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1 Introduction

Evaporation is the physical process of the conversion of liquid water to water in a vapour form.  Evaporation involves the transfer of both energy and mass and thus can be evaluated in terms of either.  The energy that evaporates water is often referred to at latent heat.

· To evaporate 1 kg of water requires 2.45 MJ of energy.  

· 1 kg of water spread over an area of 1 m2 is 1 mm deep.

· On a clear summer day the amount of energy from the sun is about 12 to 16 MJ/m2.

· Maximum summer evaporation rates is between 6 and 8 mm/d.

Atmospheric evaporativity (Potential Evaporation, PE) is the maximum flux at which the atmosphere is capable of vaporizing water from a free-water surface.

Actual Evaporation, (AE) is the actual rate of evaporation or water loss through the soil surface.

Although the loss of water by plants is termed transpiration (the evaporation of plant water through stomata) the process is still evaporation.  Where plants are also present the process is termed evapo-transpiration as both evaporation and transpiration are occurring and frequently it is too difficult to separate the two in measurements.  Thus the terms PET and AET are frequently used.

2 Conditions necessary for the persistance of evaporation  top
Three conditions are necessary for the evaporation process to persist:

1)
Energy.  There must be a continual supply of heat to meet the energy requirement of bond disruption between water molecules in a liquid solution.  This energy requirement or latent heat is 2.45 MJ/kg at 20°C (590 calories per gram of water).  For soils most of this heat comes in the form of radiated energy.

2)
Atmospheric removal.  There must be a vapour pressure gradient between the body and the atmosphere in which the atmosphere's vapour pressure is lower (i.e. drier).  Also the vapour must be transported away by either diffusion or convection, or both.  These two conditions are influenced by meteorological factors such as air temperature, humidity, wind velocity, and by radiation.

3)
Supply.  The final condition is that there must be a continual supply of water from or through the interior of the body to the site of evaporation.  This condition is dependent upon the water content and potential of the body itself as well as the conductive properties.

Thus the evaporation of water is controlled by two conditions; atmospheric, where most of the energy originates from and that controls that of removal; and that of plant and soil which determines the supply rate.

3. Atmospheric Evaporativity (PE)  top
Relevance  "On a continental scale approximately 75% of the total annual precipitation is returned to the atmosphere by evaporation and transpiration and in many climatic regions the annual evaporative demand exceeds precipitation.  For example, throughout a large part of the semi-arid prairie region of central Canada, annual free-surface evaporation is on average about double annual precipitation, 750-1000 mm compared to 350-500 mm, and in many years average monthly summer evaporation may exceed rainfall by a factor of five or more.  In this region and other climatically-similar zones water lost to evaporation and transpiration is a major factor, affecting agricultural production, water resource management, wildlife habitat and the planning and design of hydroelectric power and water supply facilities." (Gray, 1993)

Process  "Evaporation involves the change in state of a liquid to a vapour.  The process occurs when water molecules, which are in constant motion, possess sufficient energy to overcome the surface tension at the liquid surface and escape into the atmosphere.  Concurrently, some of the water molecules in the atmosphere, which are also in motion, penetrate the water surface and are retained by the liquid.  It is the net exchange of water molecules between liquid and atmosphere per unit area per unit time that establishes the evaporation rate." (Gray, 1993).  The rate of evaporation is directly proportional to temperature, wind speed, solar radiation, and inversely proportional to relative humidity and is dependent upon the supply of water to the evaporating surface.  The proper quantification of evaporation must thus consider these factors.

Penman's combination method  top
Penman's combination formula is the most accurate and most physically based of the common methods used. Penman's method is a combination of aerodynamic and energy budget methods.  Although a mathematical formula is used the input values are from meteorological observations and their relationship is established from that of actual physical representation.  The original equation was just for evaporation from a free water surface rather than actual evapotranspiration.   The method retains considerable accuracy for daily values as long as the parameters used are measured and not estimated.

The intensity of solar radiation is essentially the driving force evaporation; the sun provides the energy.  Additional, although minor, energy or energy sinks may be from the soil and atmosphere.  Temperature is a reflection of energy from the air or soil.  Relative humidity and wind do not supply energy, but affect the rate of removal; the drier the air and the greater the wind speed, the faster the removal from the evaporating surface.  Overall the effect of water evaporation is a loss of heat from the surface it rests upon  (i.e., the cooling effect received when one leaves a swimming pool).  The evaporation of 1 kilogram of water would utilize 2.45 MJ of energy at 20°C.  This is approximately equilivalent  to the amount of solar energy received in one day upon an horizontal surface 0.1 m2 in area.

The following equation is a form of Penman's equation and allows for estimation of water loss from a freely evaporating crop or soil surface in which evaporation is not limited by physical properties of the plant or the soil.  It enables estimation given the measurement of vapour pressure, wind, and temperature at only one level, usually at 2 m above the ground.
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Parameter
Penman's Parameters (Eq. 1)

Qe
latent heat flux density (MJ d-1 m-2)


slope of saturation vapor density curve at air temperature, Ta




 = 4098 es/(237.3 +Ta)2


Where es saturated vapour pressure (kPa) at the ambient air temperature (°C).  



At 20°C  is 0.1447 kPa/C

Qg
soil heat flux density per unit area (MJ d-1 m-2)

Qn
net radiant flux density per unit area (MJ d-1 m-2)

U
Wind speed (m/s) as measured at 2 m height 

es
Saturated vapour pressure (kPa) at ambient air temperature, this is a function of air temperature

  es = 0.6108 exp (17.27 T/(237.3+T)), where T is in °C

ea
Ambient vapour pressure (kPa)



0.067 kPa/C is the psychrometric constant at 20C. It varies slightly where pa  is atmospheric pressure.  At 20°C and 101 kPa  = 0.067 Pa °C-1

For: Qn = 15 MJ/m2, Qg = 2 MJ/m2, Ta=20C, es=4.24 kPa, ea=2.12 (for a Relative Humidity=0.5), and U=1 m/s

Qe = 13.6 MJ d-1 m-2, and PE = 5.6 mm/d

Thornthwaite (Gray 1970) top
Thornthwaite (1948) and Thornthwaite and Mather (1954) developed an expression for PET in terms of mean air temperature and number of monthly daylight hours:
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where Etp = monthly ET in mm


c = location coefficient dependent upon daylight hours (latitude and month)


T = mean monthly temperature in ºC


a = location dependent coefficient described by Eq. 4


I = heat index described by Eq. 3

In order to determine a and monthly ET, a heat index I must first be computed:
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Where Tj is the mean monthly temperature during month j (ºC) for the location of interest.  Then, the coefficient a can be computed as follows:


a = 6.75 x 10-7 I3   –  7.71 x 10-5 I2  +  1.792 x 10-2 I  +  0.49239
[4]

The procedure for calculation of monthly Etp  is to:

1.
Calculate I for all the months in which the mean monthly temperature is above 0°C (Equation 3); for the Prairies this can be considered to be April through October;

2.
Use Equation 4 to obtain a ;

4.
Use Equation 2 with the monthly air temperature and the appropriate daylength factor to obtain Etp .

For Saskatoon (Latitude 52 °N) the daylight factors, df, are; 


April 1.17,   May 1.33,   June 1.36,   July 1.37,   Aug 1.25,   Sept 1.06, and   Oct 0.93.

The dominant parameters are temperature and length of day.  Used together they account for the balance of radiation exchanges, air movement, humidity and other meteorological parameters that affect evaporation.  The formulae developed by Thornthwaite are based upon catchment-area data and controlled experiments.  The above equation is deceptively simple as the monthly indices have to be adjusted for the length of day which is dependent upon the latitude.  The equation is meant only for monthly estimates and although the values will be of the right order of magnitude they are only approximate.

Baier and Robertson (1965) Method top
This technique estimates daily latent evaporation from simple meteorological observations and astronomical data all simply obtained.  The technique was developed from climatological records taken at agricultural research stations at Ottawa, Normandin, Swift Current, Lacombe, Beaverlodge, and Fort Simpson during a 5 year period.  The method is a multiple regression analysis using 3 to 6 variables.  The simplest equation involves just three variables and has a regression coefficient of 0.68:

Etb  =  (0.933Tr  + 0.928Tm + 0.0486QAo  - 87.03)/44.2

[5]

where

Etb
is the daily evapotranspiration from a Bellani plate (cm/d);

Tr  
is the difference in °F between daily maximum and daily minimum temperature

Tm 
is the maximum daily air temperature (1.2 m above ground);

QAo  is the daily solar radiation received just outside the earth's atmosphere on a plane horizontal to the earth's surface (cal cm-2 d-1).

The potential evaporation is from a black Bellani plate atmometer.  Although it is possible to obtain an estimate using only three variables the accuracy improves with a greater number of variables.  The reliability of the estimates are further improved if daily values of estimated evaporation are accumulated for periods longer than 2 weeks.

4 Factors affecting evaporation from the Soil  top
Evaporation from a bare soil will affect the surface 10-20 cm very rapidly and this region is crucial in terms of germination and growth of young plants whose roots require moist conditions.  Also evaporation can bring salts to the surface from deeper soil depths, resulting in salinization in climates where the potential evaporation is greater than precipitation.


To understand evaporation from the soil surface we should conceptualize evaporation as a constant flux demand term (i.e., darcian flux) at the soil surface, it is then up to the soil to meet this demand.  Whether the soil can meet this demand is therefore reliant upon the hydraulic conductivity (as a function of unsaturated moisture content) and the hydraulic gradient of Darcy's equation.


The actual evaporation rate that occurs from the surface of a bare soil is determined either by the external meteorological conditions or by the soil's own ability to deliver water.  In this section three conditions affecting evaporation will be explained; evaporation in the presence of a water table; evaporation in the absence of a water table; and how surface modifications affect evaporation.

Evaporation in the presence of a water table.

Given a water table close to the soil surface so that the capillary fringe is within the influence of the evaporative surface layer, the actual steady evaporation rate is determined either by the external evaporativity or by the water-transmitting properties of the soil.  Where the water table is near the surface the suction at the soil surface is low and the evaporation rate is determined by climatic conditions.  However, as the water table becomes deeper and the suction at the soil increases, the evaporation rate approaches a limiting value regardless of how high the external evaporativity may become
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The deeper the water table the lower the rate of evaporation that can be achieved; if a water table at 90 cm depth can meet an evaporative demand of 8 mm/d, then a water table at 180 cm within the same material can likely only provide 2 mm/d for the same evaporative demand because of the greater distance and therefore suction required to transport the water to the soil surface.


Coarser textured soils (sands) tend to have only large pores, thus their capillary fringes are not as high as in medium and fine textured soils which can have a range of pore sizes.  Thus fine textured soils can have the top of the capillary fringe nearer the surface and thus contribute to greater evaporation rates than coarse textured soils (Fig. 1).  The maximal evaporation rate decreases with water table depth more steeply in coarse-textured soils than in fine-textured soils.  Nevertheless, a sandy loam soil can still evaporate water at an appreciable rate even when the water table is as deep as 180 cm.

Fig. 1. Evaporation rate as influenced by soil texture for a water table 60 cm beneath the soil surface (from Hillel
Evaporation in the absence of a water table top
Beginning with an initially saturated soil and constant drying conditions the soil drying process has been observed to occur in three recognizable stages (Figure 2):
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Fig. 2.  Stages of evaporation from an initially wet soil (adapted from Hillel, 1980)

I.  Initial constant-rate stage which occurs early in the process, while the soil is wet and conductive enough to supply water to the site of evaporation at a rate commensurate with the evaporative demand.  During this stage, the evaporative rate is limited by the meteorological conditions.  The evaporation rate at this stage might also be controlled by soil surface conditions, such as reflectivity and the possible presence of a mulch.  In a dry climate this stage is generally brief lasting only a few hours to a few days.

II. Intermediate falling-rate stage, during which the evaporative rate falls progressively below the potential rate.  At this stage, the evaporation rate is limited or dictated by the rate at which the gradually drying soil profile can deliver moisture toward the evaporation zone.  Hence it can also be called the soil profile-controlled stage, which may persist for a much longer period than the first stage.  Here the top part of the soil surface becomes dried as much as it can go and thus the suction cannot decrease any further and the gradient cannot increase to meet the supply demand.

III. Residual slow-rate stage, which is established eventually and which may persist at a nearly steady rate for many days, weeks, or even months.  This  stage apparently comes about after the surface-zone has become so desiccated that further liquid-water conduction through it virtually ceases.  Water transmission now primarily occurs by the slow process of vapor diffusion.

During the initial stage the soil surface gradually dries out and soil moisture is drawn upward in response to steepning evaporation-induced hydraulic gradients.  The rate of evaporation can remain nearly constant as long as moisture gradient toward the surface compensate for the decreasing hydraulic conductivity (which is a function of soil moisture).  In terms of Darcy's law q = - K (dH/dz), q remains constant as the gradient dH/dz increases sufficiently to offset the decrease in K (Hillel, 1980).  The length of time of the initial stage depends upon the intensity of the meteorological factors that determine atmospheric evaporativity, as well as the conductive properties of the soil itself (Fig. 3).  
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Fig. 3. Curves 1-4 are in order of decreasing atmospheric evaporativity. (Hillel, 1980b)

Under similar external conditions a clayer soil will have a longer first stage than a sandy soil as clayey soils can retain higher moisture over a larger suction range.  When external evaporativity is low, initial, constant-rate stage will persist longer.   High initial evaporativity can dry out the top surface of the soil thus curtailing soil evaporation (ie curve 1). Whereas the transition from the first to the second is generally a sharp one, the second stage generally blends into the third stage so gradually that the last two cannot easily be separated.  Sooner or later soil surface approaches equilibrium with atmosphere (becomes air dry).  From here on moisture gradients toward surface cannot increase and must tend to decrease as the soil in depth loses more and more moisture.  As now the K and i are decreasing so must q and thus evaporation.  

Effect of surface conditions upon evaporation. top
In principle, the evaporation flux from the soil surface can be modified in three basic ways: 

a) by controlling energy supply to the site of evaporation (eg modifying the albedo through color or structure of the soil surface, shading the surface);

b) by reducing the potential gradient, or the force driving water upward through the profile (e.g lowering the water table, if present, or 

c) by decreasing the conductivity or diffusivity of the profile, particulary of the surface zone (eg tillage and mulching practices).

The actual choice of the means for reduction of evaporation depends on the stage of the process one wishes to regulate: stage I evaporation is where meteorological conditions dominant, whereas Stage II is where soil properties dominant.  Methods designed to affect the first stage do not necessarily serve during the second stage, and vice versa (Hillel, 1980).  Covering or mulching the surface with straw reduces the intensity of effects by meteorological conditions; its increases the albedo (reflects more sunlight), it shades the surface (reduces surface temperature), it reduces wind removal of water vapour, and it affects the transmission of water loss by extending the water loss surface from the soil to within the straw thus putting in a vapour layer.  Straw has a greater effect upon reduction of soil evaporation during Stage I and only partially during Stage II.  Given that soil temperatures are sufficient it serves to maintain a moist layer for seed germination and allows water to move deeper in the profile.

Wheat straw retained by stubble mulch tillage (which undercuts plants without burying them increased storage by 10 to 70 mm in the long-term field experiments on fallow rotations in the great plains of the USA.  Figure 4 shows the effect of stubble and residue amounts upon evaporation.  The obvious effect is reduction of the rate moisture is lost during the initial stage.  Although the initial stage is extended for a greater length of time it enables this moisture to be better utilized by plants.  
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Fig. 4. Effect of straw residue upon evaporation.

Inducing a temporarily higher evaporation rate so as to rapidly desiccate the surface thus hastening the end of the first stage and using the hysteresis effect to help arrest or retard subsequent outflow.  This works by drying a surface layer to that of Stage III where water loss is only by vapour transport and not by liquid.  The underlying layers will be wetter but they now have a vapour layer above them.  Various techniques having been suggested but not proven such as flaming or microwave heating.  Shallow cultivation designed to pulverize the soil at the surface often has the immediate effect of causing the loosened layer to dry faster and more completly,but reducing evaporation losses during Stage I drying.   Studies have found that the evaporating surface in moist soils rarely moves below several centimeters in depth.  Water moves up to this front by liquid movement.  Often this is evidenced by salt deposits.  Irrigation of frequent applications can result in greater loss of water by evaporation as the soil is maintained in Stage I.  This is opposed to less frequent but heavy applications, however water losses by percolation are likely to be greater with the heavy applications.

5  Plant yield and transpiration  top
Of key importance to transpiration and especially the entire soil-water cycle is that of plant available water.  Available water is that water which the plant can use which is defined as being between field capacity and permanent wilting point.  As with field capacity, plant available water and permanent wilting point are concepts of which quantified values can change.  Three classical hypothesis regarding the availability of water to plants has been advanced (Figure 7):

1.
the water is equally available from field capacity to wilting point;

2.
the water is equally available from field capacity to a critical moisture beyond which availability decreases; and

3. 
availability decreases gradually as soil moisture decreases.
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Fig. 5. Three hypothesis regarding the availability of water to plants (from Hillel, 1982)

Generally at soil potentials between -200 and -1200 kPa the rate that the soil water can be conducted to the root (hydraulic conductivity) becomes limiting.  When it becomes limiting is dependent upon the evaporative demand (potential evaporation).  The higher the PET the higher the potential at which soil K becomes the limiting factor.  Also the PET is directly proportional to the PWP.

In most crop species, actual ET is influenced more by atmospheric demand, amount of crop cover, and soil water availability than by the specific crop species.   Well-watered plants differ in average daily AET from 4.2 to 5.7 mm d-1.  

Given that water availability remains high, the primary factors influencing AET for different species are that of atmospheric demand and stage of canopy development.

Under well-watered conditions and healthy plant growth the utilization of water by the plant (actual transpiration) as a ratio of potential (ie measured from a large water body) is between 0.62 and 0.87.  This ratio is called the consumptive use coefficient (k), is primarily affected by the amount of ground covered by the crop canopy integrated over the growth period.  Wheat has a low k (0.66) because it is grown in the relatively cooler spring season and slowly develops leaf area from seeds.  Alfalfa has a high k (0.87) because in the spring it develops leaf area rapidly from reserve carbohydrates of the root and crown and maintains a ground cover for a longer time during the growing season.


The relationship between the ET and yield, for  crops, is fairly strong.  Due to this yields as plotted against ET will frequently have a linear relationship (Fig. 6)




Fig. 6.
Relation of grain yield to available water (sum of change in soil moisture content between spring and harvest plus the growing season precipitation).  Data is primarily from Swift Current Agricultural Research Station.

For the Canadian Prairies that of potential evapotranspiration for the growing season (May thru Aug) ranges between 350 and 550 mm, while the growing season precipitation is between 170 and 210 mm and available stored moisture 50 to 80 mm (with no fallow) and 100 mm with fallow.  As a rule of thumb in the prairies for each extra cm of water available for crop growth, either from soil storage or from precipitation during the growing season, grain yield will increase by an extra 100 kg/ha, for the Brown and Dark Brown soil zones.  With adequate fertility and pest control for Brown (south Sask 100 mm in soil, and 170 mm ppt) yield can be expected to be 2700 kg grain/ha (PFRA 1983).

Often the resulting increase in yield in response to fertilizer is strongly tied with another factor.  In the Great Plains of the US and the Canadian Prairies water is often the most limiting factor and the increase in moisture available for growth will augment the effect of increased fertilizer rates (Fig. 7).
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Fig. 7. Effect of amount of growing season water and amount of fertilizer upon  spring wheat yields on soils in North Dakota (from Jackson, et al., 1983).

6. Direct methods of PE measurement top

The direct measurement of evaporation using the depletion rate of a free water body exposed to atmospheric conditions is routinely made, however the interpretation of the data must always be in consideration of the method used.  The size of the surface exposed, the type of terrain surrounding the instrument, and shading of the instrument are but a few of the variables that will affect the evaporation rate.  For these reasons any instrumentation used must be made with identical  instrumentation and in identical surroundings to those used at other meteorological stations so as to insure that comparisons can be made.  These instruments are termed relative as the measurements made are done so in comparison to the atmospheric evaporativity.  Units of expression are similar to that used in precipitation; mm.


There are four main classes of relative evaporation gauges: (1) large evaporation tanks sunk into the ground or floating on protected waters; (2) small evaporation pans; (3) porous porcelain bodies; (4) wet paper surfaces.  Each has its advantages and disadvantages. 

a)  Large evaporation tanks (Gray 1970)

Large evaporation tanks are used routinely at major meteorological stations throughout Canada and the U.S.  The most commonly used one is the U.S. Weather Bureau Class A pan.  This pan is 4 feet (1.2 m) in diameter and 10 in (0.25 m) deep.  It is constructed of galvanized steel and water is maintained 5-7 cm from the top.  It is set upon timbers so that the bottom is about 15 cm above the surface thus eliminating difficulties caused by drifting soil and snow.  Earth is embanked up over the timbers leaving approximately a 2-3 cm air gap to permit air circulation under the pan.  Wind, temperature, and rain measurements should be taken from the same local.  Water level is maintained at a constant level by daily additions of water to the pan.  The evaporation rate is thus determined by the amount of water added.   The results from these tanks are only of value when compared with other similar tanks and are not representative of the true evaporation rate from soil or lake surfaces.  For accurate comparisons between met stations and for proper use of correction coefficients if the data is to be applied to water bodies the pans are generally kept within cut grassed areas of certain dimensions.

b)   Small evaporation pans

Most recording atmometers use small evaporation pans (usually 15 to 30 cm in diameter) which measure the variation of the weight or level of water with time.  A simple cylindrical pan with a pointed wire soldered to the bottom (for determination of constant water level) is most commonly used.  The amount of water necessary to bring the water level back to the point of the wire is daily added.  If a large number of these are to be used for any one project care must be taken concerning color, size, height installed above ground.

c)  Porous porcelain bodies

Porous porcelain spheres, cylinders, or plates have been used by various workers since 1813.  The porous material and the shape is meant to represent soil or plant conditions.  The one most commonly used is the Bellani plate which is a thin black plate 7.5 cm in diameter.  The Bellani plate is attached to a reservoir of water that is filled with distilled water.  It is considered to be more sensitive to wind than the Class A evaporation pan.  Bellani plate readings are commonly presented in cm3 of water and to be converted to cm they must be divided by the plate area (44.2 cm2).

d)  Wet paper or cloth-wick surfaces

This type is represented by the Piché atmometer, which consists of a graduated tube closed at the upper end while the bottom end, ground flat, is placed upon a circular piece of filter paper.  The vessel is filled with distilled water and the filter paper exposed to the atmosphere.  The results are very sensitive to wind speed.  A modern variation of this utilizes a wick to transfer the water to the filter paper.  The amount of evaporation is sensed by a float and recorded on the chart by a pen-writing system.

Comparisons of Atmometer methods (Gray 1970)


In comparison of the relative importance of three major factors in evaporation; net radiation, humidity, and wind, researchers have found that the ratio of components for the Class A pan was 80:6:14, while that for the Bellani Plate was 41:7:52.  To convert atmometer readings to crop or lake evapotranspiration heights (cm) the following conversion coefficients are generally applicable for Western Canada:


crops
0.0226 x Bellani reading (cm3)
0.67 x Class A pan (cm)


lakes




0.70 x Class A pan (cm)

Evaporation by soil water balance measurements

Determination of the amount of soil water lost due to evapotranspiration involves measurement of other soil water processes such as soil water additions from precipitation and capillary rise and soil water losses such as drainage.  The ability of the soil to store water must also be accounted for.  The general equation for estimation of evapotranspiration is thus:


Et = P - D + d


 where

Et
is the amount of water lost from the soil surface due to evaporation and from the plant leaves due to transpiration;

P
is the amount of precipitation (mm);

D
is the amount of drainage (mm);

d
is the amount of soil water lost or gained within the depth interval (mm).

This equation assumes that there is no water gain from capillary rise and that no runoff occurs.  If the soil is below field capacity and no precipitation occurs than all decreases in the soil moisture content can be attributed to evapotranspiration:



Et = d



Unless a soil lysimeter is used problems with the estimation of the drainage portion and soil water rise from deeper wetter horizons can result in considerable error.  In lysimeter studies the waters leaching through the soil profile are collected from the bottom and changes in soil moisture are determined by weighing or by direct soil moisture measurements.
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Monthly precipitation and potential evaporation at Saskatoon
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