and warmer temperatures, resulting in a milder (lower, 4.09) LEL slope compared to 

the theoretical LEL slopes (4.2-4.4). The seasonality of the region causes the theoretical SLEL 

to be steeper using evaporative flux-weighted values compared to the slope obtained using 

precipitation amount-weighted values. 
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Figure 5-2: Calculated ELA Local Evaporation Line 

 

5.1.3 Computation of Analytical Values 

Upon completion of the calculation and the LMWL and LEL for the region, analytical long-

term average values for           and   were calculated (Table 5-2) and added to the iso-

topic framework (Figure 5-3). Formulae used to calculate these values can be found are de-

scribed in equations 56-59. 
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Figure 5-3: Experimental Lakes Area Regional Framework 

 

Table 5-1: Calculated Parameters of ELA Regional Isotopic Framework 

Parameter δ 18O (‰ SMOW) δ 2H (‰ SMOW) 

δP -10.7 -78.7 

δA -21.1 -158.7 

δS -6.7 -65.9 

δE -23.2 -137.8 

δ* -4.3 -52.0 
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Where: 

   Steady-state composition of surface waters 

  Enrichment slope 

   Limiting isotopic composition 

   Lake sample isotopic composition 

 

  
     

  

  

      
 

(57) 

   
       

  

  

     
  

  

 

(58) 

  
     

     
 

(59) 

 

 

Overall the analytical values are reasonable for the given region. All values of lake sam-

ples plot well below    (maximum lake enrichment) and slightly below    (isotopic composi-

tion of hydrologic steady-state, or E/I=1), which is in agreement with the hydrologic condi-

tion of both lakes having a measureable outflow and an E/I ratio less than 1.  
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The characteristic “upward” shift between the atmospheric composition (A) and flux-

weight precipitation (P) isotopic signatures is in agreement with the knowledge that this re-

gion has a strongly seasonal climate (Gibson, Birks, & Edwards, Global Prediction of delta-

A and delta2H-delta18O evaporation slopes for lakes and soil water accounting for 

seasonality, 2008). 

 

Similarly, the theoretical composition of vapour, E lies in the region (slightly below) the 

extrapolation of the measured SLEL downwards. This validates the theoretical calculation of 

E (to be used in mass balance computations), and indicates that in reality, lake evaporation 

(and isotopic enrichment) is occurring under slightly less humid conditions than were as-

sumed in the theoretical computation of E,, thereby reducing enrichment.  

5.2 Analysis of Isotopic Framework 

With an isotopic framework established for the study region, the determination of dominant 

hydrological processes, and quantification of evaporation for the ELA was conducted by an-

alyzing the temporal and spatial variability in the isotopic composition of measured water 

samples. 

5.2.1 Temporal Variation in Isotopic Composition 

Precipitation 
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In order to assess the temporal variability and seasonality of precipitation, values of δ18O in 

precipitation samples (δ18OPPT) from the CNIP station and those collected over the study pe-

riod were plotted versus month of measurement (Figure 5-4). 

 

 

Figure 5-4: Annual temporal Variability of Precipitation Isotopic Signature 

 

By plotting the recorded isotopic composition of precipitation in an annual time-series, it 

is evident that the local meteoric water exhibits a distinct and predictable annual depletion 

and enrichment pattern. Precipitation in summer months tends to be more enriched, which 

can be attributed to warmer air temperatures, whereas the spring and winter months have a 

more depleted signature – attributed to colder temperatures and the precipitation falling as 

snow (Birks & Edwards, Atmospheric circulation controls on precipitation isotope-climate 

relations in western Canada., 2009). 
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In general, there does not seem to be a significant amount of inter-annual variability in 

the precipitation signature; however the months of April and May do tend to have the largest 

amount of variation from year to year. This can be attributed to the fact that there are signif-

icant variations in annual temperature depending on when warming (and subsequent spring 

melt) occurs that result in variable isotopic anomalies (δ18O) from year to year. Similarly, 

changes in winter versus summer dominant air mass circulation patterns delivering moisture 

to the region would be more variable at this time of year. This inter-annual variability is par-

tially driven by the influence of the PNA pattern has on continental climates on the relative 

significance of zonal flow (driving up humidity and encouraging re-evaporation) and meri-

donal flow (reducing atmospheric moisture availability and reducing d-excess amounts) 

(Wallace & Gutzler, 1982).  

5.2.2 Surface Water 

Both L 373 and L 626 were sampled at various locations within the lakes (to assess spatial 

variability), and over the season (to assess temporal variability) for stable isotope composi-

tion. Spatially, L 373 was sampled at two inlet locations, an outlet location, a downstream 

weir (on the outlet channel), and centre of the lake (Figure 5-5).  
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Figure 5-5: Detail of L 373 isotope sampling locations 

The temporal variability at L 373 sampling locations is shown on Figure 5-6. 
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Figure 5-6: Temporal Variability of L 373 Isotopic Signatures 

 

While the outlet, weir and lake signatures remain relatively stable throughout the season 

(less than 4% variability), both inlets exhibit substantial variability throughout time (over 

40% variability). Due to the lake being a headwater lake (i.e., rainwater fed), it was hypothe-

sized that the inlet variability was due to local runoff response from episodic precipitation. 

To investigate this further, daily precipitation amounts were plotted against the recorded wa-

ter sample isotope signatures (Figure 5-7). 
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Figure 5-7: Temporal variability of L 373 Inflow Isotopic Signature 

 

The figure above illustrates that the depletion of the inlet signatures corresponds to the 

occurrence of rainfall within the basin. The figure also shows that while the lake centre sig-

nature remains relatively invariant, depleted measurements follow periods with large 

amounts of precipitation, whereas drier periods correspond to more enriched lake composi-

tions. 

 

Analysis of the second study lake (L 626) reveals a different trend in temporal variability 

than what was observed for Lake 373 (Figure 5-8). 
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Figure 5-8: Temporal Variability of L 626 Isotopic Signatures 

 

Throughout the entire open water season, all locations sampled within L 626 remain fair-

ly constant isotopically. Knowing that L 626 is a third order lake and has a relatively small 

local drainage area, the stability of the isotopic signature can be attributed to the dominance 

of surface water (inflow) contributions, which would be more isotopically stable due to tur-

bulent mixing that occurs from upstream to downstream, relative to direct precipitation and 

local runoff contributions. The lack of variability could also (in part) be attributed to the res-

olution of sampling, and the fact that localized, short-term changes in isotopic signature 

were not sampled. However, a third order lake should also exhibit some temporal variability 

in isotopic signature due to longer-term seasonality (i.e., changes in temperature and evapo-

ration). The isotopic composition at the lake outlet was plotted against measured discharge 

to assess variability associated with hydrometrics (Figure 5-9). 
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Figure 5-9: Temporal Variability of L 626 outlet isotopic signature relative to discharge 

 

Figure 5-9 shows that there is some isotopic variability throughout the 2009 season; 

however, the changes are small relative to variability observed in L 373 and are not evident 

unless a change is made to the plotting scale for visualization. Figure 5-9 reveals while the 

outlet signature of L 626 tends to deplete when flows increase (i.e. snowmelt and substantial 

precipitation events), and enrich during drier months when discharge recedes, enrichment 

occurring through the lake (difference between inlet and outflow composition) is an order of 

magnitude less than what was observed for L 373 and within the order of isotopic measure-

ment uncertainty. 
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5.2.3 Spatial Variation in Isotopic Composition 

In order to assess the spatial variation of isotopic signatures for the ELA study site, long-

term average values for each measured location were calculated using both amount-weighted 

and evaporation flux-weighted methods. The results of both are provided in Table 5-2. 

 

Table 5-2: Averaged Isotopic Signatures 

Location Amount Weighted 
δ 18O (‰ SMOW) 

Flux Weighted 
δ 18O (‰ SMOW) 

CNIP 18OPPT -12.24 -10.75 

2009 18OPPT -10.83 -10.53 

L 373 Inlet 2 -10.55 -10.11 

L 373 Inlet 1 -8.77 -9.04 

L 626 Inlet -8.52 -8.50 

L 626 Outlet -8.00 -7.97 

L 626 Centre -7.98 -7.93 

L 373 Weir -7.84 -7.87 

L 373 Lake Centre -7.53 -7.49 

L 373 Lake Outlet -7.52 -7.49 

 

Precipitation amount-weighted signatures tend to be more depleted than evaporation 

flux-weighted signatures. This intuitively makes sense, as a weighting scheme based on evap-

oration would tend to put more emphasis on summer months when waters are more en-

riched (and evaporation is at its maximum); whereas a precipitation-based weighting scheme 

would take into account the winter season where snowfall can be significant and isotopic 

compositions are more depleted. For seasonal sites, it is recommended that flux-weighted 

averages be used to account for relative dominance of processes in the region. It should be 

noted that these averages were calculated with only one year of data. Additional years of data 
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collection would likely improve the estimates of these values and reduce uncertainty in the 

regional framework. 

5.2.4 Analysis of Input Water Isotopic Signature 

Looking at the 18O values from Table 5-2, it is evident that isotopic compositions of input 

water to Lakes 373 and 626 are quite different. The input water for Lake 373 is relatively de-

pleted compared to all other measured lake samples, with the isotopic composition of Inlet 2 

being quite similar to the signature of local precipitation. This finding supports the previous-

ly held assumption that input waters in headwater lakes can be approximated by the regional 

precipitation signature. One important finding that should be noted is that the signature of 

Inlet 1 is slightly enriched compared to the precipitation signature. Analysis of the catchment 

physiography (on Figure 5-5) provides some insight into why this occurs.  

 

The physical features of the catchment areas of both inlets are quite different. Inlet 2’s 

catchment area is well defined with steep slopes, some channelization near the outlet, and 

predominantly exposed bedrock. These conditions would allow for a relatively small time of 

concentration and therefore a more distinct source water composition (closer to that of me-

teoric input). In contrast, Inlet 1 lies in a shallow bay with a relatively small contributing 

drainage area that is characterized by mild slopes and dense vegetation along the shoreline. 

These conditions suggest that depending on water levels, wind direction, and time of meas-

urement, source water collected may become mixed with (more enriched) lake water to some 

extent. 
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Lake 626 has an input isotopic composition that is significanly more enriched overall 

than the precipitation signature (18OPPT), identifiying that source water to the lake are 

derived mainly from surface runoff originating in upstream lakes rather than local catchment 

rainfall contributions. This finding would seem reasonable, as Lake 626 is a third order lake 

and it’s local tributary area represents only 19% of the total contributing drainage area. 

5.2.5 Analysis of Lake Evaporative Enrichment 

Reviewing the average isotopic compositions of the study site, more enrichment occurs in L 

373 compared to L 626. The amount of enrichment measured between the inlet and outlet 

of L 373 and L 626 was found to be approximately 3‰ and 0.5‰, respectively (Table 5-2). 

One possible reason for this difference would be due to water residence time in each lake. 

To test this hypothesis, the hydraulic residence time,  , for each lake was calculated. 

 

Assuming negligible evaporation losses, the total annual flow can be assumed equal to 

the annual precipitation,   multiplied by the contributing drainage area,   : 

 

       (60) 

 

Knowing the volume of the lake,  , the hydraulic residence time can be calculated as: 

  
 

    
 

(61) 

 

Residence times for both lakes are listed in Table 5-3. 
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Table 5-3: Calculation of Lake Residence Times 

Lake P [mm/yr] AW [Ha] Q [m3/yr] V [m3] t [yr] 

626 791.8 372.4 2.95 x 105 1.78 x 106 0.6 

373 791.8 74.1 5.87 x 104 3.01 x 106 5.14 

Lake 373 has a substantially larger hydraulic residence time than L 626, supporting the 

evidence that enhanced lake water enrichment in L 373 are likely derived from increased 

evaporation rates.  It should be noted that the computed residence times do not take into 

account thermal stratification, a phenomenon that is known to occur in both lakes. Thermal 

stratification would lower the calculated residence time of both lakes, as thermal short-

circuiting reduces the effective volume of the lake. 

5.2.6 Analysis of Lake Outlet Signature 

Looking at the long-term average isotopic compositions of outlet waters, it is worth men-

tioning that for both Lakes, the outlet signature is quite similar to the signature measured in 

the lake centre. This finding is important, as is supports the assumption that the outlet signa-

ture is approximately equal to the lake centre measurement, regardless of the amount of en-

richment occurring in the lake, and is an implicit assumption in the calculation of evapora-

tion using isotopic mass-balance. 

5.3 Summary and Conclusion 

The use of stable water isotope tracers in the ELA has proven to be valuable in understand-

ing the dominant hydrological processes governing each lake, and the region. Long-term av-

erage isotopic compositions and calculated analytical values of the isotopic framework sug-

gest that the ELA experiences a typical mid-latitude, mildly seasonal climate. Spatial analysis 
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of the isotopic data illustrates the increasing dominance of surface water (inflow) contribu-

tions in high order lakes relative to local runoff and meteoric inflows.  

 

Temporal analysis of the data indicates that variability in the isotopic composition of wa-

ter in a high order lake is suppressed due to the mixing effects in upstream catchments and 

water bodies. Comparison of the isotopic composition of the two monitored lakes suggests 

that the amount of enrichment occurring in a body of water is proportional to its hydraulic 

residence time and that the isotopic composition of a lake can be closely approximated by 

the signature measured in the centre of the lake. Isotopic compositions derived from this 

framework (both regressed and theoretical quantities) can be used in a hydrologic-isotopic 

mass balance to provide estimations of cumulative seasonal evaporation from L 373 and 626 

in comparison to the other empirical and energy-balance methods discussed. 

 



 

 

Chapter 6 

Analysis of Results and Discussion 

This section presents the analysis and results of the testing program carried out for this 

study. An analysis of the reference lake evaporation rates calculated using the Bowen Ratio 

Energy Balance method is provided with discussion focused on the key processes controlling 

evaporation. Following this, all nine lake evaporation estimates using four methods listed in 

Section 3.3.2 are evaluated in terms of their ability to reproduce the evaporation rates esti-

mated by the BREB and stable water isotope techniques. Finally, a summary of the results of 

this study is presented with recommendation of the most suitable method for implementa-

tion into a hydrological model. 

6.1 Analysis of Reference Evaporation Rates 

The first step in the evaluation of various evaporation estimation methods was to analyze the 

reference evaporation rates in detail. In particular, consideration was given to the correlation 

between evaporative fluxes and various parameters used in the calculations methods tested. 
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6.1.1 Flux Rate Analysis 

All components of the energy budget were solved for using the methodology described in 

Section 2.2.3. Five-day running average flux rates are shown on Figure 6-1 to Figure 6-4. 

 

In general, evaporation rates are greatest when heat-storage fluxes are negative; reinforc-

ing the idea that heat storage is a dominant control on lake evaporation. In 2009, the greatest 

evaporation rates occurred in early October, whereas 2010 saw the greatest evaporative flux-

es from mid-August into early September. Again, both of these periods correspond to large 

negative heat-storage flux rates, indicating a release of stored energy from the water column. 

This period occurs simultaneous to a rapid increase in air temperature, warming quicker than 

the water surface and creating an “oasis effect” as the warm dry air moves across the lake, 

increasing evaporation rates from the water surface and suppressing the amount of sensible 

hear transfer. 

 

It is also evident from the plots that the increased flux rates are greatest for L 373, which 

would seems intuitive, as it is the deeper lake and therefore would have a greater heat storage 

capacity.   
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Figure 6-1: L 373 Energy Fluxes for 2009 (5-day Average) 

 

 

Figure 6-2: L 626 Energy Fluxes for 2009 (5-day Average) 
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Figure 6-3: L 373 Energy Fluxes for 2010 (5-day Average) 

 

 

Figure 6-4: L 626 Energy Fluxes for 2010 (5-day Average) 
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6.1.2 Analysis of Temperature and Wind Speed 

Further to the analysis above, air temperature, water surface temperature, and wind speed 

were evaluated throughout the duration of study to identify trends and relationships between 

these variables and the flux rates shown previously. Figure 6-5 to Figure 6-8 show five-day 

running averages of air temperature, water surface temperature, and 2 m wind speed. 

 

 The plots identify two major relationships amongst these variables. First, one can see 

that during periods of high wind the water and air temperatures approach one another. This 

phenomenon is most likely explained by the wave action and surface mixing that would oc-

cur under elevated wind conditions and the increased efficiency of heat exchange between 

the air and water surface. 

 

  Second, if one refers back to the previous set of plots, it is easy to identify that the peri-

ods of elevated evaporation correspond to when water temperatures are significantly higher 

than air temperatures. This pattern would suggest that decreased air temperatures allow 

stored heat energy to be released from the water, through an evaporative flux. It is interest-

ing to note that despite L 373 having larger heat storage fluxes, the fluctuation in water sur-

face temperature is nearly identical to that of L 626. This would suggest that solar radiation is 

able to penetrate far below the water surface and be stored throughout the water column. 

This concept is reinforced by the fact that both L 373 and L 626 are fairly clear, with very 

low light extinction coefficients and Dissolved Organic Carbon (DOC) concentrations 

(Cruikshank, Campbell, & Schindler, 1997; Schindler, et al., 1996). 
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Figure 6-5: L 373 Air Temperature, Water Surface Temperature, and Wind Speed for 2009 (5-day run-
ning average) 

 

Figure 6-6: L 626 Air Temperature, Water Surface Temperature, and Wind Speed for 2009 (5-day run-
ning average) 
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Figure 6-7: L 373 Air Temperature, Water Surface Temperature, and Wind Speed for 2010 (5-day run-
ning average) 

 

Figure 6-8: L 626 Air Temperature, Water Surface Temperature, and Wind Speed for 2010 (5-day run-
ning average) 
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6.1.3 Analysis of Bowen Ratio and Vapour Pressure Deficit 

To assess the influence of “air dryness” on lake evaporation rates, a running average plot of 

the vapour pressure deficit was created (Figure 6-9 to Figure 6-12). The Bowen ratio is also 

shown simultaneously for identification of the ratio between latent and sensible heat fluxes. 

The plots show that a large vapour pressure deficit occurs simultaneous to the increased 

evaporate rates. This would make intuitive sense as the dry, unsaturated air above the lake 

would allow for an increase in evaporation.  

 

It is interesting to notice that increases in the Bowen ratio follow a similar pattern to va-

pour pressure deficit, though slightly lagged. This could be explained by the air becoming 

saturated shortly after evaporation rates increase, causing a reduction in the vapour gradient 

and therefore increasing the proportion of energy released as sensible heat. Analysis of Fig-

ure 6-9 through Figure 6-12 also reveals that largely negative ratios occur during periods with 

air temperatures significantly higher than water temperatures (and positive heat storage flux). 

The figures show that a large portion of the net energy available goes into heating the lake 

when air temperatures are cold, rather than evaporating. The release of this stored energy 

occurs when dry, cooler air is above the lake. 

  



6.1 Analysis of Reference Evaporation Rates  128 

 

 

 

Figure 6-9: L 373 Vapour Pressure Deficit and Bowen Ratio for 2009 (5-day Average) 

 

Figure 6-10: L 626 Vapour Pressure Deficit and Bowen Ratio for 2009 (5-day Average) 
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Figure 6-11: L 373 Vapour Pressure Deficit and Bowen Ratio for 2010 (5-day Average) 

 

Figure 6-12: L 626 Vapour Pressure Deficit and Bowen Ratio for 2010 (5-day Average) 
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6.1.4 Analysis of Atmospheric Stability 

Further to the analysis using the Bowen Ratio, a continuous plot of the Richardson Number 

was done. As mentioned in Section 2.1.3, the Richardson Number is used to evaluate the 

stability of the atmosphere and the reasonableness of assumptions implicit in the Bowen ra-

tio (that the eddy diffusivity constants are equal for sensible and latent heat fluxes). Negative 

Richardson numbers indicate an unstable atmosphere, positive numbers indicate a stable at-

mosphere, and 0 indicates neutral conditions. It is generally held that the assumption of simi-

lar eddy diffusivity constants holds true under neutral and unstable conditions (Oke, 

Boundary Layer Climates, 1987). Plots are shown on Figure 6-13 through to Figure 6-16. 

 

 The plots indicate that the atmospheric conditions above the monitoring lakes are gener-

ally unstable throughout the summer months. There are, however, short periods in the 

spring and fall in which the air temperature rises above the water surface temperature, lead-

ing to an inversion and relatively stable atmosphere. The Bowen Ratio reflects this by drop-

ping to a negative number (indicating a negative sensible heat exchange). 
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Figure 6-13: L 373 Richardson Number and Bowen Ratio for 2009 (5-day Running Average) 

 

Figure 6-14: L 626 Richardson Number and Bowen Ratio for 2009 (5-day Running Average) 
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Figure 6-15: L 373 Richardson Number and Bowen Ratio for 2010 (5-day Running Average) 

 

 

Figure 6-16: L 626 Richardson Number and Bowen Ration for 2010 (5-day Running Average) 

  



6.1 Analysis of Reference Evaporation Rates  133 

 

 

6.1.5 Scattergram Analysis of Predictor Variables 

In anticipation of the evaporation model comparison to follow, scattergrams were created to 

assess the level of correlation between the predictor variables used in the various estimation 

models and the observed evaporative fluxes. Predictor variables related to energy inputs (net 

radiation, heat storage, total net energy flux) are shown on Figure 6-17. Mass-transfer related 

inputs are shown on Figure 6-18. 

 

 The plots indicate that net energy input is the greatest control on lake evaporation. This 

variable alone explains 54% of the observed variance in latent heat fluxes. It is interesting to 

note that heat storage showed better predictive skill than net radiation input. This reinforces 

the assertion that lake heat storage is critical in any proposed lake evaporation model, as it is 

appears to be the strongest control on lake evaporation, and neglecting this term in a hydro-

logical model will increase error/uncertainty in simulated rates. 

 

Analysis of mass-transfer variables (Figure 6-18) indicates that while vapour pressure 

deficit is important to lake evaporation, it is not as significant as energy inputs. This would 

most likely be attributed to the readily available water supply in the lakes. The plots also sug-

gest that wind speed is not a dominant control for these lakes, showing almost no correla-

tion to observed fluxes. When multiplied together, the vapour pressure deficit and wind 

speed provide some skill in predicting evaporative flux rates, but vapour pressure alone does 

a better job as a predictor variable. 
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The second mass-transfer scattergram furthers the assumption of energy-input control. 

Several other gradient inputs including the horizontal water land vapour pressure deficit and 

horizontal air water temperature gradient show very little correlation to observed evapora-

tion rates. This is a somewhat unexpected phenomenon, as previous studies indicate that one 

of the main drivers of lake evaporation in boreal landscapes are these horizontal gradients 

(Granger & Hedstrom, Modelling hourly rates of evaporation from small lakes, 2011) 

 

Perhaps most importantly, Figure 6-19 shows next to no correlation between evapora-

tion rates and upwind fetch length. This runs in stark contrast to several studies on lake 

evaporation in Canada, where fetch is often cited as one of the largest controls on evapora-

tion (Granger & Hedstrom, Controls on Open Water Evaporation, 2010). Although many of 

these studies are labelled as “small lakes”, this label is likely a relative term. Compared to the 

Great Lakes of Ontario, the lakes studied by Granger are small, though there fetch lengths 

are still over an order of magnitude larger than what was calculated for lakes studied in this 

thesis. 

 

The previous discussion on “wind sheltering” is once again relevant here. Tall stands of 

trees surrounding these small lakes likely limit the ability of water vapour to be transported 

by wind. In addition to reduction in wind speed, the surrounding vegetation is likely under-

going substantial evapotranspiration, increasing the local humidity and reducing the influ-

ence of upwind fetch length on the above-lake vapour pressure deficit. The plots indicate 

that evaporation in these lakes is driven primarily by the energy received from the sun and 
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the amount of heat storage available in the water column. For larger lakes similar to the ones 

citing fetch as a control, mass-transfer inputs would likely increase in control of evaporation. 
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Figure 6-17: Scattergrams of Energy Input Predictor Variables  
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Figure 6-18: Scattergrams of Mass Transfer Predictor variables  
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Figure 6-19: Scattergrams of Mass Transfer Predictor Variables 
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6.1.6 Comparison to Isotope Mass Balance Methods 

Estimates of lake evaporation using an isotope mass-balance approach were performed using 

the isotopic framework developed (Chapter 5) and STELLATM systems modelling software. 

The setup of the STELLATM model and calculation of evaporative fluxes from the sampled 

water was performed by undergraduate co-op student Wade Ambach who was employed for 

the University of Manitoba Water Resources Engineering Group during the summer of 

2010. Due to limitations in hydrometric data availability for the ELA sites, only 2009 evapo-

ration estimates were calculated. Monthly results relative to BREB evaporation are shown on 

Table 6-1 and Table 6-2. 

 

Table 6-1: L 373 Evaporation Estimate using Isotopic Mass Balance Method for 2009 

 BREB (mm) IMB (mm) 

MAY 18 11(-39%) 

JUN 56 128 (129%) 

JUL 68 103(51%) 

AUG 64 95(48%) 

SEP 87 6 (-93%) 

OCT 66 11(-83%) 

TOTAL 359 343 (-4%) 

 

Table 6-2: L 626 Evaporation Estimate using Isotopic Mass Balance Method for 2009 

 BREB (mm) IMB (mm) 

MAY 53 74 (40%) 

JUN 78 39 (-50%) 

JUL 85 -11 (-113%) 

AUG 84 151 (80%) 

SEP 82 68 (-17%) 

OCT 50 12 (-76%) 

TOTAL 432 333 (-23%) 
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Results from the isotope mass balance method indicate that although the magnitude of 

total seasonal evaporation is somewhat reasonable, the monthly evaporative rates are erro-

neous (particularly for L 373). The overestimation of evaporation in the spring and early 

summer, combined with underestimation in the fall indicates that heat storage effects are in-

adequately being described by the isotopic mass balance model. Likely this error is caused by 

the use of a single, representative ‘lake water’ isotope measurement taken from near-surface 

to represent the entire vertical water column (i.e. assuming a well-mixed lake). Knowledge of 

the lake’s tendency to stratify would suggest that this is a poor assumption, and that esti-

mates would likely improve though isotopic sampling of water at multiple depths, and a 

depth-integrated estimation of lake water composition. Another possible method to deal 

with lake stratification is to perform computations with a fractional lake volume (ƒ), com-

puted as the ratio of the upper ‘effective depth’ layer with near-surface isotopic signature 

(o) to overall lake volume (). 

 

 Results from L 626 show an overall underestimation of lake evaporation, with July show-

ing an unusual (and unlikely) negative cumulative evaporation rate. The analysis conducted 

while developing the isotopic framework revealed that the overall fluctuation in isotopic sig-

nature is very small relative to L 373 due to the substantial mixing of inflows occurring with 

it being a 3rd order lake (Section 5.2.1). These evaporative flux estimates are likely highly sen-

sitive to any error in measurement, as the small change in monthly isotopic composition 

combined with the high flow rate of the lake would cause any small error in measurement to 

propagate into a large uncertainty in calculated flux. It should also be noted that the main in-

flow to L 626 was un-gauged, making it one of the two variables solved in the STELLATM 
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model. Improved hydrometric monitoring, combined with more frequent sampling would 

likely reduce the error and uncertainty in this estimate. Similar to L 373, the stratification 

within L 626 also demands the sampling of water at multiple depths to properly account for 

lake mixing and heat storage effects. 

6.2 Chosen Methods 

This chapter summarizes the resulting lake evaporation estimates obtained from the four 

methods evaluated and discusses their accuracy in reproducing the measurement obtained 

using the BREB technique. 

6.2.1 Evaporation Pan Estimates 

The first method of lake evaporation estimation evaluated was the “traditional” approach us-

ing an evaporation pan. Following the recommendations of the local hydrologist, a pan coef-

ficient of 0.7 was applied to correct the record (Newbury & Beaty, 1977). Cumulative evapo-

ration plots are shown on Figure 6-20 through Figure 6-23. Monthly and seasonal totals are 

summarized in Table 6-3 through Table 6-6. 

Table 6-3: L 373 Evaporation Estimates using Corrected Evaporation Pan Data for 2009 

 BREB (mm) EP (mm) 

MAY 18 66 (267%) 

JUN 56 86 (54%) 

JUL 68 89 (30%) 

AUG 64 67 (5%) 

SEP 87 66 (-24%) 

OCT 31* 6 (-81%) 

TOTAL 324* 380 (17%) 

* Cumulative evaporation adjusted to reflect shortened record of Evaporation Pan data  
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Table 6-4: L 626 Evaporation Estimates using Corrected Evaporation Pan Data for 2009 

 BREB (mm) EP (mm) 

MAY 53 66 (25%) 

JUN 78 86 (10%) 

JUL 85 89 (4%) 

AUG 84 67 (-20%) 

SEP 82 66 (-19%) 

OCT 22* 6 (-72%) 

TOTAL 404* 380 (-6%) 

* Cumulative evaporation adjusted to reflect shortened record of Evaporation Pan data 

 

Table 6-5: L 373 Evaporation Estimates using Corrected Evaporation Pan Data for 2010 

 BREB (mm) EP (mm) 

MAY 68 81 (19%) 

JUN 59 75 (27%) 

JUL 93 106 (14%) 

AUG 97 87 (-10%) 

SEP 92 47 (-49%) 

OCT 28* 31 (11%) 

TOTAL 459* 427 (-7%) 

* Cumulative evaporation adjusted to reflect shortened record of Evaporation Pan data 

 

Table 6-6: L 626 Evaporation Estimates using Corrected Evaporation Pan Data for 2010 

 BREB (mm) EP (mm) 

MAY 60 81 (35%) 

JUN 73 75 (3%) 

JUL 111 106 (-5%) 

AUG 121 87 (-28%) 

SEP 93 47 (-49%) 

OCT 33* 31 (-1%) 

TOTAL 511* 427 (-16%) 

* Cumulative evaporation adjusted to reflect shortened record of Evaporation Pan data 
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Evaporation pan estimates reveal that while the overall cumulative error in this method 

is not particularly unreasonable (typically within 20%), it too does not accurately reflect the 

seasonality of lake evaporation, particularly in lake with deeper storage (e.g. Figure 6-20). 

Consistently, spring and early summer month evaporation rates are overestimated by the 

evaporation pan, and are significantly underestimated in the fall. This can be mainly attribut-

ed to the physical shape of an evaporation pan, in that it does not have the storage necessary 

to accurately reflect the seasonality of lake evaporation. 

 

The results also show that while BREB measurements recorded a 42% increase in lake 

evaporation for L 373 in 2011, and a 26% increase in lake evaporation for L 626, corrected 

evaporation pan data only shows a 12% increase in season accumulated evaporation. This 

phenomenon reinforces previous conclusions that the evaporation rates for lakes with signif-

icant storage volume tend to be more sensitive to climatic change than shallow ponds or 

vegetative surfaces (Blanken, et al., 2000; Schindler, et al., 1996; Snucins & Gunn, 2000). 
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Figure 6-20: L 373 Cumulative Lake Evaporation Estimate – Evaporation Pan for 2009 

 

Figure 6-21: L 626 Cumulative Lake Evaporation Estimate – Evaporation Pan for 2009 
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Figure 6-22: L 373 Cumulative Lake Evaporation Estimate – Evaporation Pan for 2010 

 

Figure 6-23: L 626 Cumulative Lake Evaporation Estimate – Evaporation Pan for 2010 
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6.2.2 Granger Mass Transfer Method 

The second method evaluated was the Granger lake evaporation mass-transfer equations. 

This method was evaluated using both local climate data obtained from the monitoring raft 

(GL1), and using regional air temperature and wind speed data with estimated surface water 

temperatures (GL2). Cumulative lake evaporation rates are shown on Figure 6-24 through 

Figure 6-27, with monthly evaporation rates summarized in Table 6-7 through Table 6-10. 

 

Table 6-7: L 373 Evaporation Estimates using Granger Mass Transfer Method for 2009 

 BREB (mm) GL1 (mm) GL2 (mm) 

MAY 18 19 (1%) 31 (72%) 

JUN 56 39 (-30%) 35 (-30%) 

JUL 68 43 (-37%) 39 (-43%) 

AUG 64 39 (-39%) 37 (-42%) 

SEP 87 37 (-57%) 45 (-48%) 

OCT 66 38 (-42%) 34 (-48%) 

TOTAL 359 215 (-40%) 221 (-38%) 

 

Table 6-8: L 626 Evaporation Estimates using Granger Mass Transfer Method for 2009 

 BREB (mm) GL1 (mm) GL2 (mm) 

MAY 53 23(-57%) 32 (-40%) 

JUN 78 37 (-52%) 34 (-56%) 

JUL 85 41 (-52%) 38 (-55%) 

AUG 84 36 (-57%) 35 (-58%) 

SEP 82 34 (-59%) 40 (-53%) 

OCT 50 36 (-28%) 34 (-32%) 

TOTAL 432 208 (-52%) 213 (-51%) 
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Table 6-9: L 373 Evaporation Estimates using Granger Mass Transfer Method for 2010 

 BREB (mm) GL1 (mm) GL2 (mm) 

MAY 68 30 (-56%) 32 (-53%) 

JUN 59 30 (-49%) 29 (-51%) 

JUL 93 30 (-68%) 29 (-68%) 

AUG 97 36 (-63%) 41 (-58%) 

SEP 92 42 (-54%) 48 (-48%) 

OCT 51 39 (-24%) 48 (-6%) 

TOTAL 459 206 (-55%) 227 (-51%) 

 

Table 6-10: 2010 L 626 Evaporation Estimates using Granger Mass Transfer Method 

 BREB (mm) GL1 (mm) GL2 (mm) 

MAY 60 24 (-60%) 33 (-44%) 

JUN 73 44 (-40%) 34(-53%) 

JUL 111 48 (-57%) 34 (-69%) 

AUG 121 41 (-66%) 32 (-74%) 

SEP 93 35 (-63%) 40 (-57%) 

OCT 53 21 (-61%) 42 (-20%) 

TOTAL 511 212 (-59%) 216 (-58%) 

 

 It is evident that the Granger method severely underestimates lake evaporation for both 

lakes through the entire duration of the open water season, and overall. Analysis of the 

BREB data in Section 6.1 indicates that the main reason for the poor performance of this 

model is that several of the assumptions implicit in the Granger equation do not hold true 

for these study lakes.  

 

The main two drivers for lake evaporation in the Granger equation are assumed to be 

wind speed and upwind fetch length. The scattergrams shown on Figure 6-18 and Figure 

6-19 indicate that there is a very poor correlation between these two variables and the lake 

evaporation rates that were observed. Being smaller lakes, the fetch lengths of L 626 and L 
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373 are on the low end of the range studied by Granger (Granger & Hedstrom, Controls on 

Open Water Evaporation, 2010), which also suggests that the regression coefficients devel-

oped may not adequately describe lakes of this size/shape. Results in Section 4.5 also found 

the lakes to be quite sheltered, thereby reducing the wind speed used in the evaporation 

equation. It is also likely that due to the surrounding of the lake by trees, which exhibit sig-

nificant evapotranspiration rates in the summer months, the upwind air is already saturated, 

limiting the land-water vapour pressure gradient and therefore influence of fetch on lake 

evaporation rates. It is likely that during the early spring and late fall months the influence of 

upwind fetch on lake evaporation rates would increase, as the horizontal vapor pressure def-

icit would increase due to the dormancy of surrounding vegetation (i.e. reduced transpiration 

and humidity). 

 

A final key assumption of the Granger mass-transfer method is that the majority of heat 

stored in a lake is in the upper layer, making surface water temperature a good indicator of 

total heat storage. While lake temperature can certainly reflect a change in heat storage, re-

sults in Section 4.4 reveal that for these lakes in particular, light is able to penetrate much 

deeper than the surface, thereby reducing the reliability of assuming surface water tempera-

ture alone as a heat storage indicator. Instead, solar radiation terms must be introduced to 

more fully-describe this process. Studies also show that lake clarity is highly related to DOC 

concentration (Snucins & Gunn, 2000), a parameter which could potentially be added to the 

predictor variables in the model. 
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Figure 6-24: L 373 Cumulative Lake Evaporation Estimate – Granger Mass-Transfer for 2009 

 

Figure 6-25: L 626 Cumulative Lake Evaporation Estimate – Granger Mass-Transfer for 2009 
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Figure 6-26: L 373 Cumulative Lake Evaporation Estimate – Granger Mass-Transfer for 2010 

 

 

Figure 6-27: L 626 Cumulative Lake Evaporation Estimate – Granger Mass-Transfer for 2010 
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6.2.3 Hargreaves Temperature-based Estimate 

The third method evaluated was the Hargreaves temperature-based method of estimating 

lake evaporation. This method was used to evaluate evaporation from both raft-based air 

temperature data (HG1), and regional air temperature data from the Rawson Lake meteoro-

logical station (HG2). Cumulative lake evaporation rates are shown on Figure 6-28 through 

Figure 6-31. Monthly evaporation rates are summarized in Table 6-11 through Table 6-14. 

 

Table 6-11: L 373 Evaporation Estimates using Hargreaves Method for 2009 

 BREB (mm) HG1 (mm) HG2 (mm) 

MAY 18 56 (210%) 63 (252%) 

JUN 56 102 (82%) 112 (100%) 

JUL 68 112 (64%) 120 (76%) 

AUG 64 106 (66%) 120 (87%) 

SEP 87 94 (9%) 109 (25%) 

OCT 66 29 (-57%) 34 (-48%) 

TOTAL 359 499 (39%) 558 (55%) 

 
 

Table 6-12: L 626 Evaporation Estimates using Hargreaves Method for 2009 

 BREB (mm) HG1 (mm) HG2 (mm) 

MAY 53 58 (9%) 63 (19%) 

JUN 78 105 (35%) 112 (44%) 

JUL 85 115(35%) 120 (41%) 

AUG 84 111(32%) 120 (43%) 

SEP 82 98 (19%) 109 (33%) 

OCT 50 30 (-40%) 34 (-32%) 

TOTAL 432 517 (20%) 558 (29%) 
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Table 6-13: L 373 Evaporation Estimates using Hargreaves Method for 2010 

 BREB (mm) HG1 (mm) HG2 (mm) 

MAY 68 90 (33%) 101 (50%) 

JUN 59 107 (82%) 121 (105%) 

JUL 93 125 (35%) 142 (52%) 

AUG 97 104 (8%) 116 (20%) 

SEP 92 53 (-42%) 59 (-35%) 

OCT 51 37 (-27%) 41 (-19%) 

TOTAL 459 517 (13%) 581 (27%) 

 
 

Table 6-14: L 626 Evaporation Estimates using Hargreaves Method for 2010 

 BREB (mm) HG1 (mm) HG2 (mm) 

MAY 60 95 (58%) 101 (70%) 

JUN 73 112 (52%) 121 (65%) 

JUL 111 130 (17%) 142 (27%) 

AUG 121 108 (-11%) 116 (-4%) 

SEP 93 55 (-41%) 59 (-36%) 

OCT 53 39 (-26%) 41 (-22%) 

TOTAL 511 538 (5%) 581 (14%) 

 

Similar to the evaporation pan estimates, the Hargreaves method tends not to reflect sea-

sonal patterning of lake evaporation. In addition, this method also slightly overestimates lake 

evaporation for the entire season, with the largest errors occurring for the lake with deeper 

storage (L 373).  

 

The estimates using raft temperature data (HG1) proved to be slightly less biased. The 

reduced overestimation is a result of the slightly dampened diurnal fluctuations seen in air 

temperatures above the lake resulting from the measurement’s proximity to the water body. 

It should be noted, however, that this reduction in overestimation is not occurring for the 

right reasons. As mentioned in Section 2.2.6, the range in daily minimum and maximum 
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temperatures incorporated into the Hargreaves equation is designed to reflect the level of 

cloudiness for a given day, and therefore it should not matter whether a lake temperature or 

regional air temperature is used, as both would be determined under the same level of cloud 

cover. It should also be noted that the inter-annual variability in lake evaporation was under-

estimated using the Hargreaves method, likely due to its neglection of incorporating an ener-

gy storage parameter. 
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Figure 6-28: L 373 Cumulative Lake Evaporation Estimate – Hargreaves for 2009 

 

Figure 6-29: L 626 Cumulative Lake Evaporation Estimate – Hargreaves for 2009 
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Figure 6-30: L 373 Cumulative Lake Evaporation Estimate – Hargreaves for 2010 

 

Figure 6-31: L 626 Cumulative Lake Evaporation Estimate – Hargreaves for 2010 
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6.2.4 Priestley-Taylor Combination Method 

The fourth method of computing lake evaporation that was evaluated was the Priestley-

Taylor combination method. For this study, five versions of the model (estimates of evapo-

ration) were evaluated. The first method uses measured air temperature and net radiation da-

ta from the monitoring rafts in combination with measured lake heat storage fluxes (PT1). In 

the second version (PT2), raft based measurement of net radiation is used; however, lake 

storage fluxes were estimated using the model developed in Section 4.4. The third version of 

the model (PT3) uses an estimate of net radiation derived from regional incoming solar radi-

ation data and also uses the modelled estimate of heat storage. The fourth version (PT4) of 

the model uses estimated radiation flux derived from NARR data in conjunction with the 

heat storage model. Finally, the fifth version (PT5) estimates evaporation using raft meas-

urements, but neglects the heat storage term entirely. 

 

As a starting point for all versions of the model, the Priestley-Taylor alpha coefficient, 

was derived by comparing the BREB latent heat transfer fluxes to the right side of the com-

bination method equation (Figure 6-32). The slope reveals an alpha value of 1.28, which is 

very close to the typical textbook value of 1.26 (Priestley & Taylor, 1972) and in agreement 

with the value of 1.27 found by Stewart and Rouse in their study of other northern lakes 

(Stewart & Rouse, 1976; Stewart & Rouse, 1977). Cumulative plots of lake evaporation esti-

mates are shown on Figure 6-33 through Figure 6-36, with monthly evaporation rates sum-

marized in Table 6-15 through Table 6-18. 
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Table 6-15: L 373 Evaporation Estimates using Priestley-Taylor Method for 2009 

 BREB 
(mm) 

PT1 
(mm) 

PT2 
(mm) 

PT3 
(mm) 

PT4 
(mm) 

PT5 
(mm) 

MAY 18 12 (-36%) 19 (3%) 24 (36%) 49 (171%) 61 (240%) 

JUN 56 50 (-11%) 54 (-3%) 59 (5%) 87 (55%) 106 (89%) 

JUL 68 64 (-6%) 68 (0%) 69 (2%) 90 (33%) 104 (53%) 

AUG 64 64 (1%) 66 (3%) 63 (-2%) 96 (50%) 77 (19%) 

SEP 87 73 (-16%) 85 (-2%) 67 (-23%) 84 (-3%) 70 (-20%) 

OCT 66 71 (8%) 79 (20%) 73 (10%) 78 (18%) -1 (-102%) 

TOTAL 359 334 (-7%) 372 (4%) 355 (-1%) 484 (35%) 416 (16%) 

 

 

Table 6-16: L 626 Evaporation Estimates using Priestley-Taylor Method for 2009 

 BREB 
(mm) 

PT1 
(mm) 

PT2 
(mm) 

PT3 
(mm) 

PT4 
(mm) 

PT5 
(mm) 

MAY 53 37 (-29%) 42 (-20%) 44 (-17%) 69 (31%) 70 (32%) 

JUN 78 72(-8%) 67 (-14%) 71 (-9%) 95 (22%) 108 (39%) 

JUL 85 80  (-6%) 80 (-6%) 80 (-6%) 94 (11%) 108 (28%) 

AUG 84 68 (-19%) 67 (-20%) 63 (-25%) 91 (9%) 79 (-6%) 

SEP 82 73 (-10%) 86  (5%) 66 (-19%) 76 (-8%) 72 (-12%) 

OCT 50 54 (9%) 60 (21%) 53 (7%) 54 (9%) 0 (-100%) 

TOTAL 432 385 (-11%) 403 (-7%) 377 (-13%) 480 (11%) 438 (1.5%) 
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Table 6-17: L 373 Evaporation Estimates using Priestley-Taylor Method for 2010 

 BREB 
(mm) 

PT1 
(mm) 

PT2 
(mm) 

PT3 
(mm) 

PT4 
(mm) 

PT5 
(mm) 

MAY 68 31 (-54%) 21 (-69%) 20 (-71%) 66 (-2%) 91 (34%) 

JUN 59 57 (-3%) 63 (6%) 58 (-1%) 109 (84%) 98 (67%) 

JUL 93 88 (-5%) 92 (-1%) 83 (-11%) 132 (41%) 125 (35%) 

AUG 97 90 (-7%) 101 (5%) 87 (-10%) 123 (27%) 97 (0%) 

SEP 92 92 (1%) 85 (-7%) 79 (-14%) 94 (2%) 33 (-64%) 

OCT 51 44 (-36%) 32 (-36%) 21 (-58%) 21 (-59%) 17 (-66%) 

TOTAL 459 402 (-12%) 395 (-14%) 348 (-24%) 544 (18%) 463 (1%) 

 

 

Table 6-18: L 626 Evaporation Estimates using Priestley-Taylor Method for 2010 

 BREB 
(mm) 

PT1 
(mm) 

PT2 
(mm) 

PT3 
(mm) 

PT4 
(mm) 

PT5 
(mm) 

MAY 60 47 (-21%) 47 (-21%) 40 (-34%) 86 (44%) 96 (60%) 

JUN 73 74 (0%) 80 (9%) 65 (-11%) 116 (58%) 108 (47%) 

JUL 111 105 (-6%) 105 (-5%) 84 (-24%) 133 (20%) 136 (22%) 

AUG 121 104 (-15%) 102 (-16%) 79 (-35%) 115 (-5%) 105 (-13%) 

SEP 93 89 (-4%) 80 (-14%) 67 (-28%) 82 (-12%) 38 (-59%) 

OCT 53 45 (-14%) 35 (-33%) 20 (-61%) 20 (-61%) 19 (-64%) 

TOTAL 511 463 (-9%) 450 (-12%) 355 (-30%) 553 (8%) 502 (-2%) 

 

Out of all the methods previously tested, the Priestley-Taylor combination method con-

sistently provides the most accurate (relative to BREB) estimates of lake evaporation. This 

result is not entirely unexpected, as the main equation is driven by radiation input and heat 

storage, which were revealed to be the most significant predictor variables to lake evapora-

tion (Figure 6-17).  
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Using local raft data and measured heat storage (PT1), the model performs quite well 

and accurately captures the seasonality in both lakes, with annual estimates typically within 

±10% of BREB values. Perhaps, what is most interesting in the results for the Priestley-

Taylor method is how well the model performs using the simple heat storage model (PT2). 

In all cases, the simplified model was able to stay within ±5% error of the model that uses 

measured heat fluxes.  

 

The use of regional radiation data (PT3) provides reasonable results, though it is noted 

that the 2010 results were not as accurate as those in 2009. This is most likely attributable to 

errors in the estimation of the net long-wave radiation term. One of the largest challenges 

appears to be estimation of atmospheric emissivity, and being that 2010 was a cloudier year, 

it is most likely that the emissivity was overestimated, resulting in larger longwave net radia-

tion heat flux loss than what actually occurred. Having only net radiation data on the raft, it 

is difficult to quantify the amount of long-wave radiation lost or gained during the 2010 sea-

son. 

 

The version of the model using NARR data (PT4) seems to consistently over estimate 

lake evaporation. This is somewhat expected as the analysis in Section 4.1 revealed a signifi-

cant positive bias in the amount of solar radiation estimated by the NARR dataset. This be-

ing said, the PT4 model did reflect the seasonality in lake evaporation better than the majori-

ty of the other methods tested. Considering the value and relative performance of using re-

gional forcing data, it may be possible to bias correct NARR data to improve results to the 
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point where they are closer to the methods using local data (Schroeder, Hember, & Coops, 

2009). 

 

The fifth version of the model (PT5) neglects heat storage of the lakes modeled, and not 

surprisingly, fails to reproduce the seasonality observed for the lakes. Similar to the results of 

the evaporation pan method, although the seasonal evaporation rates calculated are reasona-

bly close to observed, early summer evaporation rates are significantly overestimated and fall 

fluxes are underestimated. The neglecting of the heat storage fluxes also reduces the variabil-

ity in evaporation fluxes between the lakes and the interannual variability as well. These re-

sults reinforce that incorporation of lake water heat storage in a hydrologic model is critical 

to accurately replicate the seasonal and interannual variability of evaporation for shield lakes. 
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Figure 6-32: Determination of Local Priestly Taylor Coefficient 
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Figure 6-33: L 373 Cumulative Lake Evaporation Estimate – Priestly-Taylor for 2009 

 

Figure 6-34: L 626 Cumulative Lake Evaporation Estimate – Priestly-Taylor for 2009 
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Figure 6-35: L 373 Cumulative Lake Evaporation Estimate – Priestly-Taylor for 2010 

 

Figure 6-36: L 626 Cumulative Lake Evaporation Estimate – Priestly-Taylor for 2010 
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6.3 Comparison to WATFLOOD Output 

As a final comparison, calculated lake evaporation rates from the current version of the 

Winnipeg River Basin WATFLOOD model were compared to the BREB estimates by ex-

tracting the water-class potential evapotranspiration rates from the grid cell corresponding to 

the ELA study site. Results are summarized below on Table 6-19 to Table 6-22 and in Figure 

6-37 through to Figure 6-40. 

 

Table 6-19: L 373 Evaporation Estimate from WATFLOOD Hydrological Model for 2009 

 L 373 BREB L 373 WATFLOOD 

MAY 18 66 (267%) 

JUN 56 122 (117%) 

JUL 68 116 (71%) 

AUG 64 96 (50%) 

SEP 87 75 (-14%) 

OCT 66 26 (-60%) 

TOTAL 359 500 (39%) 

 
 

Table 6-20: L 626 Evaporation Estimate from WATFLOOD Hydrological Model for 2009 

 L 626 BREB L 626 WATFLOOD 

MAY 53 66 (24%) 

JUN 78 122 (56%) 

JUL 85 116 (36%) 

AUG 84 96 (14%) 

SEP 82 75 (-8%) 

OCT 50 26 (-48%) 

TOTAL 432 500 (16%) 
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Table 6-21: L 373 Evaporation Estimate from WATFLOOD Hydrological Model for 2010 

 L 373 BREB L 373 WATFLOOD 

MAY 68 91 (33%) 

JUN 59 121 (105%) 

JUL 93 119 (28%) 

AUG 97 108 (11%) 

SEP 92 55 (-40%) 

OCT 51 35 (-31%) 

TOTAL 459 530 (15%) 

 
 

Table 6-22: L 626 Evaporation Estimate from WATFLOOD Hydrological Model for 2010 

 L 626 BREB L 626 WATFLOOD 

MAY 60 91 (52%) 

JUN 73 121 (66%) 

JUL 111 119 (7%) 

AUG 121 108 (-11%) 

SEP 93 55 (-69%) 

OCT 53 35 (-34%) 

TOTAL 511 530 (4%) 

 

One can see that results are similar to those presented in Section 6.2.3 (Hargreaves 

Method). This is not unexpected, as the WATFLOOD currently uses the Hargreaves ap-

proach to estimate lake evaporation. It is interesting to note that the calculated evaporation 

rates are slightly different than those calculated using the regional and local temperature data. 

This is because the temperature input is corrected using an elevation lapse rate for the grid-

average surface elevation, resulting in a slightly different value. Nonetheless, the overall char-

acteristics of overestimation, errors in seasonality, and underestimation of inter-annual varia-

bility still exist within the model, thereby justifying the need for an enhanced lake evapora-

tion module when using WATFLOOD in boreal shield, lake-dominated basins. 
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Figure 6-37: L 373 Cumulative Lake Evaporation Estimate – WATFLOOD for 2009 

 

 

Figure 6-38: L 626 Cumulative Lake Evaporation Estimate – WATFLOOD for 2009 
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Figure 6-39: L 373 Cumulative Lake Evaporation Estimate – WATFLOOD for 2010 

 

 

Figure 6-40: L 626 Cumulative Lake Evaporation Estimate – WATFLOOD for 2010 
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6.4 Summary 

While direct measurements of many of the variables used in the above methods are not read-

ily available in many remote areas, the results of this study suggest that many of the input pa-

rameters can be estimated using empirical techniques and regionalized data with minimal in-

crease to model error. Furthermore, the results of this study reveal that using NARR data, 

lake evaporation estimates are more accurate in describing the seasonality and inter-annual 

variability than the temperature-based approaches currently coded in the majority of opera-

tional hydrological models, including WATFLOOD. Comparison of BREB lake evaporation 

to current WATFLOOD computations of lake evaporation (using a Hargreaves approach) 

justify the need to invest in an enhanced lake evaporation module for hydrologic simulation 

in lake-dominated basins, such as many of those in the boreal shield region of Canada. While 

outside the scope of this study, it is likely that bias-correction and other post-treatment 

methods could further improve the estimates of lake evaporation using reanalysis data. 

  



 

 

Chapter 7 

Conclusions 

A two-year field-study was conducted in the ELA to determine the hydrological processes 

controlling open water evaporation in boreal shield lakes and evaluate several lake evapora-

tion estimation methods for implementation into a partially-physically based hydrological 

model. The first step of this study involved a detailed analysis of controls on lake evapora-

tion and current operational estimation techniques applied to boreal lakes. Previous scientific 

literature revealed that many of the controls on lake evaporative processes were site specific 

and not fully understood. To better understand the dominant controlling factors on lake 

evaporation in small Canadian Shield lakes, a detailed analysis of lake evaporative processes 

at the ELA was performed through the collection of hydroclimatic data and the develop-

ment of an isotopic framework. A reference evaporation rate was calculated using an energy 

balance approach, and was used to compare against (ground-truth) four candidate operation-

al lake evaporation models with different forcing scenarios. Nine estimations of lake evapo-

ration, in total, were tested for suitability in using regionalized versus approximated input da-

ta. Regionalized data forcing was tested in consideration of the data scarcity in northern and 

remote regions, such as the Canadian Shield. From this study, several conclusions can be 

made, as well as recommendations for areas to focus future research. 
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7.1 Conclusions 

Based on analysis of monitoring raft data collected from two lakes in the ELA, it was deter-

mined that the major processes governing open water lake evaporation in smaller shield 

lakes are likely net radiation input and heat storage. The influence of wind and vapour pres-

sure deficit on open water lake evaporation processes was found to be limited, which based 

on previous literature, was initially thought to be a significant controlling factor. It was also 

found that the surface water temperature and lake heat storage could accurately be repro-

duced with a simple lumped conceptual model that required only basic regional climate in-

formation. The study also found that regional solar radiation could accurately predict the net 

radiation budget of the lake. NARR regional reanalysis data was evaluated for its effective-

ness in estimating the energy budget of the lake; however, it was found that a significant pos-

itive bias in solar radiation fluxes existed within the data for the local study area. Future work 

on post-treatment methods of NARR data could potentially improve the utility of this da-

taset in estimating lake evaporation. 

 

 Based on a literature review of current lake evaporation equations, four models were 

tested for their ability to reproduce lake evaporative fluxes relative to the Bowen ratio energy 

balance (BREB) approach, which was assumed as ‘measured’ lake evaporation. These meth-

ods included corrected evaporation pans, mass-transfer equations, a temperature-index ap-

proach, and the Priestley-Taylor formulation of the combination approach. For each meth-

od, both local variables and regionalized datasets were used to evaluate the accuracy of the 

proposed method and its sensitivity to regionalized or approximated forcing data. Monthly 
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and seasonal total evaporation was also estimated using an isotope mass balance approach, 

based on a stable water isotope field survey that was conducted at the ELA study site.  

 

 Results of the study found that the Priestly-Taylor method consistently provided the 

most accurate estimate of lake evaporation and replicated the seasonality of the evaporation 

rates most accurately (relative to the BREB approach). The calculated Priestley-Taylor coef-

ficient was also found to closely match the approximation published by Priestley-Taylor 

(1972), and the previous Canadian Shield lake studies conducted by Stewart and Rouse 

(1976; 1977). The Priestley-Taylor method also performed well using estimated heat storage 

fluxes from a simple lumped regression model and approximated solar input from a regional 

met station pyranometer. NARR reanalysis data was evaluated in the Priestley-Taylor model; 

however a significant positive bias resulted in overestimation of lake evaporation flux rates. 

The study also revealed that temperature-based evaporation estimates, such as those current-

ly embedded in many hydrological models (including WATFLOOD) do not accurately re-

flect the seasonality of evaporation in lakes. A comparison of WATFLOOD-derived to 

BREB-derived lake evaporation over the ELA study site revealed that enhanced lake evapo-

ration methods are indeed required to improve hydrologic simulation of Boreal Shield lake-

dominated terrain. Mass-transfer approaches were found to perform poorly due to the large 

amount of sheltering of the small lakes surrounded by tall stands of trees. Isotope mass bal-

ance methods were found to overestimate both seasonality and total lake evaporation rela-

tive to BREB estimates, which was likely the result of not accounting for lake stratification 

and heat storage changes in the isotope method.  
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7.2 Significance of Findings 

The research conducted in this study revealed two key findings significant to the understand-

ing of lake evaporation for small shield lakes relevant for boreal hydrology: (1) lake evapora-

tion is not heavily influenced by mass transfer processes, and (2) heat storage processes are 

significant drivers of lake evaporation.  These findings are new and add to the previous stud-

ies of lake evaporation in boreal landscapes, which have typically focused on larger water 

bodies in more northern regions; therefore adding breadth to the type of lakes studied in bo-

real and Canadian Shield landscapes. 

 

First, the study revealed that the evaporation rates on small sized shield lakes are less in-

fluenced by mass-transfer processes than many of the larger lakes previously studied in Can-

ada. While concerted effort is being put into developing mass-transfer equations to estimate 

lake evaporation fluxes for boreal lakes, this study found that they inadequately described the 

processes governing evaporative fluxes on lakes this small that are sheltered by tall stands of 

trees along their shores. Instead it was found that the net energy available to the lake gov-

erned the rate of evaporation. 

 

 Second, the study also improved the understanding of heat storage processes in deep and 

clear shield lakes. Whereas many northern lakes have a characteristically shallow epilimnion 

and store the majority of energy in the surface layer of the lake, for the lakes studied, their 

clear water allowed for deeper penetration solar radiation. The mass-transfer equations pre-

viously developed in the literature assume that lake water surface temperature adequately de-

scribes lake heat storage, whereas this study found that that is not necessarily the case in 
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lakes typical of the southern portions of the Canadian Shield. From this finding, a simple 

heat storage model was derived to better estimate heat storage fluxes using several readily-

available regionalized climate variables. It was found that this novel approach was accurate 

enough to provide reasonable estimates of seasonal heat storage for use in the Priestley-

Taylor combination method. 

 

7.3 Recommendations of Future Work 

Based on the review of existing literature and the findings of this study, the following areas 

of study are recommended for future research projects: 

 

 It is recommended that the simple heat storage program be coded into the WAT-

FLOOD hydrological model for implementation in combination with a Priestley-

Taylor method to enhance lake evaporation estimates (Appendix A). Testing of this 

method should be conducted (and verified) at the watershed-scale for a lake-

dominated boreal shield basin (such as the Winnipeg River basin). Regional solar ra-

diation data could be used for model input, or potentially bias-corrected reanalysis 

(e.g., NARR) or weather model data. This method should be tested in several differ-

ent watersheds, and validated against eddy-covariance or energy balance measure-

ments available within the basin. Literature reveals that historic measurements of 

lake evaporation taken by these methods are available for several shield lakes estab-

lished in northern Saskatchewan, northern Alberta, and the Northwest Territories. 

The testing of the developed heat storage model on additional lakes may also poten-
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tial allow the regression coefficients to be related to physical properties of the lake. 

Beyond lake size, consideration to surrounding vegetation should be included to bet-

ter understand the influence of surround landscapes on the influence of fetch and 

mass-transfer gradients on lake evaporation rates. 

 This study revealed the significance of heat storage on lake evaporation processes. 

Many of the climate change studies using hydrological models to predict future water 

availability estimate lake evaporation fluxes using simplified evaporation equations 

that neglect the seasonal heat storage effects. With projections of increased air tem-

peratures, it is likely that the amount of heat storage in lakes would be impacted, and 

perhaps in a non-linear fashion as temperatures may increase more in some months 

than others. Specifically, this study found that temperature-based estimates of lake 

evaporation tend to underestimate the inter-annual variability of evaporation for 

lakes with significant heat storage. It is recommended that a study be conducted to 

assess the impacts of using a simplified temperature-based approach against a more 

robust lake evaporation routine on long-term seasonal water availability projections.  

 Future isotope field studies conducted on deep lakes in boreal shield terrain should 

include stratified depth-dependent sampling to discern differences in the vertical 

profile of lake isotopic composition. Lake water isotopic compositions should ac-

count for changes resulting from thermal stratification and seasonal turn-over, or 

overall lake volume should be adjusted to account for the effective lake volume con-

tributing to lake water isotopic composition. 

 Finally, it is recommended that the monitoring of climatic variables in or around 

shield lakes be increased, particularly in northern Manitoba. Several active research 
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sites exist in the Mackenzie River Basin and other reaches of the Northwest Territo-

ries,  but improved understanding of lake evaporation in boreal environments could 

occur with additional monitoring in the more southern portions of the Canadian 

shield located in Manitoba. 
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  SUBROUTINE etpriestlake() 

 

!**********************************************************************

* 

! Program by: Phil Slota,  March 2013 

 

! THIS SUBROUTINE CALCULATES PRIESTLY-TAYLOR LAKE EVAPORATION and is 

based on Todd Neff's etpriest() subroutine 

 

!  alamb      - lambda  - latent heat of vapourization 

!  delt       - delta (slope of saturation vap press curve) 

!  gam        - psychrometric constant  

!  petnlk       - Priestley-Taylor PET for lakes  

!  petlk(n)    - output vectorized lake evaporation array 

!  press(mon) - mean monthly pressure (kPa) 

!  radlkv (n)       - vectored mean hourly lake net radiation for lakes 

(W/sq.m.) 

!  lkhtv(n) - vectored mean hourly heat storage flux (W/sq.m) 

! tempv(n) vectorized air temperature (deg C) for grid n 

! alpha     - prieslty-taylor alpha coefficient 

! 

! NOTE: petn is adjusted based on the time increment 

!  i.e. for 1 hour it is multiplied by 3.6 since there are 3600 seconds 

!       per hour and is divided by 1000 to conserve units 

 

!**********************************************************************

* 

 

 

! alpha set to 1.28, could potentially be put in the par file 

! 

      alpha=1.28 

 

! loop through all grids.... 

      do n=1,naa 

          

 

 

! only calculate if air temperature is greater than 0 and the grid is 

coded as a lake 

 

         if(tempv(n).ge.-5 .and. ireach(n).gt.0)then 

  

            ! call the subroutine laketmpr to calculate surface water 

temperature 

             call lktempr(n) 

 

            ! call the subroutine net_solar_cal to calculate net solar 

radiation 

            call net_solar_cal(n) 

 

            ! call the subroutine heat_stor to determine the heat 

storage flux  

            call lkheat_stor(n) 
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            ! calculate slope of saturateion vapour pressure curve 

            delt=25083./(tempv(n)+237.3)**2*exp 

     *          (17.3*tempv(n)/(tempv(n)+237.3)) 

            ddg=delt/(delt+gam) 

            

 ! calculate lake evaporation (in mm/day)           

            petnlk=alpha*ddg*(net_solar_radv(n)-

heatstor(n))/alamb/den*3.6 

         else 

 

! if the grid is not a lake, set petnlk equal to zero... 

            petnlk=0 

         endif 

 

 

! only have positive evaporation rates 

         if(petnlk.lt.0) petnlk=0 

 

! store calculated lake evaporation rate in the ouput array petlk (n) 

      petlk(n)=petnlk 

 

 

      end do 

 

      RETURN 

 

      END SUBROUTINE etpriest 
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  SUBROUTINE lktempr() 

 

!**********************************************************************

* 

! Program by: Phil Slota,  March 2013 

 

! THIS SUBROUTINE CALCULATES LAKE WATER SURFACE TEMPERATURE BASED ON 

ALGORITHM OF 

! "Empirical Modeling of Summer Lake Surface Temperatures in Southwest 

Greenland" 

! by Helen Kettle, Roy Thompson, N. John Anderson, David M. Livingstone 

! (2004) , Limnology and Oceanography, Vol. 49, No. 1 pp. 271-282 

! 

!    

! 

!  lakealb     - lake albedo 

!  solv      - vectorized incoming solar radiation (w/sq.m.) 

!  so        - vectorize clear sky solar radiation (w/sq.m.) 

!  twater(n)    - water temperature output array 

!   

!  ftemp     - smoothed air temperature function 

!  ftempold  - previous time stemp smoothed air temperature function 

!   

!  (lake-specific parameters to be read in from rel.tb0 file) 

!  lkalpha    - alpha coefficient for lake temperature smoothing 

function 

!  lka        - lake a coefficent for lake temperature calculation 

!  lkb        - lake b coefficient for lake temperature calculation 

!  lkc        - lake c coefficient for lake temperature calculation 

! 

!   lktempn  - temporary storage value for lake temperature 

! 

!  tempv(n) vectorized air temperature (deg C) for grid n 

! 

! 

!**********************************************************************

* 

 

!!!! call theo_solar_cal to determine theoretical clear sky solar 

radiation             

            call theo_solar_cal(n) 

             

            ! if this is the very first time step, set the previous 

smoothed air temperature value to the current air temperature value 

            if(FIRST TIME STEP) ftempoldn = ttemp(n) 

             

            ! calculate ftemp following equation 3 in paper             

            ! get previous timesteps value 

            ftempoldn = ftempold(n) 

             

            ! calculate current timestep value 

            ftempn = lkalpha(ireach(n))*tempv(n)+(1-

lkalpha(ireach(n)))*ftempoldn 
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            ! calculate water surface temperature using equation 4 in 

paper 

            twatern = lka(ireach(n)) + lkb(ireach(n))*ftempn + 

lkc(ireach(n))*kso            

 

 

 

         !  reset lake temperature to zero if it's below that value 

(water cannot drop below zero!) 

         if(twatern.lt.0) lktempn=0 

 

          

          

         ! save ftemp for next timestep    

         ftempold(n) = ftempn             

          

         ! save calculated water temperature into an output vector!! 

         twater(n) = twatern 

 

      RETURN 

 

      END SUBROUTINE lktempr 
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!**********************************************************************

* 

      SUBROUTINE theo_solar_cal(ju,n) 

!**********************************************************************

* 

 

 

 

!!!!!!!!!!!! This section is used to calculate theoretical clear sky 

solar radiation 

!!!!!!!!!!!!!!!!  

! calculate latitude of grid in radians       

      radlat=lat(n)/360.*2.*3.14159 

  

 ! deternmine day angle           

      day_angle=2.*3.14159*(float(ju)-1)/365. 

       

 ! determine solar angle      

      solar_angle=asin(sin(0.85+0.3*radlat*sin(2.*3.14159/365*ju-1.39)-

0.42*radlat**2)) 

   

  ! determine solar declination 

      declin=0.006918-0.399912*cos(day_angle)+0.070257*sin(day_angle)-

0.006758*cos(2*day_angle)+0.000907*sin(2*day_angle)-

0.002697*cos(3*day_angle)+0.00148*sin(3*day_angle) 

   

  ! determine eccentricity     

      eccent = 

1.00011+0.034221*COS(day_angle)+0.00128*SIN(day_angle)+0.000719*COS(2*d

ay_angle)+0.000077*SIN(2*day_angle) 

    

  ! calculate tan(lat) and tan(decl) ... no built in tan function   

      tanlat=sin(radlat)/cos(radlat) 

      tandeclin = sin(declin)/cos(declin) 

       

  ! determine hr of sunrise and sunset     

      thr=-acos(-tanlat*tandel)/.2618 

      ths=acos(-tanlat*tandel)/.2618 

    

  ! determine daylength 

      daylength=2.*ths 

  

  ! determine solar zenith angle (pi/2 - solar angle) 

       zenith = 1.57096 - solar_angle  

  

 ! calculate extraterrestrial solar radiation 

      ket = 

2.*4.921*eccent*(cos(declin)*cos(radlat)*sin(0.2618*ths)/0.2618+sin(dec

lin)*sin(radlat)*ths)*11.575 

  

 ! calculate theoretical clear-sky solar radiation ( 

  

    kso = ket*exp(-0.0021*press(mon)/sin(solar_angle)) 
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end   
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!**********************************************************************

* 

      SUBROUTINE net_solar_cal(ju,n) 

!**********************************************************************

* 

   

   

  !!!!!!! Actual net radiation balance calcs.. 

  ! determine ratio of cloud cover.. 

   

  cl_cover=sol_radv(n)/kso 

   

  !!! correct so that cloud cover cannot exceed 1 (may occur a couple 

times if inward solar radiation is slightly greater than theoretical 

clear-sky solar rad) 

  if (cl_cover .gt. 1) cl_cover=1 

   

   

   ! determine albedo using zenith angle calculated in theo_solar_cal 

  albedo = 0.045/cos(zenith) 

   

   

  ! determine net_shortwave solar radiation 

  short_wave = (1-albedo)*sol_radv(n) 

   

   

  ! determine emissivity of water (0.97 for water) 

  emiss_w = 0.97 

   

   

  ! determine clear sky atmospheric emissivity 

    emiss_cl_air = 0.83-0.18*10**(-0.067*eair(n)) 

    

   ! determine effective atmospheric emissivity 

   emiss_air = (1-cl_cover)+cl_cover*emiss_cl_air 

    

   ! determine net long-wave radiation 

   long_wave = emiss_w*emiss_air*0.0000000049*(tempv(n)+273.2)**4 - 

emiss_w*0.0000000049*(tempw(n)+273.2)**4 * 11.575 

    

   ! determine net radiation... 

    

   net_solar_rad = short_wave + long_wave 

    

   net_solar_radv(n) = net_rad 

    

    

 


