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ABSTRACT 

Based upon hydrodynamic, thermodynamic, and meteorologic principles, a formula is 

proposed for estimating free water surface evaporation. The proposed formula considers 

the density and isobaric specific heat of the moist air as a variable depending on the amount 

of water vapor content in the constant flux boundary layer of the atmosphere. It has been 

shown that if the influence of the variation of atmospheric water vapor content through 

density and specific heat of the air is not considered, then the sensible heat flux as 

computed by conventional methods in the energy-based evaporation equations will be 

smaller by approximately 17 per cent in comparison to the latent heat flux. Consequentiy, 

this underestimation of sensible heat flux (as calculated conventionally) results in a 

corresponding overestimate of the estimated evaporation. 

The eddy exchange coefficients for momentum, heat, and moisture have been 

incorporated in the prediction formula in the familiar form of turbulent Prandtl, turbulent 

Schmidt, and turbulent Lewis numbers. Thus the proposed prediction equation does not 

contain the often questioned assumption of the equality of these eddy transfer coefficients 

in evaporation equations. 

Evaporation data collected over water and well-watered shon grass were used for 

checking the validity of the proposed prediction equation. These data were gathered under 

different conditions of the atmospheric stabiHty, and under a wide range of wind velocities. 

The analysis of the data showed an excellent agreement between the predicted amounts of 

evaporation and the observations. 
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CHAPTER I 

INTRODUCTION 

Evaporation, in general, is a physical phenomenon by which a liquid diffuses into its 

environment by a phase change fix)m a liquid to vapor. Therefore, the abrupt combustion 

of a liquid fuel inside the chamber of an internal combustion engine, the disappearance of a 

gasoline spill over land or water, the slow loss of water from molasses in a sugar factory, 

the drying of grain and lumber on a farm, the apparent loss of water from land, 

impoundments, and vegetation, and all similar processes in which a liquid escapes the 

surface through vaporization are a few examples of evaporation. Consequentiy, it is no 

surprise that this phenomenon of such a divergent magnitude has always been of great 

interest to meteorologists, hydrologists, agriculturists, and mechanical and chemical 

engineers. Mechanical and chemical engineers have intensively investigated the 

evaporation phenomenon. It may be of interest to notice that the first books like 

Evaporation and Heat Transfer and Evaporation written by Webre and Robinson (1926), 

and Badger (1926), respectively, were on the subject of evaporation relating to industrial 

engineering processes. 

Though the word "loss" has become cognate in a negative sense for any water escaped 

from land, vegetation, and open waters, it is not always strictly true. The process may be a 

blessing or an evil depending how it is looked upon or where it is looked upon. Not only 

is the evaporation process beneficial in many industrial appUcations involving two-phase 

flows, but is also the only mechanism in nature that provides pure water, that is, an 

essential ingredient of all living matter. Furthermore, besides back radiation, evaporation is 

the only process that is responsible for keeping the global heat balance on the eanh's 

surface in equilibrium by dissipating approximately 60 kcal-cm'^-yr^ of the sun's heat 
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(Reihl, 1978; Hasse and Dobson, 1986; Trewartiia and Horn, 1980) and, tiius, making life 

possible on this planet. 

The evaporation process provides comfort to human and animal life through 

"evaporative" cooling. The process is also indirectiy responsible for providing food and 

fibre by transpiring huge quantities of water to produce dry matter (Campbell, 1977). For 

example, Briggs and Shantz (1914) found that for the production of a unit gram of dry 

matter of wheat (Triticwn durum) and sorghum (Andropogon sorghum), respectively, it 

required 1,490 and 3,203 grams of water in Dalhart, Texas. 

Nevertheless, evaporation is the process that robs the precious water supplies when 

they are most needed in the water-deficit regions of hot climates. Evaporation is also the 

process that significantiy influences the choices not only in respect of the kind of crops that 

can be grown, but also in cropping patterns in a region. 

Under normal conditions, it is well established that, other factors remaining constant, 

the crop yields are directiy proportional to the amount of water applied (De Wit, 1958; 

Campbell, 1977). In arid and semi-arid regions, not only are the water supplies limited, 

the evaporation process is most intensive. Thus, the farmer is forced to make a choice 

between the acreage to be cropped and the amount of water to be applied for maximum 

returns. 

Notwithstanding, the demand is also put to the botanist to provide "custom tailored" 

crop varieties in the form of drought resistant traits that can provide maximum yields for the 

minimum amount of water applied. The engineer is required to look for and devise means 

and methods to conserve water and to reduce evaporation losses in delivery channels and at 

the point of water use on the farm. Over the years,the work of botanists have resulted in 

the evolution of different crop varieties suitable for varying available water supplies. The 

engineers have worked to design concrete-lined open channels and underground irrigation 
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pipelines for the conveyance of water to the farm, and from controlled surface irrigation 

practices to sprinklers and trickle irrigation systems. 

1.1 Problem Definition 

The process of evaporation, as narrated above, encompasses many disciplines. 

However, the study under investigation has been restricted only to an evaporation process 

as it pertains to water loss of free water surfaces, with particular emphasis on 

understanding the physical mechanics of the process and thus finding ways and means for 

the determination of quantitative magnitude of the loss of water from such surfaces. 

In the present study, evaporation from land and vegetative surfaces was not considered 

in the development of the proposed prediction equation. However, in view of the 

historical, practical, and technological importance, and great significance of water loss fix)m 

natural surfaces, evaporation from land and vegetation has been treated to the extent as 

deemed necessary. It should be noted that van Bavel (1966) showed that alfalfa, wet soil, 

and water surface all had the same evaporation rate for his experiments. The term 

evaporation is used in this study for water loss from land, vegetation, and free water 

surfaces rather than the term evapotranspiration. This is consistent with the definition of 

the word "evaporation" as used by Penman (1948) and the World Meteorological 

Organization (1985). 

1.1.1 Extent And Significance Of The Problem 

In the following sections, a brief discussion of the magnitude of the problem under 

investigation is presented to show the need and urgency for the development of a 

reasonably comprehensive and physical-based prediction method for estimating 

evaporation. 



1.1.2 Significance At National Level 

The United States Senate (1958) noted efficaciously that tiie rise and fall of the past 

civilizations centered on their water resources. Not to speak of Ethiopia and Sudan abroad, 

even in this country the "dust bowl" days of the mid-1930s are still vividly fiesh and not 

forgotten from the minds of those who had to leave their homes and abandon their lands to 

escape starvation. Even today, the effects are immediately felt nationwide during drought 

periods. Such droughts do not occur only in the western states as experienced during 

1988, but also they are not uncommon in the humid eastem states as well. For example, 

the drought of 1986 in the southeastem states was estimated to be the worst in 111 years 

(Cook et al., 1988; Bergman et al., 1986; National Oceanic and Atmospheric 

Administration/United States Department of Agriculture, 1986). Therefore, dependable 

and sustained water resources are essential for national growth and economy. 

Granted, the water loss from lakes, reservoirs, and natural streams is unavoidable and 

thus cannot be completely prevented. But it must be recognized that a clear "diagnosis" of 

the problem and a better understanding of the physics of evaporation process does provide 

preventive tools to keep such losses to a minimum. A few examples from home and 

abroad best illustrate this point of view. 

One of the largest man-made reservoirs. Lake Nasser in Egypt, is fed from the river 

Nile. The World Meteorological Organization (1985) reported average annual evaporation 

losses of over 3 meters from this reservoir situated in a narrow valley. This loss of water 

amounts to over 12 percent of the total inflow. Omar and El-Bakry (1985) reported that the 

river is depleted by about 40 percent of its volume during its passage through the "sudd" 

marshes. They further reported that, to minimize such huge conveyance losses occurring 

in the "steaming" and meandering long supply channel, the water conveyance route to the 

lake has been short-circuited through the Jonglei Canal in southem Sudan. 



Freese (1956) referred to a west Texas situation where storage of 40,000 acre-ft in a 

favorable site avoided the excess evaporation that would have occurred at a less favorable 

site. In 1956 dollars, the water thus saved was reported worth $164,000 a year. 

In the humid parts of the Midwest where evaporation losses are considered 

insignificant, Roberts (1957) noted that evaporation exceeded 1 meter in the southem half 

of the state of Illinois where surface waters provide most municipal supplies. Continuing, 

he concluded that if evaporation could be reduced by one-third, it would amount to a 17 

percent increase in Illinois reservoir capacity. 

"Necessity is the mother of invention," is a well-known proverb. Here at home in the 

water deficient dry regions of the state of Texas, nature seems to have played a decisive 

role in the need to look for alternate means to reduce evaporation losses. 

For example, Texas irrigators are using measures to "stretch" and conserve their 

precious water resources. Such measures include lining of the delivery ditches or replacing 

open ditches with underground pipes. According to a recent report of the Texas Water 

Development Board (1986), 1,062 miles of concrete-lined ditches serving 138,000 acres, 

and 21,000 miles of underground pipelines serving 4.6 million acres of cropland were 

completed by 1984. Such practices accounted for conservation measures appUed to some 

71 percent of the total of 6.8 million acres of irrigated land in the state. 

The dire concem of Texas farmers is best illustrated by the rapid pace in changing their 

irrigation practices. For example, the Texas Water Development Board (1986) reported 

that acreage under trickle irrigation (a method that reduces evaporation losses) increased 

from 4,000 acres in 1974 to 29,000 acres in 1984~over 7-fold increase within just a 

decade. According to the above cited report, 38 million acres of land are arable and 

physically suitable for irrigation, and are lying barren simply for want of water. 

Obviously, any amounts of water conserved could be made available to bring this fallow 

land under plow. 



1.1.3 Water Loss From Free Water Surfaces 

The United States Geological Survey (1977) reported that evaporation from land, 

water, and vegetation accounts for 21 inches or over 70 percent (of the 30 inches) of annual 

precipitation in the United States. Evaporation water loss from free water surfaces has 

been shown to be greater than the amount of water that is withdrawn for cities and towns 

all across the country (MacKichan, 1957). This water loss into the atmosphere is more 

significant because over 90 percent of the water withdrawn for municipal and industrial 

purpose is returned to the streams (Jordan, 1955) but, in contrast, the entire amount of 

evaporation is lost fix)m the usable water supply. 

Murray and Reeves (1977) reported that the rates of withdrawals were higher than the 

locally dependable water supplies. The consumptive use (water not returned to surface 

waters or underground water tables) amounted to nearly 24 percent of the withdrawals in 

the conterminous 48 United States ranging from 6.5 percent in the eastem states and 42.9 

percent in the westem states. 

MacKichan (1957) reported that there were about 1,300 lakes and reservoirs with 

capacities of 5,000 acre-ft or more and their combined water surface area was in excess of 

11 million acre-ft. There were more than 1.5 million farm ponds and stock tanks having an 

average surface area of 1 acre. 

1.1.4 Significance In The Westem States 

In the 17 westem states, losses from lakes and reservoirs have been estimated over 21 

million acre-ft (Meyers, 1962). This excludes the evaporation losses from small farm 

ponds and stock tanks which number 1.5 million, each having a surface area of one acre or 

more (MacKichan, 1957). He further found that evaporation from each pond was 1.4 

million gallons per acre of water surface. The loss from each pond was as much as would 
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be consumed in a year by about 500 head of range cattie. Crowe and Daniel (1957) 

estimated that water loss fiiom ponds was 10 times as much as the amount taken for use. 

A careful perusal of revised evaporation maps (Famsworth et al., 1982) shows tiiat in 

most of the westem states, between 4 to 8 acre-ft of water is lost every year from each acre 

of free water surface of finite depth. On a per-acre basis, this "free water surface" 

evaporation in the westem states is over twice the consumptive water use requirement of 

irrigated crops in these states. 

In the Great Basin and Colorado River regions, where the needs for water exceed the 

amounts available, evaporation takes almost one-sixth of the entire water supply which is 

equivalent to one-third of the total amount of water consumptively used by irrigated crops 

(U.S. Senate 1958). The United States Senate (1958) further noted witii concem Uiat"... 

in the northern Great Plains the situation was so acute that in some localities consideration 

was being given to the treatment of brackish groundwater to make it suitable for community 

use." 

An example of the economic effect of evaporation from a water supply is a calculation 

of the evaporation loss from Lake Hefner that serves as the supply reservoir for Oklahoma 

City. Moran and Garstka (1957) reported the value of water lost due to evaporation from 

the lake averaged $666,000 per year. 

1.2 Need For Research 

The accuracy of evaporation estimates depends on the intended use. Hydrologists are 

interested in the water balance of a reservoir or its influence from land surfaces on the 

mnoff from a watershed. So they may be satisfied with evaporation estimates that are 

comparable in accuracy to other components of the water balance equation, such as 

precipitation and mnoff. 
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Agricultural engineers are interested in determining the crop water-use requirements, 

but must contend with a large uncertainty in water q)plication efficiency, i.e., die ratio of 

the water retained in die root zone to the total amount of water applied to the field. In such 

cases, engineers may be satisfied with an approximate estimate of evaporation. 

In meteorology, evaporation studies are related to the transformation of air masses 

through changes in water vapor content It is the water vapor emitted from land and water 

surfaces that provides "fuel" for motions of air masses and for the formation of storms 

(Lewellen, 1985). In such studies, modestiy accurate estimates of evaporation may be 

sufficient. 

Occasions arise when accurate estimates of evaporation become imperative. Irrigation 

scheduling needs accurate estimates to determine the depth and time of the next irrigation. 

Design of evaporation ponds for the disposal of untreated effluents from industrial 

processing plants and of the cooling ponds for thermal-electric power plants requires 

accurate estimates of evaporation. There is no universally recognized "standard method" or 

instmment for estimating evaporation, nor is there any "absolute standard" against which 

other techniques for estimating evaporation may be compared. In the context of predicting 

the loss of water through evaporation from bodies of free water surfaces, the statement of 

the Secretary General of the World Meteorological Organization (1985) that "... no 

recommended method or methods are yet available," strongly suggests the need for better 

prediction tools. 

There are other areas beyond agriculture, hydrology, and meteorology, which demand 

dependable and very accurate determinations of water losses from bodies of free water 

surfaces. Because of the importance of the problem, some of these areas are briefly 

discussed below. 



1.2.1 Seepage And Ground Water Recharge 

The water budget method was used as a standard to calibrate Penman (1948) and otiier 

equations during well-known studies of Kohler, Nordenson, and Fox (1955) at Lake 

Hefner. This method of water budget seems to be the only technique available for the 

calibration of other prediction equations for evaporation from bodies of free water surfaces. 

The limitation of the method is that the seepage term, Le., the inflow into or out of the 

reservoir to die ground, cannot be measured accurately. Both in research and operational 

studies, seepage is assumed to be small and, thus, neglected. 

Tumer (1966) found that mean evaporation from the 480-acre Lake Michie in North 

Carolina was 33.51 inches from May to November. During the same period he measured 

net seepage gain into the lake of 27.78 inches. The net change in water level (the computed 

evaporation) during this period will be 5.73 inches. If seepage were assumed zero as is 

usually the practice, this technique would have underestimated the evaporation by 83 

percent from the actual value of 33.51 inches. He further found that seepage was higher in 

winter than in summer in the same lake which is approximately 27 feet deep. Any equation 

calibrated using the water budget method and assuming zero seepage may not be strictiy 

correct for estimating evaporation rates from other surfaces of water bodies. 

Seepage is a physical phenomenon that occurs 24 hours a day from surface waters 

irrespective of the fact tiiat the water surfaces are experiencing evaporation or precipitation. 

It should be noted that hazardous wastes are not allowed to be impounded or stored in 

unlined storage ponds. 

1.2.2 Evaporation And Cooling Ponds 

1,9.2,1 Evaporation Ponds 

The Qean Water Act and various regulations of environmental agencies do not permit 

the discharge of untreated municipal and industrial effluents into surface waters. Where 
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climatic conditions are favorable and the land is available, as is often the case in rainfall 

deficient dry regions of the westem states, such pollutants can be disposed by using 

evaporation and thus the disposal of such polluting effluents may be a viable and 

economical proposition. Rowswell et al. (1985) have considered die use of evaporation 

ponds for the disposal of untreated effluents through evaporation from industrial 

processing plants. 

Evaporation ponds must be lined to prevent contamination of the underground waters 

to provide safeguards against risks to society and the environment. This involves a 

significant capital investment for the constmction of such seepage-free ponds. Rowswell et 

al. (1985) reported that for the disposal of salt concentrate effluents from saline water 

conversion plants, the cost of lined evaporation ponds is approximately 75 percent of the 

total completed cost of the plant. Given the significance of the capital costs involved in the 

required lining of evaporation ponds, approximate estimate of any of the parameters, 

including evaporation, may not be a pmdent choice in the design of such projected 

facilities. 

1.2.2.2 Cooling Ponds 

Two kilowatts of energy must be dissipated for each unit of electricity generated from 

thermal-electric power plants (Rohsenow et al., 1986). Helfrich et al. (1982) submitted 

that cooling ponds are economically attractive and they are used for the dissipation of reject 

heat from thermal-electric generating plants. They further reported that the design of these 

ponds is still an art and, at present, certain "rules of thumb" are being used by the design 

engineers because of the lack of confidence in the present evaporation prediction equations. 

If a meticulous engineer wants to know what allowance to make for the loss of water 

from his projected-for-future evaporation pond, no doubt, the engineer will find a myriad 

of evaporation equations, but more likely will find "none" that can use with confidence. 
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This puts the engineer in a paradoxical situation. If the design is underestimated, this may 

result in potential pollution to the environment and underground waters. If the design is an 

overestimate, this adds up to unnecessary dollar costs. It is also possible that the 

overestimate may face an unfortunate predicament That is, the development of die facility 

(pond) may be altogether dropped for further consideration on grounds of being 

economically unfeasible whereas it may very well be perfecdy feasible if accurate 

evaporation estimates were used in the design. 

To conclude, in humid and water-surplus areas of die eastem states, the influence of 

evaporation losses may be insignificant. But in water-deficient regions of the arid and 

semi-arid climates of Texas and other westem states, evaporation losses are critical and 

play a decisive role in the economy and growth of these regions. These are the regions 

where the growing needs of water as a resource has become all the more important in 

present and projected water-management decisions. The scarcity of water and its 

continuing depletion, coupled with competitive demands between agriculture and other 

growing industries, are becoming everyday realities in Uiese water-deficit regions of die 

west Despite clear regulations and explicit water rights at federal, state, and local levels, 

acute water shortages have often generated expensive inter- and intra-state litigations (U. S. 

House of Representatives, 1957). 

It is with respect to these water-deficit regions, in particular, that there is a need to 

better understand the mechanics of the evaporation process for providing better prediction 

tools for accurately estimating the magnitude of this component in the water budget 

equation. 

1.3 Objectives 

The main objective of this study was to analyze, in a comprehensive fashion, the 

principal factors influencing the rate of evaporation under natural conditions and to develop 
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die theoretical and operational relationships necessary to estimate evaporation losses from 

bodies of water. The study was to derive and verify a theoretically correct mathematical 

model for free water evaporation. The specific objectives of the research effort were: 

1. To examine the evaporation process from a 

theoretical standpoint, and define deficiencies in 

the existing models, 

2. To develop a physically exact energy method that 

would be general in application and provide a 

standard of measurement for determining the 

accuracy of other techniques, and 

3. To verify the proposed model by using measured 

evaporation rates from a lined pond 

The ultimate goal was to improve prediction of evaporation losses from land, water, 

and vegetative surfaces. Consequentiy, this leads to the conservation of the nation's water 

resources through a better understanding of the mechanics of the evaporation process. 



CHAPTER n 

LITERATURE REVIEW 

The literature on evaporation is extensive. Therefore, die works of only a few 

scientists will be noted as most pertinent to die present study under mvestigation. Major 

surveys on the subject of evaporation are abready available in the literature and, dius, 

another attempt of an extensive review would be a mere repetition. For example, excellent 

reviews on evaporation from free water surfaces are given in various publications of the 

Australian Water Resources Council (1973, 1977,1979), World Meteorological 

Organization (1979,1985), and die U. S. Geological Survey (1962). In addition, 

"Evaporation into die Atmosphere" by Bmtsaert (1982), "Evaporation In Nature" by 

Konstantinov (1966) and "The Heat Balance of The Earth's Surface" by Budyko (1963) 

are the three excellent books on evaporation as each is unique in its content matter on the 

subject "Consumptive Use of Water and Irrigation Requirements" by Jensen (1973) may 

very well be characterized as a "bible" in condensed form on evaporation. 

2.1 Mediods Of Estimating Evaporation 

The mechanics of evaporation in nature encompass many discipUnes, e.g., heat and 

mass transfer, fluid mechanics, meteorology, hydrology, agriculture, and others. The 

commonly employed techniques for estimating evaporation are so diversified that it is, if 

not impossible, an extremely difficult task to discuss present and past achievements in 

some consistent manner. However, this review of the literature on evaporation is divided 

according to the commonly employed methods for determining the rates of evaporation 

from free water surfaces. The methods are classified as follows: 

1. Water Budget Method 

2. Empirical Methods 

13 
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3. Profile Mediods 

4. Energy Budget Methods 

5. Eddy Flux Methods. 

2.1.1 Water Budget Mediod 

The water budget method for the determination of evaporation from lakes and 

reservoirs is die most direa and simple method in concept but very difficult in practice. 

Under favorable conditions of a site, the method yields a direct measure of evaporation 

rates without requiring any knowledge of the evaporation process itself. Expressing the 

rate of evaporation in a mathematical formulation, it may be expressed as: 

E =P +Ii -lo ±Ig ± AS (1) 

where E is amount of evaporation, P is precipitation over the water body, // and lo are, 

respectively, the surface mnoff into and out of the lake, Ig is underground seepage into or 

out of the lake, and AS is the change in water level of the lake during the period under 

study. All variables in equation (1) are in units of depth measured during the period of 

measurement. 

The above equation is both theoretically and physically correct. As stated earlier, it 

does not require any knowledge of the intrinsic mechanics of the process nor any 

meteorological data input. For reasons of its simplicity and accuracy, in principle at least, 

the method has been used extensively both in research (e.g., Rohwer, 1931; Kohler et al., 

1955), and in operational investigations (Budyko, 1974). The method serves as an ideal 

control for the calibration of other evaporation techniques provided all the input variables in 

equation (1) can be monitored accurately. 
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For the determination of regional evaporation, it is assumed that evaporation, E, is 

equal to die difference between die precipitation, P, and mnoff, 7̂ . Thus, mean annual 

evaporation can be determined by the formula 

E =P -lo. (2) 

This method as given by equation (2) has been widely used for determining mean 

annual evaporation in many investigations and has permitted the constmction of a number 

of maps of evaporation (Budyko, 1963). Budyko (1974) has reported diat the above 

equation gives more reliable results for relatively large areas, of the order of thousands of 

square miles. For shorter periods one must use equation (1). 

However, the acciu^cy ofE strongly depends on the accuracy limits of the 

measurements of remaining parameters in equation (1). For research purposes, 

measurements are usually made during the periods of no surface mnoff into or out of the 

lake, and when there is no precipitation. Therefore, the first three terms on the right-hand 

side of the equation vanish and it reduces to: 

E = AS ± Ig. (3) 

With only one exception by Tumer (1966), it appears that in research studies the 

evaporation from lakes and reservoirs has always been considered as numerically equal to 

the measured change in water level of the lake under study. The logic given behind this 

computation is that the seepage term is negligibly small and thus can be safely neglected. 

This is clearly an erroneous hypothesis that cannot be physically justified under natural 

conditions. Therefore, uncertainty in the accuracy of measured evaporation on the 

assumption of zero Ig term in the above equation depends on the magnitude of actual 

seepage from the lake. 
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Tumer (1966) successfully measured bodi evaporation and seepage from Lake Michie 

in North Carolina. He found that average annual seepage gain (10 and evaporation 

estimates were 28.6, and 39 inches, respectively. Under die stipulated assumption of zero 

seepage, in dus case the evaporation obtained from equation (2) would have been only 

10.40 inches, an error that amounts to 73 percent in the underestimation of die tme mean 

annual evaporation. 

Practically, it is very difficult to accurately estimate the underground seepage term. In 

instances in which surface inflow, /,-, and mnoff, lo, are not absent, the measurement 

errors in /,• and lo may be larger than the evaporation rate itself. Therefore, uncertainty in 

the unknown magnitude ofig and associated potential measurement en-ors in Z/ and lo limit 

the applicability of the method in research studies. 

2.1.2 Empirical Methods 

In empirical methods, the influence of independent variables are related to the 

dependent variable based on simple empirical coefficients derived from observations. The 

extent and application of an empirical method is dependent on the number of independent 

variables influencing the process. If the number of independent variables is few, the 

empirical relationship can have its application in general and, thus, the method may be 

considered as universal. Familiar examples are those of Newton's law of viscosity, 

Fourier's law of heat conduction in solids. Pick's law of molecular diffusion, and Ohm's 

law of resistance in electricity. 

Murphy (1950) reported that if the number of independent variables exceeds two or 

three then "... correct formulation of a general statement (formula) applicable to a wide 

variety of special cases has the disadvantage of requiring a very large number of 

observations" under similarly controlled conditions of the experiment. 

Since the very large number of variables influencing the process of evaporation under 

natural conditions imply an experiment in nature cannot be repeated again under exacdy die 
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same atmospheric conditions, there seems littie hope to obtain a general solution to die 

evaporation problem applicable under all atmospheric conditions through die deployment of 

a purely empirical approach. 

Another major limitation common to all empirical methods is that they will reproduce 

results with fidelity only if they are applied to conditions exacdy similar to those under 

which the original coefficients were derived Some of the most common empirical 

methods, as presentiy in use, are briefly described as follows. 

2.1.2.1 Evaporation Pans 

A universally known technique for estimating lake evaporation is the method of 

measuring the amount of water lost from a pan and then to correlate the observed pan 

evaporation to lake evaporation. Conventionally, simultaneous evaporation measurements 

are made from a pan and a lake and then a correlation between lake and pan evaporation, 

known as pan coefficient, Cp, is derived as follows 

Cp = f (4) 

where Ei and Ep are, respectively, the observed amounts of evaporation from the lake and 

the pan. From pan evaporation measurements, the evaporation of another lake is then 

estimated by the following relationship: 

El = CpX Ep, (5) 

Nonetheless, the method is very simple and the most common means of estimating 

evaporation, and is widely used in the world (Hoy and Stephens, 1977). However, there 

is yet not a single type of evaporation pan that has been recognized as a universal standard. 
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Throughout the world, many different kinds, types, and sizes of evaporation pans are 

in use. Famswordi et al. (1982) reported diat even in die state of Califomia alone, about 

thirty different types and sizes of evaporation pans were in ciurent use. 

The performance characteristics of different pans are described by Konstantinov 

(1966), Hoy and Stephens (1979), and Ferguson et al. (1985). The Australian Water 

Resources Council (1973) have presented a review of pan coefficients for different types 

and sizes of evaporation pans. 

In die United States, die Weadier Bureau (now National Weadier Service, NWS) 

Qass A pan is the officially recognized pan for measuring evaporation. Although 

nonuniformly distributed, a network of these pans stretches all across the country. Pan 

design, method of installation, and operational procedures are described in the Australian 

Water Resources Council (1979). The evaporation data from these pan observations were 

used by Kohler et al. (1959) to prepare mean annual evaporation rates recentiy updated by 

Famsworth et al. (1982) for the conterminous 48 United States. In the later revised maps 

as prepared by Famsworth et al. (1982) two changes have been incorporated: 

(a) The term "lake evaporation" as defined by Kohler et al. (1955) has been replaced 

by the term "Free Water Surface, FWS" evaporation. The FWS term has been 

defined as the evaporation from a thin film of water having no significant heat 

storage. 

(b) Pan coefficient has been defined as the ratio of the FWS evaporation to Class A 

pan evaporation. 

Famsworth et al. (1982) have further emphasized that real lake evaporation was not 

equal to FWS evaporation. Rather, they suggested that the effects of heat storage must be 

considered in determining real lake evaporation. The Texas Water Rights Commission has 

adopted a similar procedure analogous to FWS evaporation and it is called the Climatic 

Index Mediod (Hawkinson, 1972). 
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2.1.2.2 Variation In Pan Coefficients 

It is well-known that pan coefficients vary from place to place, time to time, and lake 

to lake due to varying site, geographic, and climatic conditions. Hoy and Stephens (1979) 

found that Class A pan coefficients varied from 0.78 to 0.96 for large lakes in Australia. It 

is interesting to notice that they observed that pan coefficients were different even at die 

same lake and at the same time when these pans were located on different sides of die lake. 

In the United States, the most commonly quoted yearly value for Class A pan is 0.70 

(Rohwer, 1931; Kohler et al., 1955,1959; Kohler and Parmele, 1967). However, a 

perasal of the revised evaporation maps (Famsworth et al., 1982) indicates a considerable 

geographical variation of mean annual coefficients ranging from 0.60 to 0.80. In the 

United States, for example, the highest value of 0.80 lies on the far east with 0.77 along 

the east coast and 0.79 on the west coast. The minimum value of 0.60 is shown for the 

arid regions of Arizona, with a mean annual of 0.70 for Texas and Oklahoma. 

It has long been recognized that unless the effects of advected energy into the lake and 

of heat transfer through the pan are taken into account, appreciable errors can be introduced 

in die use of pan coefficients. Kohler et al. (1955; 1959; 1967) and Webb (1966) have 

proposed different methods in which sensible heat transfer through the pan and the part that 

is available for use in evaporation can be determined. Methods of Kohler et al. (1955 and 

1959) have been employed in the preparation of evaporation maps for the United States, 

and are used in the Climatic Index Method as recommended by the Texas Water Rights 

Commission. 

In conclusion, it is submitted that despite its limitations as pointed out by World 

Meteorological Organization (1985) and critique by Wartena (1974) and others, this mediod 

can be used with some reservations for estimating evaporation for planned-for-future 

reservoirs. 
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2.1.2.2 Daltonian Methods 

Daltonian methods, also known as bulk aerodynamic methods, are similar in form as 

originally proposed by Dalton in 1802. These methods are commonly expressed in the 

following formulation: 

E =f(u^)x(es-e^) (6) 

where/fwzj, known as "wind function," is an empirical function derived by the dependence 

of evaporation rate on the wind velocity, u, measured at some reference height, z. The 

variables, Cs and Cz, respectively, indicate water vapor pressures corresponding to 

temperatures at the evaporating surface and at some reference measurement height, z, above 

the underlying evaporating surface. 

Numerous different expressions of wind function have been proposed by various 

authors (Rohwer, 1931; Meyer, 1942; Penman, 1948; Marciano andHarbeck, 1954; 

Kohler et al., 1955; Harbeck, 1962; Tumer, 1966; Easterbrook, 1969; Helfiich et al., 

1982, and others). Their numerical values are not discussed here except that the function 

has been presented by various investigators in one of die following forms: 

f{uz)=a+buz (7) 

f(uz)=a+bu^ (8) 

/ ( M Z ) = bUz (9) 

f(uz) = bup (10) 
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where in the above equations, a, b, and n are empirical constants derived by regression 

corresponding to wind speed measurements at some reference height z. Harbeck (1962) 

noted thatdiese constants may be dependent on several variables, including the size of die 

lake, thermal stability, atmospheric pressure, and die manner of variation of wind widi 

height, etc. 

For known surface roughness, ZQ, of a water body and given the height of 

measurement, z, it is shown in the following sections that the basic evaporation equations 

of Sverdmp (1936), and Thomdiwaite and Holzman (1939; 1942) may be reduced to die 

form as given by equation (8). This shows diat Daltonian or bulk aerodynamic methods 

may be considered akin to the physically based expressions for estimating evaporation. 

Helfrich et al. (1982) reported that over 100 evaporation equations of the Daltonian 

form have been identified A partial listing of such equation is given by Paily et al. (1974), 

Ryan and Harhnann (1973), Wunderlich (1972), and Tennessee Valley Audiority (1972). 

Most of the models proposed are of the form given by one of the equations (6) through (9) 

and differ only in the numerical values of constants a, b, and n in/(Uz). 

The use of these simple formulas, based as they are on locally derived constants, is 

open to severe criticism unless their limitations are fidly realized and their predictions are 

adopted with adequate caution and qualifications. 

2.1.3 Profile Methods 

A basically new approach in the direction of theoretical study of evaporation began 

with the use of turbulent diffusion equations based on die works of Reynolds (1874), 

Taylor (1915) and Jeffreys (1915). 

Jeffreys hypothesized that water vapor flux (evaporation) may be described analogous 

to Pick's equation of molecular diffusion by replacing the molecular exchange coefficient 

with the eddy diffusivity for water vapor. Showing that horizontal diffusion of water 
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vapor in die crosswind is negligible, Jeffreys obtained die following expression for 

evaporation: 

£=puA(^,|i (H) 

where q(x,z) is the value of humidity or water vapor content in the air represented as a 

function of .jc and z where x is measured in the direction of mean wind, and z is in the 

direction vertically perpendicular to x. In other variables used, p is air density, u is mean 

wind speed in the direction of flow (x). Kg is die eddy diffusivity for water vapor, dq/dz is 

vapor concentration gradient in die vertical, dq/dx denotes die horizontal vapor 

concentration gradient over a water body in the direction of mean wind The vapor 

concentration, q, is commonly known as specific humidity and has the units of mass of 

water vapor per unit mass of air. 

The solution of the above equation is not possible without a prior specification of the 

behavior of the variation of mean wind velocity in the vertical direction, Uz and the eddy 

diffusivity for water vapor. Kg in the vertical direction, z. 

In a non-turbulent (laminar) flow, the diffusion coefficient is constant and depends on 

the fluid properties. In addition, if u(z) is considered constant throughout the fluid, then 

equation (10) becomes similar to the well-known linear heat conduction equation where x is 

the time coordinate in the heat equation. Under such conditions, the variables q(x,z) and E 

may be obtained directiy from the solution of the heat conduction equation. Assuming die 

boundary conditions that q(0) = qo and u(z) = Ke /h^ = constant, Jeffreys obtained the 

solution for humidity profile as: 

Q = Qo .^-M^^l ^̂^ (̂ >̂ 



23 

where qo is die humidity corresponding to surface temperature. Thus, for an area of 

downwind length, /, and lateral dimension, y, the rate of evaporation, E was given as: 

£ = 2 p < 7 o f ^ r ° f / 0 - 5 0 3y. (13) KeuV-50 ( 

For a circular area of radius, p, the above equation integrates to the following form: 

E = 3.95pqo[KeUr^f-^^. (14) 

The significant observation of Jeffreys' work is that, through integration of equation 

(12), he showed that the rate of evaporation is proportional to /̂ -̂ . Jeffreys was also the 

first investigator to consider evaporation from vegetative surfaces by considering the effect 

of stomata, their number and size. He postulated that the problem of evaporation is 

mathematically the same from water and a leaf if stomata are replaced for wet surface. This 

concept was later defined as "open water evaporation" by Penman (1961) and is presentiy 

known as "potential evaporation." 

While Jeffreys' results did have Umitations like the assumption that u and Kg are 

invariant with height, z, his solution provided the basic foundation blocks for the beginning 

of a theoretical explanation of the evaporation process (Giblett, 1921). 

In the later years following Jefferys' work, remarkable progress was made in the areas 

of transport processes as effected by atmospheric diffusion. The laws regarding the 

variation of wind velocity with height were estabUshed by Hellmann (1919) and others. 

Simultaneously, the concept of eddy viscosity, as previously proposed by Boussinesq 

(1877), was furthered on scientific foundations laid down by Prandti (1925), Rossby 

(1926, 1932) and Rossby and Montgomery (1935, 1936). On such considerations, 

Jeffreys' (1915) work was continued on two distinct lines of thought: (i) school of Sutton 
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(1934) and Calder (1949), and (ii) school of Sverdmp (1936) and Thomdiwaite and 

Holzman (1939, 1942). 

2.1.3.1 Sutton's Approach 

For atmospheric flow conditions, the solution to equation (10) requires that new forms 

of u(z) and Ke(z) must be known a priori. In this regard, the well-known work of Hellman 

(1919) had clearly established diat wind velocity profile may be described eidier by power 

law or by logarithmic law of die forms u(z) = z^ or u(z) =f(ln z). 

In equation (10), the logarithmic profile relationship renders the analytical solution 

mathematically intractable. Consequentiy, Sutton (1934) chose to use die wind profile 

variation as described by power law relationship. Further, by a generalization of Taylor's 

(1922) theory of continuous movements, he obtained an expression of exchange 

coefficient, for momentum, K^, in the following form: 

Km ^au^-f'z^-^ (15) 

where u is the value of wind velocity at some height z (usually 1 m) and a is a constant 

involving n, z\ and physical constants of the fluid but independent of wi. Variable n was 

regarded as specifying the degree of turbulence of the fluid (stability) and surface 

roughness. The symbol m used in equation (14) was defined by him as: 

m = : r ^ (16) 
L - n 

where under neutral conditions, the value of n is 1/7. 

Invoking the "similarity hypothesis" of Reynolds (1874) that Uirbulent exchange 

coefficients for momentum, K^, heat, Kh, and vapor, K^^ may be considered equal, Sutton 
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obtained the solution of equation (10) under boundary conditions appropriate to the case of 

evaporation from a semi-infinite saturated plane surface. 

The details of die solution are too complicated to be described in diis paper. Suffice it 

to say that his solution has since been modified and elaborated in die modelling of 

atmospheric diffusion processes in die field of micrometeorology. Some of die saUent 

features of the solution are: 

1. It describes the variation of the rate of evaporation with the size and the shape of 

the evaporating surface. 

2. It describes the variation of the rate of evaporation with the mean wind velocity 

possessing varying degrees of turbulence. 

3. It describes the rate of evaporation by taking into consideration the variations in 

humidity gradient in the downwind direction, i.e., the solution considers that 

3q/3x 9fc 0. 

It was shown by Pasquill (1943) and W. L. Sutton (1943) diat O. G. Sutton's (1934) 

solution was in excellent agreement with experimental data for a wide range of liquids. 

Expressing Sutton's solution for a rectangular strip of length / and width y, the former 

authors (Pasquill and W. L. Sutton) showed that the rate of evaporation was equal to: 

E = CQi^'^^l^-^^y(es-e2) (17) 

where constant Co is related to absolute temperature and e indicates the partial water vapor 

pressure. The subscripts s and 2 denote, respectively, the vapor pressures corresponding 

to the evaporating surface and at a measurement height of 2 m. It may be recalled that the 

partial water vapor pressure at the water surface may be considered equal to die saturated 

vapor pressure corresponding to the surface temperature. 

By differentiating equation (16), Penman (1948) modified Sutton's solution in the 

following forms: 
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E = 0.11 M0-76/-0.12(g^.g2) : mm-day-l foru2inmph (18a) 

E = 0.33M0-76/-0.l2(e^.g2) : mm-dayl foru2inmpd (18b) 

where in the above expressions, vapor pressure is in units of millimeters of mercury. 

Sutton's original solution to the evaporation problem related to smooth surfaces. Later 

(1949) he extended it to be applicable for aerodynamically rough surfaces as well, and also 

in 3-dimensional coordinates. In an independent investigation, Calder (1949) obtained a 

similar solution to evaporation problem as already obtained by Sutton. In his derivation of 

the evaporation equation, Calder employed a different theoretical approach. 

2.1.3.2 Sverdmp's And Thomthwaite-Holzman 
Models For Estimating Evaporation 

2.1.3.2.1 Sverdmp's Approach 

Sverdmp (1936) argued diat downwind humidity gradient, (dqidx) is negligibly small 

compared with its gradient, 3q/9z, in the vertical direction and thus can be neglected 

Under this assumption of negligible horizontal gradient of moisture concentration, the 

diffusion equation (10) reduces to: 

«-i pKe dz 
(19) 

the integration to which yields in the following expression: 

E (vapor flux) = constant = nK ^ (20) 
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In the above equations and elsewhere in this manuscript, E has the dimensions of gm-

cm-2-sec-l if density, p, is represented in units of gm-cm-3, Kg is in cm2-sec-l, z is die 

height in the vertical direction in cm and specific humidity, q, is in gm-gm" .̂ 

It is very difficult to obtain the value of exchange coefficient for vapor. Kg, which is 

some function of vertical height, z. Thus, making the assumption that exchange coefficient 

for water vapor, Kg^ is equal to the eddy coefficient for momentum. Km, Sverdmp adopted 

die value for Km from the work of Rossby and Montgomery (1935) who had shown diat 

in the neutral equilibrium the Km may be written as: 

p^„ = p . O Z . = ^ : . = ^ (21, 

where ko is the von Karman constant and has a value of about 0.40, zo is surface 

roughness that has the units of length, and u* is known as characteristic or shear velocity 

and has the dimensions of velocity, length per unit time. The derivation of equation (21) is 

discussed in section 3.2.3. 

From a simultaneous solution of equations (20) and (21), Sverdmp obtained the 

following solution for estimating evaporation: 

^ ^ pkpu* fe - qz) P2) 

lko_5u*\ ^^ IZ + ZQ\ 

where Sis the thickness of the laminar sublayer, and A is the coefficient of molecular 

diffusion in units of [length]2-sec" .̂ In the centigrade-gram-second (C.G.S) system, E is 

in gm-cm'2-sec-^ 

The use of the formula requires the determination of ZQ and d From Prandti's (1932) 

results, Sverdmp assumed that Zo is of the order of l/30th of the average height of waves 
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over die sea. Also, from his own observations and die data of Best (1935), Sverdmp 

obtained values of 1 to 2 mm for 5, die sublayer diickness. Widi die aid of diese values, he 

calculated die evaporation from die Adantic Ocean. The equation gave very good results 

comparable to that of Sutton's (1934) formula. 

Some refinements to die above equation (22) were later suggested by Sverdmp (1946, 

1951) and odiers. However, during dieir studies at Lake Hefner, Marciano and Harbeck 

(1954) found diat die original equation (21) gave better results than its later modified 

versions. Perhaps because of die complexity of 5, die equation did not receive wide

spread acceptance. 

2.1.3.2.2 Thomthwaite-Holzman Approach 

Following the theory of evaporation as proposed in earlier works, Thomthwaite and 

Holzman (1939,1942) developed their well-known formula for determining die 

evaporation rates from land water and cropped surfaces. They followed the approach as 

suggested by Sverdmp (1936) that the downwind humidity gradient (3q/9x) may be 

considered negligible in equation (10). Furthermore, they argued that the influence of 

laminar sublayer thickness, 5, may be neglected so that the turbulent boundary layer may 

be assumed to extend down to the surface. Like other researchers, they also reasoned that 

the turbulent exchange coefficients for water vapor. Kg, and momentum transport, Km, 

may be assumed equal under neutral atmospheric conditions. 

Under the stipulations as stated above, Thomthwaite and Holzman (1939, 1942) 

obtained the solution of equations (10) in the following form: 

^ ^ P̂ O (̂ 1 - Ql) (̂ 3 - ^4) (23) 

Ml) Ml) 
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where die subscripts 1,2,3, and 4 in die above equation refer to die respective heights of 

measurements. If wind velocity, u, is measured in cm/sec, die humidity, q, in gm-gm' ,̂ 

and die air density, p, in gm-cm-3, dien die rate of evaporation given by equation (23) is in 

gm per cm^ per second. 

If both windspeed and the humidity measurements are made at the same heights, then 

equation (23) may be written as: 

^ _pk§(qi-q2)(ui-U2) ^^j 

Ml^f 

and over water of known surface temperatures, the above equation (24) reduces to the 

following form: 

2 

£ = - ^ " 2 f e - < 7 2 ) - (25) •-mf 

It may be recognized that the solutions to equation (11) as proposed by Sverdmp 

(1936), and Thomthwaite and Holzman (1939,1942) are based on the following explicit 

assumptions: 

1. The turbulent exchange coefficients for vapor and momentum are numericallv 

equal, i.e.. Kg = Km. 

2. Thus the value for exchange coefficient used for vapor was the one as obtained by 

Rossby (1932) and Rossby and Montgomery (1935). 

Recognizing the influence of thermal stratification on the transport processes of 

momentum, heat, and vapor, Rossby and Montgomery (1935) and Sverdmp (1936) 

considered in detail die theoretical and experimental aspects of exchange coefficients. 
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Based upon their dieoretical considerations, die stability modification for die exchange 

coefficient for momentum. Km, resulted in die foUowing fonn. 

r,]C - p^O U* (z + ZQ) 

0.50 + 0.50 , / n.4a2(z + z o / ^ 

(26) 

e 
where pKms is the the momentum exchange coefficient for stable conditions. 

Similarly, to account for the effects of atmospheric stability on evaporation, Holzman 

(1943) modified equation (24) by including a stability parameter as suggested by Rossby 

and Montgomery (1935) and Sverdmp (1936) and obtained die expression for stability 

conection as: 

^ ^ P^O(M2-MI)(^1-^2) ^21) 

V\) [zxil-szo] zx(\-sz2)] 

where 5 is an experimentally determined stabiUty parameter. Its value is positive for 

superadiabatic conditions and negative when the atmosphere is stable, and zero in adiabatic 

conditions. 

Further discussion on the experimental aspects of profile methods is given by 

Rosenberg et al. (1968), Tennessee Valley Authority (1972), Bmtsaert (1982), Helfrich et 

al. (1982), and odiers. 

Budyko (1974) concluded that Thomthwaite-Holzman formula containing the 

exchange coefficient as proposed by Rossby and Montgomery (1935) and given by 

equation (21) would underestimate evaporation estimates under natural conditions. He 

found that the measured value of the exchange coefficient under non-neutral conditions 

exceeded by 1.5 to 2 times the value obtained for neutral equilibrium. From an analysis of 
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dieir (Thomthwaite-Holzman, 1939) data, Budyko showed that die use of exchange 

coefficient that is applicable for neutral conditions underestimated evaporation by 50 to 100 

percent under the natural conditions of non-neutral stratification. 

The main limitation of the Sverdmp and Thomthwaite-Holzman methods is diat diey 

cannot be used for determining rates of evaporation from land and vegetative surfaces. 

This is because it is extremely difficult to measure accurately the temperature and humidity 

profiles within a height of few meters above ground. 

2.1.4 Eddy Flux Mediod 

It is shown in the next chapter that the expressions for the turbulent transport of 

evaporation, momentum, and sensible heat flux may be described by the following 

relationships: 

T = puw = p uw : gm-cm"Lsec"l (28) 

H = pCpTw = pCp Tw' : cal-cm-2-sec-l (29) 

LgE = pLgCjw = pLg qw' : cal-cm-^-sec"! (30) 

where Cp is the specific heat of air at constant pressure, u is die velocity component in the 

direction of flow, w is the velocity component normal to the direction of flow, and q and T 

indicate the ambient humidity and temperature conditions. The primes indicate the 

deviations of the properties from tiieir mean values, and assume that the density, p, and 

isobaric specific heat of the air, Cp, are constant. 

The eddy flux methods seek to measure the flux (the rate of transport of a property like 

momenmm, heat, or moisture) directly by sensing die properties of the eddies as they pass 

through a measuring level on an instantaneous basis. To obtain the fluxes, it is necessary 
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to have instruments that can very rapidly sense virtually every variation in the vertical 

components of w', T, and q\ Also, the processing and recording equipment must be 

capable of integrating and quickly recording large amounts of information. Other 

requirements are discussed by Munn (1961). Typical sensors for eddying wind velocity, 

w', include hot wire anemometers and pressure differential devices or acoustic 

anemometers. Temperature is measured by very fine wire resistance elements or acoustic 

thermometers, and the humidity is measured by using infrared gas analyzers, very fine wet 

and dry bulb thermometers or chemical hygrometers. 

The eddy flux methods have the greatest advantage of being based on essentially 

simple theory of measuring the fluxes directiy. They do not require the often questioned 

and controversial assumptions about the values of eddy exchange coefficients and the 

influence of stability stratification on the transport rates of eddy fluxes in the atmosphere. 

However, the instrumental requirements still keep these methods from being widely used. 

Sensitive instmment systems for averaging the eddy fluxes over various periods of 

time have been developed (Swinbank, 1951,1955), Taylor and Dyer (1958), and others. 

They consist of sensors and recorders of vertical velocity and the property transported. 

Description of instmments that have been in use at various times is described by Lettau and 

Davidson (1957), and Hicks et al. (1977). 

Dyer et al. (1967) have reported the development of a fluxtron for measuring the 

turbulent sensible heat flux, H, above the ground. Measurements of water vapor flux have 

been reported by Goltz et al. (1970) by using a barium fluoride sensor of Jones and Wexler 

(1960). They concluded diat that die instmment can be used but requires some 

modifications in the humidity sensor. 

2.1.5 Energy Budget Methods 

A different approach to the problem of evaporation from lakes and other bodies of 

water was suggested by Angstrom (1920). He proposed that there must be a balance of 
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energy between die incident energy over an element of water body and die energy 

exchanges due to radiation, convection, conduction, and latent heat of evaporation. Thus, 

he suggested that the evaporation might be determined by measuring the other components 

of the energy system. In mathematical notation. Angstrom's hypotiiesis may be described 

as follows: 

H + LgE + G + Qi + Qo + Rn ± ^ = 0 (31) 

where the symbols used are in units of energy per unit area per unit time (cal-cm'̂ -sec" )̂ as 

defined below: 

H = rate of sensible or convective heat transfer to or from the surface into the 

atmosphere, also referred to as sensible heat flux. 

LeE = rate of evaporation per unit area or latent heat flux. 

Rs = rate of shortwave insolation on the surface also called solar radiation. The 

quantity is independent of surface characteristics. 

Rf = shortwave radiation that is reflected fiom the surface. The magnitude of this 

quantity depends on the physical characteristics of the underlying surface and its 

temperature. 

Rbo = the net longwave radiation on a clear day. 

Rb = the net difference between the incident and reflected components of longwave 

radiation. 

G = rate of energy transfer by conduction from, or into, the surface, its sides, and 

the bottom. This term is usually very small in magnitude compared with other 

terms and, thus, is usually neglected from the equation. 

AS = the change in energy storage in the body of the evaporating surface. The 

quantitative magnitude of this term in cropped surfaces seldom exceeds 3 

percent (Campbell, 1977). Therefore, the term is often neglected for modelling 
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evaporation from vegetative surfaces. But AS term may be significant over 

large water bodies of water and dius can not be ignored 

Qn = Net available energy. Since effective radiation (incident less reflected terms of 

radiation) and AS terms can be measured, they are usually grouped into one 

term, Qn^ called the net available energy. Therefore, equation (31) may be 

written in a simplified form as: 

H ^ LgE + Qn = 0 (32) 

in units of cal-cm"2-sec"l. If it is assumed that sensible heat flux, H, and vapor flux, LgE, 

are directed upwards from the ground, and the net amount of incident radiation, Qn, is 

directed downwards, then the above equation may be written as: 

Qn-^H + LgE. (33) 

In the above equation (33), H and LgE are the two terms that can not be measured 

directiy. 

Sensible heat flux, H, is analogous to familiar heat convection term in industrial 

applications wherein its (H) determination is a science by itself. Angstrom (1920) 

attempted to solve H by employing standard techniques used for determining heat transfer 

by convection of the form: 

H =h(Ts- Tz) (34) 

where h is the convective heat transfer coefficient and has the units of cal-cm'̂ -sec-^-^K-^ T 

is the temperature in degrees absolute, and the subscripts s and z indicate, respectively, the 

surface and ambient conditions. Through a rigorous analysis. Angstrom (1920) obtained 
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obtained the values for h and, dius, solved H for computing the remaining unknown 

evaporation term, LgE, in the above equation. 

2.1.5.1 Energv Budget Bowen Ratio Method 

A definite development in the use of energy balance method was the technique 

proposed by Bowen (1926). From the familiar technique of the method of transformation 

of variables, Bowen defined a new variable, po, such that 

A, = ^ (35) 

and thus obtained a simple equation for evaporation as given by the following equation: 

LgE = - ^ 2 _ cal-cm-2-sec-l. (36) 
1+A) 

For defining po in equation (35), Bowen (1926) argued that the nransport of vapor and 

the transport of heat by eddy diffusion are essentially controlled by the same eddy 

mechanism as their counterparts in molecular diffusion, where: 

/ / = - pCpa y - cal-cm-2-sec'l (37) 

^ . P ^ ^ cal-cm-2.sec-l. (38) 
^ P dz 

In die above equations, Cp is die specific heat of air at constant pressure in cal-gm-1-

°K-^ T is temperature in degrees Kelvin, and P is barometric pressure in mb. The symbols 

a and A are, respectively, heat and water vapor diffusion coefficients in cm^-sec^^ and e is 

the ratio of the molecular weights of the the water vapor and air and has the numerical value 

equal to 0.622. 
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From die known values of a and /i (Appendix A), Bowen argued diat diey differ only 

by a few percent, and dius assumed diem to be equal. Under diis assumption, he obtained 

the following expression for po-

A, = ^ = ^ f | i = P ^ f : for « = D (39) 
LgE pLgDe de/dz pLg€ de ^ 

A) = 7^7- : where Y = - ; ^ (40) 
de Lg£ 

where /is die psychrometric constant and has die value of approximately 0.663 mb-°K-l at 

standard sea level pressure of 1013.25 mb at a temperature of 288 °K. The subscripts 

denote the reference levels for the measurement of temperatures and vapor pressures. 

In recognition of the fact that transport of vapor and heat in the atmosphere are 

turbulent processes, the above equations are written by present researchers exactiy in the 

form as above except that the molecular diffusion coefficients, a and A, in equations (39) 

and (40) are replaced by K^ and Kg. However, again it is assumed that Kh = Kg and thus 

the final formulation for po does not change and is presented m the form of equation (41) 

as originally proposed by Bowen. 

The accuracy of the Bowen method depends strongly on accurate determination of po. 

The method is easier to use over water than over vegetation because of the difficulties in 

obtaining accurate estimates of surface temperatures in the latter. The advantage of the 

Bowen method is that it is physically sound, and does not require wind speed 

measurements or information on roughness characteristics of the evaporating surface. 

If surface temperature and energy storage terms can be predicted accurately by actual 

measurements or by altemate means, then evaporation estimates from bodies of water 
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surfaces can be predicted accurately by using die Bowen mediod using only ambient 

temperatures. 

2.1.5.2 Energy Budget Penman Method 

In die determination of ft,, equation (42) requires die temperature measurements at the 

evaporating surface. This parameter is most difficult to measure over land and plant 

surfaces. 

In an attempt to overcome this difficulty. Penman (1948) proposed a technique which 

"supposedly" eliminated the requirement for the need to measure surface temperature. A 

complete derivation of the Penman equation follows: 

1. To show that the Penman equation and the Bowen equation are not two different 

techniques as considered by many investigators on evaporation modelling, 

2. To define a major deficiency in the model that is often overlooked in the use of the 

model, and 

3. To provide a working block for the development of the proposed prediction 

equation. 

2.1.5.3 Derivation Of The Penman Equation 

Similar to previous researchers. Penman (1948) argued that the turbulent transport of 

heat and vapor in the atmosphere follows the same laws as those of molecular diffusion. 

Thus, analogous to Bowen's (1926) equations (39) and (40), Penman wrote the 

expressions for heat and vapor transport as: 

H = - pCpKh ^ cal-cm-2-sec-l (42) 
dz 

LgE = -pLgKg^ cal-cm-2-sec-l. (43) 
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Based on similar arguments as advanced by Bowen (1926), Penman made die 

assumption that the turbulent exchange coefficients for heat, Kh, and vapor, Ke, are equal. 

Thus, from the ratio of above equations (42) and (43), Penman obtained the following 

expression for the Bowen ratio. 

^ LgE LgE de ^ de ^^ 

Po = r g (45) 

A) = r ^ f | f : r in mb-°K-l. (46) 

It may be noticed that equations (45) and (46) are exacdy the same as equations (40) 

and (41) of Bowen. 

In an effort to eliminate the requirement for surface temperature measurements in 

equation (45) or (46), Penman wrote the well-known Clausius-Clayperon equation from 

thermodynamics as: 

^ = ^ = ^ ^ in mb-°K-l (47) 
dT Ts'Tz ^ ' 

where A = (de*/dT) is the slope of the temperature to saturation vapor pressure curve. As 

before, es is the saturated vapor pressure at surface temperature Ts, and e* is the saturated 

vapor pressure corresponding to air temperature measured at level z. 

If e(Tz) , i.e., partial vapor pressure at air temperature, Tz, is added and subtracted 

from the right-hand side of equation (47), then one obtains : 

^ = ^^'"fi^'ffV^'^ • in units of mb-°K-i (48) 
[Ts - Tz) 
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or 
{Ts - Tz) = ^(es - ez) - {e* - ez)]: in units of °K. 

A 
(49) 

Now, if die value of (Tg - Tz) from expression (49) is substituted in equation (46), 

then po becomes: 

Al 
(es - ez) - ( e* - ez) 

(es - ez) 
(50) 

A) = ^ (es - ez) (ez-ez) 

Po-

(es - ez) (es - ez) 

^ (ez-ez) 

(51) 

(es - ez). 
(52) 

One must have observed that po in equation (52) is exactiy the same as originally 

defined by Bowen in 1926. It appears different from the original form in equation (41) 

simply because temperature terms have been replaced by corresponding vapor pressure 

terms by taking benefit of Clausius-Clayperon equation. 

If Thomthwaite-Holzman's (1939,1942) evaporation equation (25.1) and the 

Daltonian equation (5.1) or equation (25.2) are written in dimensionless form, then the 

corresponding expressions are: 

Thomthwaite-Holzman Equation: 

pk^euz (es - ez) ^^ 

ExP[lnj^^ ~ 
(53) 

Daltonian Equation: 

f(uz)(es-ez) ^ . 
E 

(54) 
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If empirical equation (54) is multiplied by vapor pressure terms in equation (52), one 

obtains the Penman (1948) equation. If die theoretical equation (53) of Thomdiwaite-

Holzman (1939) is multiplied by die same term in equation (52), dien the van Bavel (1966) 

equation is obtained. The intermediary steps are given below: 

A, = ^ 
^ (e2-ez)^J(uz)(es'ez) 

(es -ez) E 

A) = ^ ^ f(uz)(e'z-ez) 

(55) 

(56) 

A) = l.J-f(uz)(e*z-ez) 
A AE 

(57) 

1+A) = 

1 + A) = 

l^^AK.JLf(uz)(e;.ez) 
lAE AE AE 

E(A + ^-riuz)(ez-ez) 

AE 

(58) 

(59) 

If die value obtained for [1 + po] in die above equation is substituted in die original 

Bowen equation (36) and terms are rearranged, dien die Penman (1948) equation in die 

following form is obtained: 

E = ( - ^ ^ + lJ}—\f(uz) (e* - ez) gm-cm-2-sec-l 
[A-^ yj ^e \A+ yj 

(60) 

where the itnnf(Uz) in die above equation is a purely empirical coefficient and is commonly 

known as "wind function" or "drying power of die wind" and is denoted by Ea. The wind 

velocity, Uz, is in cm-sec^ measured at a height z above ground. 
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To derive die van Bavel (1966) equation, dimensionless equation (53) is multiplied by 

equation (52). Then die same algebraic steps are carried out as above from equations (55)-

(62). Fmally these manipulations yield van Bavel equation of the form: 

E = f ^ l Q , . ( - J L ] . ^ ( , ; . e J gm-cm-2-sec-l (61) 

LgE = f - ^ 1 Qn + ( ^ ^PL^ (e* - ez) cal-cm-2-sec-l (62) 
Wyl [A+ylP^ln^y 

where the above equations have been written in C.G.S units. It may, however, be noted 

that the above set of equations are dimensionally cortect if consistent system of units is 

used. 

2.1.5.2.2 Elimination Of Surface Temperature Requirement 

In Penman and van Bavel type prediction equations, the term, A is evaluated at mean 

air temperature. This is because the workers using the Penman model have always 

believed that Penman had eliminated the need for surface temperature observations. This 

aspect is discussed below. 

The slope of the saturated vapor line appeared in the model from equation (47) through 

the definition of the Clausius-Clayperon equation. Rewriting equation (47) in die form: 

^ = ^ « £ : ( n ) l £ ^ ) mb-°K-l (63) 
dT T1-T2 

where superscripts indicate saturated state of the water vapor corresponding to the 

temperatures at level of observations. It must be pointed out that derivation of the Penman 

(1948) equation depends on the definition of ^ as defined by equations (47) and (48). The 
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following steps from equation (49) dirough its final form of equation (62) are mere 

algebraic manipulations. There it is obvious that A must be determined as defined in 

equations (47) and (48), i.e., from die conditions of die surface and ambient temperatures. 

This shows diat the requirement of surface temperature measurements has not been 

eliminated as is erroneously claimed by the school of Penman. 

One may argue that it may be a reasonable assumption diat water surface temperature 

or die temperature of die plant leaves is approximately equal to air temperamre. Therefore, 

it is legitimate to evaluate ^ at air temperature. If so, dien it must be admitted that surface 

temperature requirement has not been eliminated by obeying die laws of die madiematics. 

On the contrary, it has been eliminated through an assumption, diat (Ts = Tz) does not 

obtain in natural water bodies where the water surface temperatures may not be equal to the 

ambient temperatures. 

Also, if it is assumed that the two temperatures in question are equal, dien sensible 

heat flux, H, must be zero because heat can not propagate under isothermal conditions. In 

such a situation, evaporation will be numerically equal to the net Qn, term in Bowen's 

energy equation. 

Before leaving the topic, one point may be mentioned. Jensen (1973) noted diat the 

"wind function" term assumes that "the surface is wet and at the same temperature as die air 

above." The theoretical derivation indicates that there is no such implied assumption in 

"wind function" term as suggested by Jensen. This is purely an empirically function that 

has to be derived from an appeal to experimental observations. The vapor pressure deficit 

term, (e* - Cz) appears during the cancellation of the (Cs - Cz) term in equation (55). 

However, the limitation of die equation is that it assumes diat A may be evaluated at the 

assumption that Ts = Tz. 

Penman's (1948) method, hereinafter simply Penman, received an immediate 

acceptance by agricultural engineers and hydrologists. The method has been applied in 

various modified versions for determining the rates of evaporation from land, water, and 
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cropped surfaces by numerous workers, including Kohler et al. (1955, 1959,1967), 

Tanner and Pelton (1960), Webb (1960,1964), van Bavel (1966), Monteidi (1965, 1973), 

Thom and OUver (1977), Doorenbos and Pnutt (1975), and Allen (1986). 

This method may be considered to have one unparalleled and decided advantage over 

several odier prediction techniques. The advantage is diat die mediod can be used to 

forecast evaporation estimates in hydrological modelling in die projected agricultural 

developments from historical weadier data. This mediod has an odief ̂ vantage diat it does 

not give unreasonable estimates of evaporation in cases when Po may approach -1 as it 

would happen in energy balance method of Bowen as given in equation (36). 

2.2 Consummation 

The above discussion on evaporation modelling leads, at least, to one clear conclusion. 

The past and contemporary investigations have provided directives for estabUshing basic 

laws of the process of evaporation and for effective methods for determining evaporation 

from land, water, and vegetative surfaces. It must, however, be admitted that in spite of 

the successes achieved the existing methods for calculating evaporation are far fiom 

complete. This requires the need for further development of physical mediods with 

emphasis on an increase in accuracy both in research and operation. An attempt toward 

accomplishing such an objective is made in the next chapter. 



CHAPTER m 

MODEL DEVELOPMENT 

Evaporation in nature is a physical process that is controlled by the physical 

characteristics of the evaporating surface, the physical properties of die fluid-flow medium 

of the atmosphere, and the incipient meteorological conditions. The physical properties of 

the evaporating surface and die fluid-flow medium of the atmosphere obey die well-

established laws of tiiermodynamics. Similarly, the basic equations of motion of a fluid are 

described by the well-known Navier-Stokes equations given in standard books on Fluid 

Mechanics. 

It is now well-recognized (Townsend, 1965; Lumley and Panofsky, 1964; Cebeci and 

Bradshaw, 1977; Staiusic, 1988) that the transport processes of momentum, heat, mass, 

and other species, i.e., smoke, pollutants, etc., in the atmosphere may be described by the 

classical Navier-Stokes hydrodynamic equations. 

Consequentiy, the development of the proposed prediction equation proceeds closely 

along these two lines: 

1. The consideration of thermo-physical properties of atmospheric flows, and 

2. The application of Navier-Stokes equations for describing the fluid-flow 

characteristics of the turbulent atmosphere. 

3.1 Atmospheric Thermodynamics 

In meteorology, the atmosphere is considered to consist of two major constituents of 

dry air and water vapor. Their combination is commonly known as moist air or simply the 

air. 

44 
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In the range of normal meteorological temperatures, the amount of water vapor in air 

seldom exceeds 7 percent by volume (Reagle and Businger, 1980). However, die vapor is 

considered as die single most important variable in atmospheric composition (Sutton, 1953) 

and, thus, has been studied extensively. 

The thermo-physical properties of air and water vapor are given in all standard books 

on thermodynamics and micro-meteorology and, dius, are not considered in detail. How

ever, a very brief review of some of the most pertinent properties as related to the present 

smdy is given in the following sections. 

3.1.1 Equations Of State For Air And Water Vapor 

Assuming that the perfect gas law applies, the equation of state for air may be written 

as: 

9t 
p = P-.T =pRT : 9t =RM (66) 

M 

where P is the barometric pressure in dynes per square centimeter, p is die air density in 

gm-cm-3 and T is the air temperature in degrees absolute, °K, is the universal gas 

constant and has the value of 8.3144 * 10^ ergs per mole per degree absolute (8.3144 J-

mole"l-°K). Similarly, R is the gas constant for moist air that has a value of 287.04 J-kg-L 

°K-^ and M is molecular weight of the air and is approximately equal to 28.966 gm-mole" .̂ 

Corresponding to equation (66), the equations of state for dry air and water vapor may 

be written in the form as: 

Pd = pdRdT (67) 

and 
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(68) 

and for water vapor pressure, ,̂ is: 

e = PvRyT or Pv = 
i?vr 

(69) 

whereas in the above equations, Pd and e are the partial pressures of dry air and water 

vapor. The subscripts v and d refer to die state of die water vapor and dry air, 

respectively. The gas constant for dry air, Rd, has die value of 287.04 * 10^ cm2-sec-2-

deg"^ (= 287.04 J-kg-l-'^K-l). Similarly, the gas constant for water vapor, Rv, has die 

value 461.5 J-kg-l-°K-l (= 461.5 * 10^ cm2-sec-2-deg-l). These two gas constants arc 

related to the universal gas constant, SR, by the relationship: 

SR = MdRd = Mv/?v, in J-mole-l-^K-i. (70) 

In view of unchanging nature of dry air, it is customary to express die gas constant for 

water vapor, /?v» in terms of gas constant for dry air, Rd, which by virtue of equation (63) 

may be expressed as: 

/?v = Md 
M, 

Rd = 23.906 
18.016 

Rd = -Rd ' £ =0.622 
e 

(71) 

where e indicates the ratio of the molecular weights of air to water vapor. According to die 

Dalton's law of partial pressures, die total pressure of a gas mixture is equal to the sum of 

partial pressures of its individual components. Thus the atmospheric pressure, P, may be 
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wntten as: 

P = Pd +e. (72) 

From above relationships, the atmospheric pressure, P, may be written in the form as: 

Pd = PdRdT e = p,R,T =P^T (73) 

P =p,R,T + £ ! ^ r = «<,r(pd+^| (74) 

The density of a mixture of air, p, can be found by adding the weights of air and vapor 

in imit volume of gas as: 

P == Pd +Pv or Pd = P - Pv (75) 

Now if the density for dry air, pd, from equation (75) is substituted in equation (74), 

then one obtains 

P = pRdT 1+0.61 Pv 
P\ 

= pRdT (I + 0.6lq) (76) 

or 
P = p 

RdT 
\ 1 1 
.1+0.61^. 

_ P 
RdT 

\ i 1 
.1+0.61(7. 

1 - 0.61^ 
.1-0.61(7 

= ^ [ 1 - 0 . 6 1 ^ ] (77) 

where q is the specific humidity and is defined as the ratio of the mass of water vapor per 

unit mass of dry air (pv/p). The equation (77) indicates that moist air density is smaller 

than that of dry air by die factor (1-0.61 q). This is because the vapor has a lesser 

molecular weight (18.016 gm-mole-l) dian dry air (28.966 gm-mole-l). Thus die presence 
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of water vapor in the air at a given temperature and pressure tends to lower die density of 

the mixture. 

In conclusion, (76) and (77) are die equations of die state of moist air. The 

relationships also show diat die moist air would behave as a perfect gas provided it has a 

gas constant diat is a function of the amount of die water vapor present in die air as given 

bv die following equation: 

R = Rd(l+0.61q). (78) 

Because the air humidity in the atmosphere is variable, the gas constant for moist air is 

also variable, and depends on air humidity as shown by the relationship in equation (78). 

Instead of using a variable R that is a function of q, it is customary to use a gas constant for 

dry air, Rd, that is invariant. 

In order that the equation of state would still contain only three variables (P, p, and 7̂  

rather that four as in equations (76) and (77), the variation of temperature and humidity 

may be combined by defining a pseudo temperature term, called "virtual temperature," Ty, 

expressed as: 

P = pRdT(\+0.6lq) = pRdTv (79) 

where 
Tv = 7(1+0.61^) = r ( l + 0 ^ ^ ) : .^ = ^ . (80) 

The virtual temperature as defined above is the "fictitious" temperature at which dry air 

would have the same density as a sample of moist air at actual ambient conditions of 

temperature, T, pressure, P, and humidity, q, as given in equations (76)-(77). Stated 
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differentiy, die virtual temperature accounts for the variations in density of the air due to 

changes in its humidity. 

Also, virtual temperature as given by equation (80) may be interpreted from a 

recognition of the fact that an increase in water vapor decreases the air density as obtained 

by equation (77). Similarly, an increase in temperature also decreases the air density. 

Therefore, to take into account the effect of humidity variation on density, a fictitious 

increase to the actual ambient temperature is assigned in just die right amount to correspond 

to the lowered density caused by the increase in water vapor. 

The importance of moisture correction through virtual temperature on evaporation rates 

is significant and is considered in later sections. However, it must be emphasized here 

that, instead of acmal temperature, virtual temperature, Ty, as given by equation (80) above 

must be used to account for such variations in air density due to changes in its humidity. 

3.1.2 Density Of Moist Air As A Function 
Of Water Vapor Content 

Equations (76) and (77) are the equations of state for the moist air. Furthermore, the 

algebraic manipulations of the expressions given in the above sections yield that: 

Pv _ ee 1 
1 Q.378e 

P 
P P ^ ' 

It was shown in equation (77) diat die density of die moist air may be expressed as: 

P = ^ ( 1 - 0 - 6 1 ^ ) (82) 

If air is dry then specific humidity, q, is numerically equal to zero. In that case, the 

equation of state (82) for dry air becomes as: 
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If air is dry then specific humidity, q, is numerically equal to zero. In diat case, die 

equation of state (82) for dry air becomes as: 

Pd = ^ : for P = Pd, and p = Pd . (83) 

Therefore, by virtue of equation (83), die equation (82) may be written as: 

p = pd(l-0.6\q). (84) 

Equation (84) is a very important relationship in the sense diat it represents the moist 

air density in terms of the density of the dry air and its vapor content, q. 

3.1.3 Specific Heat Of Moist Air As A 
Function Of Water Vapor Content 

The specific heat of moist air, Cp, is the weighted sum of the specific heats of the dry 

air, Cp4^ and that of the water vapor, Cpy, may be written as: 

Cp = qCpy + (1 - (7) Cp4 cal-gm-l-°K-l. (85) 

The ratio of the specific heats of water vapor to diat of the dry air is approximately 

equal to about 1.84 as given by List (1971), i.e., Cp,y =1.84 Cp4. Then equation (85) 

may be reduced in the form: 

Cp = Cp4 +(1 + 0.84^) cal-gm-l-°K-i. (86) 
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Equations (84) and (86) describe the processes of atmospheric transport of 

momentum, heat, and water vapor. Further discussion on these relationships is deferred 

for the time being. 

3.2 Transport Equations For Momentum. Heat. And Mass 

In The Atmosphere 

Evaporation from land, water, and vegetative surfaces may be characterized as a 

process that involves the simultaneous transfer of momentum, heat, and mass from a phase 

boundary into the turbulent atmosphere. Therefore,, an understanding of the very basic 

turbulent transport mechanism is essential for predicting their relevant transport rates and 

for developing rational design procedures for operational estimates. 

Furthermore, to arrive at a satisfactory general solution for the problem of predicting 

the estimates of energy (sensible heat flux H) and evaporation (mass flux, LgE), in 

equation (32), besides the equations for heat and mass, it is necessary to solve a set of 

equations that also embody die implications of the laws of momentum. This is required 

because the equations of motion of energy and mass transport are coupled to the equations 

of momentum transport via die vertical velocity components, w, of die flow field in die 

atmosphere. 

It is generally recognized that in the constant flux boundary layer of die earth's 

surface, a fluid flow medium can be described by die classical Navier-Stokes equations of 

hydrodynamics (Rohsenow and Choi, 1961; Cebeci and Bradshaw, 1977; Townsend, 

1961). Therefore, die proposed prediction model is derived following die application.of 

these Navier-Stokes equations. Though die fundamental laws of the mechanics of the 

motions of atmospheric flows are known and well-understood, a review of the same seems 

appropriate for the following reasons: 
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1. To present equations of conservations of mass, momentum, and enthalpy (also 

referred to as sensible heat flux), and to discuss briefly their constituent terms, and 

2. To present a comprehensive evaporation model as derived from equations of 

hydrodynamics, and thus to show the assumptions made in the derivation of the 

proposed prediction equation and its subsequent limitations in its general 

application. 

3.2.1 Conservation Equations 

The partial differential equations for a simplified case of laminar flow are written in 3-

dimensional co-ordinates x, y, z and their corresponding velocity components u, v, and w 

as shown in Figure 1. In the writing of these Navier-Stokes equations, the notation makes 

use of rectangular Cartesian co-ordinates x, y, z and corresponding velocity components, 

u, V, and w as shown in Figure 1. Throughout the text, ;c-co-ordinate is taken in the 

direction of mean flow, u, and is considered parallel to the underlying surface. The >'-co-

ordinate is at right angle and horizontal to x, and the z-co-ordinate is normal to the mean 

flow field. 

These equations are dimensionally correct provided a consistent system of units is 

used. Unless otherwise specified, the equations are written in C.G.S. (Centigrade-Gram-

Second) system wherein the momentum has the units of gm-cm"l-sec"2, and die heat and 

vapor fluxes are in units of cal-cm"2-sec"^ The units for the symbols used in the following 

sections are given at the beginning of this manuscript under the title "Symbols." 

'̂̂  2,1,1 Laminar Flow 

The laminar flow field is characterized by a highly ordered fluid motion in which the 

fluid flows in die forms of lamina or layers. Following Schlichting (1980), for an 
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Figure 1. Components of the wind velocity in the Cartesian co-ordinate system. 
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incompressible fluid medium widi constant physical properties, and in a steadystate 

motion, the Navier-Stokes equations for laminar flow may be written as: 

For Momentum Transport: 

-l^'-^-l-K'll^HI'K'-l) (87) 

''"3:̂ '̂̂ 37 '̂'"3? = d''arr¥r57r3iraF) '̂'' 
^ dw ^ ̂  dw dw 3 / dw\ d l dw\ d l dw\ ,„^, 

"" aF^"" 3F^^ ar = alP arra^l''aFJ'aFr ar) <'"' 

and the Continuity Equation: 

1 ^ 5 7 * ^ = ° - (̂ ) 

In the above set of equations and elsewhere, u, v, and w are, respectively, die x, y, 

and z components of velocity. Similarly the symbols p and jj. indicate the density and 

dynamic viscosity of the fluid, respectively. 

In writing of the above equations, it is assumed that pressure gradients {dPIdx) and the 

body forces are negligibly small when compared with viscosity and inertia forces and, 

thus, they (pressure gradient and body forces) have been omitted 

The corresponding conservation equations for heat and mass transport are: 

For Heat Transport: 

dT _ dT dT\ d l^^dT 
^ ^ ^ a ? ^ ^ a^^- 37/ = d^\^d^]^d^['d^] ^87^37) (̂ >̂ 

dT\ d l..dT\ 
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For Mass Transport: 

'4"%^'Wi-Mvm]*m] <«' 
where T and <7 are the temperature and specific humidity, k and D are the coefficients of 

molecular transport for heat and water vapor, and Cp is the specific heat at constant 

pressure. 

It may be noted that the momentum is a vector quantity. Thus, a general description of 

this quantity requires three equations in the x, y, and z-directions. In conttast, heat and 

mass are scalar quantities and thus require only one conservation equation each. 

For laminar flows, the above set of equations forms a closed system, i.e., the number 

of equations equals or exceeds the number of unknown quantities, which are three velocity 

components, one temperature, and one humidity variable. Therefore, the transport 

equations together with relevant boundary conditions may be solved to yield analytical 

solutions in closed form as given in standard books on hydrodynamics. 

3.2.1.2 Turbulent Flow 

The turbulent flow field, however, differs from die laminar flow field in diat die 

velocity, humidity, and temperature components are not steady, but fluctuate randomly or 

"chaotically" with respect to space and time about some mean value. These are the random 

fluctuations that are known to be responsible for the enhanced rates of the transport 

processes of momentum, heat, mass, and other species in the atmosphere. 

Reynolds (1874) had suggested that the instantaneous turbulent flow variables (w, T, 

q, Cp, and p, etc.) may each be expressed as a simple sum of a time averaged mean value 

(denoted below by a superscript bar) and a time dependent fluctuating component (denoted 
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by a prime), die time average of which converges to zero. Thus die flow variables in die 

above equations may be written as 

u =u + u' : v = v + v': w =w + w' (93) 

P =P + P' : q =q + q': T =f + f (94) 

p ^p -^ p : Cp =C^ + Cp (95) 

and that the eddy components denoted by primes satisfy the condition that the mean of a 

fluctuating entity is zero, i.e.. 

t t t 
M = w = ^ = p = C p = 0 - (96) 

Consequentiy, the conservation equations for a tiu"bulent flow field are obtained by 

substituting equations (93)-(96) into laminar equations (87)-(92). Thus, for a steady, 

incompressible, constant property flow, using well-established time-averaging procedures 

(Schlichting, 1980; Hinze, 1959), one obtains die following equations for a turbulent flow 

field: 

Momentum Transport: 

x-Direction: 

•3lZ . — 3 M —3lZ 3 / du 
''"ar^^''a7^''"'a?= â rrâ F'""" 

3 / 3M T-;\ 3 / 3M 

*a7ra7-''"M*a7raF-''""') (̂ '' 



y-Direction: 

z-Direction: 

^1 -^i-'^i • K-i-sT/ 
3 / 3v 3 / 3v 

• ' ^ ^ ^ - P ^ M + 57/^3r-pvH' a>'r3y 3z r 3z 

pirf.^|.p-;rg=^Lg.^ 

57 

(98) 

. 3 / dlW . , ^ , ^rv '\ . 3 / dw 
a^rai- (99) 

Continuity Equation: 

3M 3v dw_ 
dx dy dz (100) 

Heat Transport: 

(_3r . _dT _ 3 r l 3 ( dT 
^^i"3?^^37^"3Fr37r3;^-^^^" 

_3_( 37 
3>' I 3>' 

3 ( 37 + - - { ; r ^ - p C , 7 v V 5 7 ' ^ | 7 - p C , 7w'| (101) 
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Mass Transport: 

i""!*"^!^"^! 
dq 

dxf^d^-P"" 

^ „ VT Î J. 3 L n 3<7 
^a7i^°#-'"'''rar'"'31""''"'>• ''°'̂  

Conventionally, the above set of equations is referred to as die "Reynolds' equations.' 

A simple comparison of equations (87)-(92) for laminar flow with the corresponding 

expressions for turbulent flow, equations (97)-(102), shows that die Reynolds' equations 

differ from the corresponding laminar equations onlv by the addition of terms of die form: 

, ' / / / 
uw , Tw , qw , etc. (103) 

and these forms as given by equation (103) are known as "the Reynolds transport" terms. 

As in the case of laminar flow, the determination of the mean flow variables in a 

turbulent flow requires the solution of the system of Reynolds equations (97)-(102). Thus, 

unlike as in the case of laminar flow field, equations (97)-(102) for turbulent flow field 

present twelve more unknown terms than the number of equations. These additional 

twelve unknown terms may be identified from the above equations as given below: 

/ / / / / / / / / / / . 
M M , M V , UW , V W , V W , W W 

/ , „ ' ' / ' / / / 
uT , Tv , Tw , uq , vq , wq . (104) 
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Clearly, a closed form solution of the Reynolds equations is impossible and die set of 

equations is thus indeterminate in its present form. 

3.2.1.2.1 Simplification of Reynolds' Equations 

Over a uniform and horizontal terrain, the atmospheric flows may be characterized by: 

1. A single predominant direction of flow parallel to die underlying surface in x-

direction, and 

2. The changes in shear stress, heat flux, and mass flux are significant only in the 

direction perpendicular to the direction of flow in the z-direction. This condition 

assumes that the cross- and down-wind gradients of wind velocity, temperature, 

and water vapor (humidity) are negligibly small. 

Under these stipulations, the above equations (97)-(102) may be reduced to 2-

dimensional flow by following boundary layer approximations of Schlichting (1980) 

3 / 3M ~ r -
» 

da 
d^rd^-""" (105) 

du 
arraF-""" » 

3 / dw ~7 ; 
aJP'aF-^"" (106) 

a / dw 
arrar p uw w 

3 / 3 w 
dx \ dx 

p w w (107) 

3M 

3z 
» 

3M 

dx 
and 

3^ 
3z 

» 
dw 
dx 

(108) 

and 
3 (^37 _ ZT-T 

^{^^-pCpTw » 
dx 

( . | . p C , T V ) (109) 

3 / dq ~—: 
aF^'a^-^''^ » 

d I do — 
a? ^aF • '"̂ " (110) 
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Consequentiy, die set of equations (97)-(102) can be reduced in die form of following 

formulations for a 2-dimensionaI flow field. 

Momentum Transport: 

_ 3M _ 3M d I du ~—^\ / , , , V 

Heat Transport: 

_37 . 37 3 / 37 ' / pCpU^ + pC,w^^ = ^\K^ . pC.Tw (112) 

Mass Transport: 

" ^ l ^ ^ - l ' K ^ I - ^ H - ('̂ )̂ 

It is usually assumed (Budyko, 1974) that over a uniform tertain, the mean vertical 

velocity, w, is essentially zero. Experimental observations of Priestiy (1959) also show 

that the mean of the vertical velocity component, w, is essentially zero. Under this 

assumption, the above equations may further be simplified in the form: 

_ 3M d I du ~ 7\ /11 ^ \ 

"̂37 = S F K - ^ " " ) *'''̂ ' 

3 / 3M 

' = § 7 ^ i - ^ " " (^ '̂̂ » 

3 / 3M 
1-dimensional: 0 = -^IjJ.^- p u w\ (114b) 

3 / 3M 
constant = ^ U z ^ - pMw (114c) 
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Momentum Flux, r = -puw' gm-cm-l-sec"2^ (114d) 

Analogous to equations (114a, b, c), equations (112) and (113) for heat and mass 

ttansport may be reduced to the following form: 

Heat Transport: 

constant = \K-:^ - pCpfw'\ (115c) 

Heat Hux, H = \K^ - pCpfw'^ 

Heat Flux, // = - pCpT w' cal-cm-2-sec-l (115d) 

Mass Transport: 

0 = | - ( p O § - pD^^j (116b) 

dq 
constant = \pD-^ - pDqw (116c) 

Mass Flux, E = - pDq'w' gm-cm'^-sec"' (116d) 
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The above set of equations are SMSl (Bradshaw, Cebeci, and Whitelaw, 1981) in 

describing the flow characteristics of a ttirbulent flow field. However, as non-linear partial 

differential equations, dieir closed-form solutions are not known to exist. 

The process of replacing die "exact" but insoluble equations by "approximate" but 

soluble ones is called "turbulence modeling." Such models have been described by Cebeci 

and Bradshaw (1977), Bradshaw et al. (1981), Haltiner and Williams (1980), Yaglom 

(1979), Patankar and Spalding (1967), and Launder and Spalding (1972). The turbulence 

models as proposed by the above quoted researchers are primarily used in industrial 

applications and, thus, are not discussed further. 

It is noticeable that most of the theories of turbulence diat have been advanced tteat the 

diffusion phenomena by means of a model, which is suggested by die kinetic theory of 

gases. In this regard the eddy viscosity hypothesis of Boussinesq and the mixing length 

concepts of Prandti are among the most popular and extensively used models of 

atmospheric turbulence. These models are discussed below. 

3.2.2 Boussinesq's Hypothesis 

The simplest models of turbidence are based on Boussinesq's (1877) suggestion that 

the turbulent transport terms in Reynolds' equations (97)-(102) may be expressed in a 

form analogous to their laminar counterparts, i.e., as the product of a mean variable 

gradient and a quantity termed as die turbulent or eddy transport coefficient. Thus: 

Laminar Transport Turbulent Transport 

Newton's Law: T = - p v ^ : -puw' = -pKm^ (117) 
dz dz 
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Fourier's Law: H = - pCpU ^ : -pCpfw' = - pCpKhj^ (ii8) 

Pick's Law: E = -pD | | : -pqw' = -pKg^' (119) 

In the above equations, die shear stress, x (also called as momentum flux) is in units of 

force per unit area (dynes cm-2), / / and £ are heat and mass (evaporation) fluxes, 

respectively, in units of energy per unit area and per unit time (cal-cm-2-sec-l). The odier 

new symbols, v and a, are kinematic viscosity and thermal diffusivity, respectively, bodi 

in units of Gengdi)2-(time)-l (cm2-sec-l). Latent heat of vaporization, Lg, has die units of 

energy per unit mass (cal-gm" 1), and Cp is in cal-gm-l-OK'̂ . The minus sign in the 

equations allows for the fact diat the gradients are positive in the direction of decreasing 

temperatures, concentrations, or velocities. 

The eddy exchange coefficients, (also commonly known as eddy transfer coefficients 

or turbulent diffusivities), for momentum. Km, sensible heat flux, Kh, and mass transfer, 

Kg^ are analogous to dieir molecular transport coefficients of kinematic viscosity, v thermal 

diffusivity, oc, and water vapor diffusivity, D. These transfer coefficients have the units of 

[length]2-[time]'^ and are usually given in cm2/sec or m2/sec. 

However, unlike the molecular coefficients that are functions of fluid properties alone, 

the turbulent exchange coefficients are largely functions of the local stmcture of turbulence 

and are functions of distance from the wall in die boundary layer. As shown by 

Konstantinov (1966) and others, the eddy exchange coefficients are generally many 

magnitudes greater (~ 10^ to 10 )̂ than their molecular counterparts. For this reason, the 

molecular transport terms of die form pvduldz, pCpdTldz, and pLgdqldz are usually 

neglected in turbulent tt-ansports models. 
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For Boussinesq's eddy viscosity to have significance, it is necessary to specify die 

turbulent (eddy) transport coefficients. Km, Kh, and Kg, in terms of measurable quantities. 

The simplest expressions were developed by Prandti (1925,1932) for momentum tt-ansport 

that have been extended to ttirbulent heat and mass tt-ansfer processes as well. 

3.2.3 Prandti's Mixing Length Theory 

In an analogy with the kinetic dieory of gases, die Prandti's mixing lengdi hypotiiesis 

is based on die assumption that, analogous to gas molecules, die eddies in a turbulent 

flow-field are discrete entities diat exchange fluid properties (momentum, heat and mass) 

with other fluid masses much in the same way as die gas molecules ttansfer energy 

between themselves. Moreover, analogous to molecular "free path," mixing length is 

conceived as die distance traveled bv a mass of fluid before it mixes with its .surroundings. 

In literature, these turbulent eddies are also variously known as masses, blobs or lumps of 

fluid. 

Briefly, it is assumed that a certain mass of fluid breaks away from its surtoundings 

under the action of a sudden turbulent impulse and moves away from one layer of die flow 

to another layer. It is hypothesized that during this migration, die mass of fluid carries with 

it the fluid properties typical of the layer from which it originated. Having moved a certain 

"distance" of the magnitude of "mixing length" denoted by, Im, (or the Mischungsweg of 

Prandti), the eddy is then conceived to have mixed instantaneously with the surtoundings. 

A major Umitation in the mixing length theory is the assumption that fluid mass moves 

in such a way that its properties are conserved during its flight from one layer to another. 

Cebeci and Bradshaw (1977) showed tiiat this is not a realistic assumption. LesUe (1983) 

showed diat die analogy is quite false but die concept is useful. Davies (1972) reported diat 

ttirbulent eddies can not really be represented as lumps or pulses of fluid tt^nsferring matter 

such diat diey would not interact widi other parts of the fluid. Even in die very early part of 
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diis century, Taylor (1922) had suggested diat die tt^nsport of die properties takes place 

along the whole path of the eddy ttuvel instead of in discrete Im steps as suggested by die 

mixing length theory. 

Despite its limitations, the Prandti's mixing length model has provided a vehicle that 

has proved very useful over the years in describing the experimental data for atmospheric 

flows. 

A detailed treatment of the Prandti's mixing length hypothesis is given in standard 

books on turbulence. However, a brief review of the same is presented in the following 

sections. 

From the kinetic theory of gases, it is known that the absolute viscosity, ji, (or p v) of 

a fluid may be expressed as: 

// = ^pLoVm, gm-cm-l-sec-l (120) 

where Lo is die mean "free padi" distance d^veled by a molecule before its collision widi 

anodier molecular, and Vm is the velocity of die molecule. Prandti posttilated diat for a 

turbulent flow medium, the analogous eddy viscosity, pKm, may be expressed as a 

product of die fluid density, p, a characteristic "mixing lengdi" /^, and a characteristic 

eddying velocity, u' such that: 

Eddy Viscosity: pKm == plm^' gm-cm-Lsec'^ 

or 

Km = ImU cm-2-sec-l (121) 
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Prandti further proposed diat die magnittide of die fluctuating velocity, u', is 

proportional to die product of die mixing lengdi, /;„, and die mean velocity gradient, ^u/^z^ 

and that the x-, y-, and z-components of the fluctuating velocities are of die same order as: 

M « V ^ w » Im 

and from equations (121) and (122), one may obtain 

3M 

3z 
(122) 

3M] 3M\2 
f^m - m̂ M - /mUm^j - l^'«3~)' (123) 

Prandti assumed that within the boundary layer, die mixing lengdi, Im, may be 

assumed directiy proportional to the distance z from the ground, i.e.. 

/m « ^ ( ^ + ô) '̂  ^ ^ • 2Q « z. (124) 

In the above equation, the parameters, zo, and ko are the surface roughness and von 

Karman's constants, respectively. From die above relationships, the expression for 

momentum transport in the surface layer may be written in the form as: 

= -PM'W' = - p / ^ 
3M 

3z = -P 
, 3M 

^o^aF 
12 

or Vf = "* = '̂ 3M 

3z 
(125) 

which can be written as below: 

3M 

3z 
u* 

koz 
(126) 
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where M* is a characteristic velocity, usually known as shear velocity, and has the 

dimensions of velocity, i.e., length per unit time. Also from equation (125), die 

expression for momentum flux may be written as: 

T = 'pll du 
dz 

3 - = - pKm y gm-cm-l-sec-2 (127) 

|f. = Zza_ : and Km = kou*z. (128) 

In the earth's surface layer near ground, Pasquill (1983) has shown theoretically that: 

^ ''^^ ' = 3 X lO'̂ z where z is in meters (129) 
T(0) 

where T (z) is the shear stress measured at a reference height z and r (0) is the shear stress 

at the surface, both in units of force per unit area. 

The above equation shows that up to 3 m above the ground, the change in shear stress 

as a function of height z is less diat 1 percent, and it is less diat 10 percent for heights up to 

30 meters. Therefore, it is customary to assume diat bodi die shear su-ess and die shear 

velocity remain invariant with height near the earth's surface. For this reason, the earth's 

surface layer is also known as constant stt-ess layer or constant flux layer. 

Thus, assuming u* as constant, die integration of equation (127) yields the well-

known "log-law" profile that describes the variation of wind velocity in the constant-flux 

surface layer as follows: 

M(Z) = ^Inz + C (130) 
ko 
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"(^) = | M (^) (131) 

where zo and C are die constants of integration, and ko is von Karman's constant. Their 

values are not constant in the non-neutral boundary layer and are discused elsewhere in this 

manuscript 

From above equations, the following useful relations may be summarized: 

K„ = kou,z = ! ^ == k§z^ = l l ^ , cm2-sec-l (132a) 
In ~ dz dz 

^0 

u* =koz^ = ^ = ^ , cm-sec-1. (132b) 
3z In-f- koz 

The above expressions (127)-(132b) are of the forms in which the equations are 

written by Rossby and Montgomery (1935) for adiabatic attnosphere. Equation (131) 

shows that in the atmospheric surface layer, the wind speed over a homogeneous surface 

can be described by a semi-logarithmic profile under a steady state and thermally neutral 

stratification. Similar formulations leading to equation (131) have also been derived in 

various ways by Lumley and Panofsky (1964), Tennekes (1973), and others. 

3.2.4 Eddy Transport Of Heat And Water Vapor 

If it is assumed that the magnitude of die fluctuating quantities for temperamre and 

humidity may be written analogous to equation (122), then the Reynolds' transport terms in 

equations (115c) and (116c) may be written as follows: 
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Heat Transport: 

H = -pCpwf = .pCp( /„g[ /A | l j = -pCp 

Water Vapor Transport: 

(ijh)f^ f d") 

LgE = -pL,wq = •pL,[lJf)^[k^f^ = -PLJ^ (We) | ' H (134) 

where as in the above equations, Im, h, and lg are the mixing lengths for momentum, heat, 

and water vapor, respectively. As before, the latent heat of vaporization and specific heat 

of air at constant pressure are denoted by Lg and Cp, respectively. The mass transport rate 

or evaporation, E, has the units of mass per unit area per unit time. 

Now the expression for turbulent exchange coefficient for momentum. Km, as given 

by equation (123) is rewritten again for ready reference. 

Km = Imlm^ = ^ ^ I J ' [lengdi]2-[time]-l. (123) 

Then, following Prandti's mixing length theory, the corresponding expressions in 

equations (133) and (134) for exchange coefficients of heat, Kh, and water vapor, Kg^ may 

be written, respectively, as: 

Kh = Imlhj^ [lengdi]2-[tinie]-l, and (135) 

Ke = Imle^ [lengdi]2-[time]-l. (136) 



70 

If die expressions as obtained in equations (135) and (136) are substittited in heat and 

vapor transport equations (133) and (134), dien one finally obtains die following 

expressions for turbulent heat and vapor transport in die surface layer. 

H =.pCpKh^, cal-cm-2-sec-l (137) 

LgE ='pLgKg^, cal-cm-2-sec-l (138) 
dz 

where turbulent exchange coefficients for heat, Kh, and water vapor. Kg, are given by 

equations (135) and (136), respectively. 

3.3 Reynolds Analogy 

Reynolds (1874) had suggested that the laws governing the process by which 

momentum is transferred from one "lump" of the fluid to another are the same as those for 

the transfer of heat. On the matter relating to the diffusivities for momentum. Km, and 

heat, Kh, therefore, Reynolds proposed that the identity may be assumed for these 

exchange coefficients. 

Following Reynolds' (1874) arguments, later investigators (Boussinesq, 1877; 

Prandti, 1932; Rossby and Montgomery, 1935; Sverdmp, 1936; Thomthwaite and 

Holzman, 1942; Penman, 1948, and others in recent times) have extended tiie arguments 

that the û ansport of water vapor and odier "passive" properties may also be considered to 

follow the same laws of turbulent transport as those for momentum ttansfer. 
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The above arguments with regard to die transport of momentum, heat, and vapor and 

the assumption that the turbulent exchange coefficients for the three processes may be taken 

as equal is commonly known as Reynolds Analogy. The transport processes are, dius, 

described by equations (126), (137) and (138) for momentum, heat, and water vapor, 

respectively. 

3.3.1 Analogy Between Momentum, Heat, 
And Mass Transfer 

If Reynolds' theory for the equality of exchange coefficients that Km = Kh = Kg is 

conect, and if in fact the processes of heat, momentum, and vapor transport in nature 

follow the same laws, then it will be possible to predict rates of heat and vapor transport 

from the rates of momentum transfer, and also to predict temperature and humidity profiles 

from velocity profiles. As a matter of fact, this is the standard procedure in evaporation 

modeling for natural surfaces. 

On the assumption of the equality of eddy exchange coefficients, the expressions 

obtained for Km were substituted for Kg in determining the rates of evaporation in 

Sverdmp (1936) and Thomthwaite-Holzman (1942) type gradient models. Van Bavel's 

(1966) energy budget model is also based on the same assumption that Km and Kg are 

numerically equal. 

It must be noted diat die expressions for momentum. Km, as given in equation (132) 

and originally derived by Rossby and Montgomery (1935), are applicable only under 

neutral conditions of atmospheric stabiUty. Assuming diat die exchange coefficients for 

water vapor. Kg, is equal to the exchange coefficient for momentum. Km, the 

Thomdiwaite-Holzman (1943) and Sverdmp (1936) models make use of equation (132) in 

dieir methods for predicting the rates of evaporation. This is why the application of these 

methods is restricted only to adiabatic conditions. Since van Bavel's (1966) modified 
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version of Penman equation employs dieThomdiwaite-Holzman (1943) equation instead of 

die Daltonian equation of die form as given in section (2.1.2.2) as originally used by die 

Penman (1948), die van Bavel mediod suffers from die same disadvantage diat it is 

restricted oidy to conditions of neua:al stratification. 

3.3.2 On the Equality Of Exchange Coefficients 

In order to show the analogy between heat, vapor, and momentum ttansfer, die 

previously derived tt-ansport equations are rewritten for die sake of convenience. The 

equations are: 

Tr = - P(^rnlm^]^ = - P Km^ : Km = Um^^ (139) 

Ht = 'pCp(lmlh^]^ ^-pCpKh^ : Kh = Imk^ (140) 

LgEt =-pLg(lmle^^^=-pLgKg^: Kg = ImU^. (141) 

The similarity of the above equations (139)-(141) is obvious. As suggested by 

Reynolds (1895) the respective transport equations are similar in form, and are also 

analogous to their molecidar counterparts. Experimental observations obtained by 

Reynolds (1895) under both controlled laboratory and field conditions show that their 

profiles are similar and semi-logarithmic imder adiabatic conditions. Also, the individual 

expressions (139)-(141) for the three exchange coefficients are similar in form as well. 

Perhaps because of such strong "similarity" considerations, there has been the 

temptation to assume that the exchange coefficients may also be numerically equal as weU. 

To the extent diat these processes are contt-olled by the same (ttirbulent) mechanism and are 
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similar in nature and form, they may be treated by similar formulations. But similarity does 

not necessarily imply equality. 

A careful pemsal of the expressions for Km, Kh, and Kg as given by equations (123), 

(135) and (136), and rewritten as equations (139)-(141) clearly shows diat the three 

exchange coefficients will be eoual if and only if the mixing lengths for heat, /^and vapor. 

U are equal to die mixing length for momenmm. /gf 

For the equality of these coefficients to exist, Prandti's Ts (mixing lengths) must be 

equal, and mixing lengths must hold one by definition as well. That is, the property being 

transported (momentum, heat or vapor) by the respective mixing lengths, Im, Ih, and lg, 

must be conserved across the whole path during its transport from level z to z+1. In other 

words the mass or "lump" of fluid originating from level z must not gain or lose any part 

of the property during its transport from level z to level z+l. 

Before discussing the theoretical and experimental observations witii respect to the 

above, another point may be mentioned as well. For example, in equations (114a)-(l 16c), 

rewritten again as: 

T = - pv 3 - - pKm 3 - , gm-cm-l-sec-2 (142) 

H = pCpa ^ -pCpKh^, cal-cm-2-sec"l (143) 
3z ^ ^ " 3z ' 

LgE = pLgD j ^ - pLgKg^, cal-cm-2-sec"l (144) 

where a, v , and D are die molectdar diffusion coefficients for heat, momentum, and water 

vapor, respectively, and each has the units of [lengtii]2 per unit time. 
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For the equality of exchange coefficients to exist in the above equations, 

corresponding molecular exchange coefficients namely absolute viscosity, v, thermal 

conductivity, a, and vapor diffusion, D, for momenmm, heat, and vapor transfer, 

respectively, must also be equal as well, i.e.. 

or their ratios 

or ^ 
P. 

= pCpa [or K] = D, [lengdi]2-[time]"^ (145) 

ii 
a or 

C^ = ^ = :^ =1.0 
D D 

(146) 

which, in the same order, are defined as: 

Pr =y.^ ratio of molecular diffusivity to thermal conductivity 
cx 

Sc = —, ratio of molecular diffusivity to vapor diffusivity 

Le = ^, ratio ofdiermal conductivity to vapor diffusivity 5c 
Pr 

(147) 

Therefore, for tiie equality of die tt-ansport coefficients to hold, die following 

conditions must prevail: 

1. The mixing lengths for all die three processes of heat, mass, and momentum must 

be equal. This is discussed in die following sections. 

2. The molecular dimensionless Prandti, Schmidt, and Lewis numbers must be unity. 

However, the values given in Appendix B show diat Pr, Sc, and Lg are not 

identically equal for air. 
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3.4 AttnosDheric Stability And Turbulent Exchange 

Coefficients 

It was shown in the above section diat the expressions for die turbulent tt-ansport of 

fluxes and eddy coefficients hold for adiabatic conditions and that they imply the acceptance 

of die equality of the exchange coefficients. A pemsal of die extensive literamre on die 

subject of eddy exchange coefficients indicates diat die assumption tiiat diese coefficients 

may be equal under neutral condition seems to be a common consensus among tiie 

researchers. Nevertheless, based upon dieoretical arguments and experimental 

observation, it is generally recognized that exchange coefficient are not equal under non-

neutral conditions. 

Taylor (1922) has suggested that the eddy transport of heat, mass, and momenmm 

takes place along the whole path of the eddy travel instead of in discrete intervals as 

suggested by the Prandti's mixing length theory. 

Rossby (1932) showed that the Prandti's mixing length, /, is not a constant quantity, 

but depends on distance from the ground (equation (124)), the mean velocity distribution 

(3u/3z), the character of the underlying surface (ZQ), and the stabdity (thermal stratification) 

of the flow medium in the atmosphere. 

Jenkins (1951) showed diat die mixing length for heat, Ih, decreases in comparison to 

that calculated using the simple mixing length theory that assumes zero heat loss during the 

adiabatic travel of the eddy from one level to another level. 

Similarly, Davies (1972) argued tiiat heat transfer cannot really proceed adiabatically 

and some heat loss during the processes of local transport must occur. He continued that 

such process will cause a difference between the transfer of momenmm and heat by eddy 

movements and dius the mixing lengths will be different for momenmm and heat. 

On the experimental side, there is an extensive body of work (discussed in section 

3.6.2 and section 6.41 showing that for non-neutt-al conditions, the eddy coefficients are 
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not equal, neither under such circumstances are the turbulent tt^nsport processes similar as 

suggested by the Reynolds analogy. 

3.5 Non-Neutt-al Layer 

Because of the importance of the influence of stabdity on atmospheric diffusion 

processes, especially relating to industtial smoke, atmospheric pollution, and the spread of 

hazardous materials in gaseous form, etc., innumerable authors have attempted to 

determine the relationship between non-neutral stratification and the eddy exchange 

coefficients. The literature on this subject is so vast that, it seems, no smdy on atmospheric 

diffusion is considered complete without the consideration of diabatic effects on die 

atmospheric transport processes. 

In this regard, the works of Rossby and Montgomery (1935), Sverdmp (1936), 

Holzman(1943), Obukhov (1974), Monin and Obukhov (1954) and others are of particular 

interest They have discussed the problem of the influence of thermal stratification on the 

processes of turbulent transport of species of momentum, heat, and vapor and their 

exchange coefficients, and have proposed different mediods for incorporating the 

influences of thermal stratification on eddy exchange coefficients and their corresponding 

fluxes. 

In recent years, die theory of Monin and Obukhov (1954) seems to have received 

almost universal acceptance in that it is considered to apply under all attnospheric stability 

conditions. When the earth's surface layer is stable (potential temperature increases with 

height in the vertical) or unstable (potential temperature decreases widi height), Monin and 

Obukhov (1954) established die following fluxprofile generalizations: 

^" "* A /z\ ^ ir kou*z 



where (l>m, <l>h, ^e, are experimentally determined empirical functions for momenmm, heat, 

and water vapor, respectively; and L is the Monin-Obukhov lengdi which depends on tiie 

turbulent fluxes as follows: 

^ = . ^ ^ . (151) 
gkoH 

The Monin-Obukhov length, L, arises from the ratio of the generation of mechanical 

turbulence by Reynolds stt-esses to the production of turbulent kinetic energy by buoyancy 

forces. It may be interpreted as the height at which the magnimdes of mechanical and 

thermal production of turbulence are equal (Haltiner and Williams, 1980). 

One point may be noted here. The modification of adiabatic profiles to include the 

diabatic conditions requires the determination of the Monin-Obukhov length L. But this 

determination of L by equation (151) requires the prior knowledge of tiie sensible heat flux, 

H. If the sensible heat flux term is known, dien die energy balance equation (32) for the 

determination of evaporation rates is at once solved. 

3.6 The Model Derivation 

In the derivation of the proposed prediction equation for evaporation modeUng, tiie 

first step consisted of defining deficiencies in the existing methods. In this direction, an 
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extensive survey of die literamre indicated diat die present techniques generally lack in die 

following considerations: 

1. The present methods do not include the influence of buoyancy caused by density 

variations that result from temperature and humidity differences, 

2. The present methods are based on the assumption diat eddy exchange coefficients 

for momenmm. Km, for heat, Kh, and for water vapor, Kg^ are equal, 

3. The methods do not consider die influence of humidity flucmations on the transport 

rate of sensible heat flux, and 

4. The methods consider that the rate of evaporation is a linear function of the wind 

velocity. 

The significance of the above parameters is discussed in detad in the Chapter V. 

However, a brief review of the same is presented for highlighting the important deviations 

from the convention that are included in the proposed prediction equation. 

3.6.1 Correction For Moisture 

The amount of water vapor in the air affects die rate of evaporation in two ways. 

First, directiy through the vapor pressure deficit term of the form (e* - e), where e* is tiie 

saturated vapor pressure and e is the partial vapor pressure in the air. Second, through die 

influence of humidity variations (variations in water vapor content) on die density and 

isobaric specific heat of the air. 

The influence of humidity flucmations has been recognized by several investigators 

including Priestiy and Swinbank (1947), Swinbank (1951), Priestiy (1959), Konstantinov 

(1966), Clarke (1970), Hicks (1972), Busch (1973), and Champagne et al. (1977). The 

usual recommendation is to use virtual temperature in place of actual temperamre in the 

calculations. It is suggested that by this approach, tiie buoyancy effects are accommodated 

as caused by density flucmations. 
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Since die difference between die acmal temperature and density corrected "virtual" 

temperature is usually a few degrees, diis correction through virtual temperature has not 

appeared in evaporation models. It is shown in die Chapter V diat die resultant influence of 

moisture correction through virtual temperature is very significant and, thus, must be 

considered in all evaporation models. 

3.6.2 Equality Of Eddy Exchange Coefficients 

On similarity arguments, it was proposed by Reynolds (1874) that diffusion of heat, 

vapor, and momenmm is controlled by the same eddy mechanism. Therefore, Reynolds 

suggested that the exchange coefficients for these ô ansport processes may be considered 

equal. It has been shown in section (3.2.3) that Prandti's mixing length theory also 

indicates that the exchange coefficients for momentum, heat, and water vapor may be equal 

if the corresponding mixing lengths for momentum, heat and vapor are equal as well. 

The values for eddy diffusivity coefficients for heat and water vapor in die atmosphere 

are the most difficult parameters to ascertain because of the difficulty of obtaining reliable 

profiles. However, the assumption of the equality of exchange coefficients has aUowed 

calcidation of transport rates of heat and vapor fluxes by using the eddy diffusivity 

coefficient for momentum. Km, as given by equation (132) for those of heat and water 

vapor, respectively. However, such hypotheses that assume tiie equaUty of eddy exchange 

coefficients are based on the assumption tiiat the tt-ansport of momentum, heat, and vapor 

may be considered as "passive" admixtures in the atmosphere. 

Keller (1930), quoted in Obukhov (1971), has given the following three postulates in 

regard to the properties of o^nsferable substances in the atmosphere: 

1. While moving unmixed with die surrounding air, a substance possesses the 

property of indesuiictibility. 

2. The total quantity of the substance is preserved during die mixing of masses of air. 
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3. A substance is "passive" if its admixture in die air does not have an essential 

influence on tiie development of ttirbulence, otherwise it is "active." 

On tiieoretical reasoning, Obukhov (1971) has shown diat while the application of 

second postulate to heat and momenmm is indubitable, die fulfillment of die first postulate 

for momenmm is far fiom evident. Obukhov (1971) furtiier concludes diat the third 

posmlate cannot be applied to heat flux because temperature can not be considered as a 

"passive" property. Simdarly, Priestiy and Swinbank (1947), Priestiy (1959), and 

Konstantinov (1966) have shown that heat flux can not be considered a "passive" 

substance. As a conclusion of 2 years of intensive smdy, Morgan, Pmitt and Lourence 

(1971) reported that exchange coefficients are not at all equal even in neutral eqmlibrium. 

There is extensive evidence, both theoretical and experimental, that exchange coefficients 

are not equal under non-neutral thermal stratification. However, the non-equality of tiie 

exchange coefficients has not been included in the evaporation models. 

3.6.3 Eddy Flucmations of Humidity 

Konstantinov (1966) has shown theoretically that the intensity of turbulent transport of 

heat is higher than predicted by ordinary diffusion equations, and has developed the 

following expression for turbulent heat flux: 

'm' j^ 'rr^ * 

H ^ pCpwT +pCpwT (152) 

where 7* represents the conuibution of the activity of heat to die increase in the intensity of 

turbulent heat exchange. The first term on the right hand side of the above equation is the 

familiar sensible heat flux term. The second term is some additional heat flux. 

Konstantinov (1966) has pointed out that die second term on tiie right-hand side of 

equation is essgndaUy POSitivg and dius always gives an upward directed flux. According 
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to Konstantinov, it is tiiis term that characterizes the inadequate dependence of the ttu-bulent 

transfer on the temperature stratification. Swinbank (1951) made measurements of heat 

and water vapor fluxes by using die eddy correlation method. He observed an unusual 

phenomenon during his measurements. His (Swinbank's) eddy flux measurements 

showed that there was present a small vapor flux directed upwards even when die humidity 

and temperature gradients were positive, in which case both fluxes must have had to be 

directed downwards. However, he did not give any explanation for such observations. 

Budyko (1974),quoting from papers of Budyko and ludin (1948), pointed out that 

transport of sensible heat by means of turbulent diffusion differs shghtiy from the 

molecular diffusion as predicted by die conventionally used "Fickian" approach. 

In this investigation, an attempt was made to quantify such tiieoretical and 

experimental observations of Swinbank (1951), Konstantinov (1966), and Budyko (1974) 

to show that turbulent heat flux is larger in magnitude than predicted by the present 

diffusion theory. 

3.6.4 The Approach To Model Derivation 

The model development has been carried out in two steps. First, the question of 

exchange coefficients has been considered in tiie model. This is followed by the second 

step in which the influence of the humidity flucmations (variations in water vapor content) 

has been incorporated in the final model. 

^ 6 4,1 Exchange Coefficients 

Whether or not there exists a sttict similarity between die processes of heat, mass and 

momentum transfer as supposed by the Reynolds' school of thought, or whether or not the 

eddy coefficients are equal or not, as has been argued in the literamre, a different approach 
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has been adopted in this smdy for developing the proposed model for estimating 

evaporation. 

It is hypothesized that an apriori specification of the relationship between the turbulent 

exchange coefficient. Km, and the other eddy coefficients for heat, Kh, and water vapor. 

Kg, would reduce the problem to one of adequately specifying only the coefficient for 

momentum transfer. If the hypothesis is accepted, tiien it results in terms of famdiar 

turbulent Prandti, Schmidt, and Lewis dimensionless numbers that may be defined as 

follows: 

Turbulent Prandti number: Pr, = = ^ = eddy viscosity ^^^^^ 
Kh eddy conducttvityy 

Turijulent Schmidt number: 5c, = = ̂  = ^^yj^Q^ity ^̂ ^̂ ^ 
* Kg eddy diffusivity 

Turbulent Lewis number: Le, = Tî rbulent Schmidt number = | i . (155) 
' Turbulent Prandti number Kg 

3.6.4.1.1 Flux Profile Method 

In section 2.1.3, it was shown tiiat, from an evaporating surface, tiie rate of point 

evaporation in the vertical direction is given by the equation of the form: 

L,E=-pLgKg^=-^Kg^, cal-cm-2-sec-l: q^f (156) 

where Lg is tiie latent heat of vaporization in cal-gm-l, E is tiie rate of mass u-ansfer in units 

of gm-cm-2-sec-l. Kg is tiie eddy diffusivity for water vapor in cm-2-sec-l, P is atmospheric 

pressure and e is partial vapor pressure at air temperature, both in units of mb, and z 

indicate the reference height of measurements. 
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Following die above stated hypotiiesis, die Thomtiiwaite-Holzman (1942) equation 

may be written as: 

LgE = -pLgKg^ = -—— K 
iKm 

^K m 3 - cal-cm"2-sec'̂  (157) 
dz 

where KglKm is tiie inverse of ttirbulent Schnudt number as defined in equation (154). 

Then the above equation becomes: 

L^E = 
pLgE 

SCf m 
3£ _ epLg de_ 
dz " • PSct "^ dz 

cal-cm-2-sec" .̂ (158) 

If the value of ^^ from equation (132a) is substimted in equation (158), dien die 

integration yields: 

L,E = - f # l | "ii^^li?) cal-cm-2-sec-l. 

[HI 
(159) 

If measurements of water vapor pressiu-e of the surface are made, then the above 

equation becomes: 

L^E = .^P^'Mes-Cz) cal-cm-2-sec-l. (160) 

It may readily be seen that equations (159) and (160) are the equations as originally 

derived by Thomthwaite and Holzman (1939, 1942). However, die present model given 

by equations (159,160) differ from the Thomthwaite-Holzman model by the addition of 

turbulent Schmidt number. The numerical value of diis dimensionless number is yet 

unspecified. 
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It may be mentioned diat the Thomthwaite-Holzman equation was derived by 

substimting tiie value of tiie eddy diffusivity coefficient for momenmm. Km, in equation 

(132a) for Kg from tiie work of Rossby and Montgomery (1935). But tiieir (Rossby and 

Montgomery) derivation of die expression for the exchange coefficient for momentum. 

Km, was restricted to neutt^ equilibriunL Consequentiy, the Thomthwaite-Holzman 

prediction equation (25) had the same disadvantage of its being restricted in appUcation to 

conditions of neutral stratification. As shown below, the proposed prediction equations 

(159) and (160) are applicable under all conditions of atmospheric stabdity. 

The experimental results of Morgan, Pmitt, and Lourence (1971) show that even 

under conditions of neutral equUibrium the eddy exchange coefficient for vapor, Kg^ is not 

equal to the eddy diffusivity coefficient for momentum. Km. Rather the former is 13 

percent greater than the latter. If the work of Morgan et al. (1971) is reliable, which the 

authors claim to be most exhaustive of its kind, dien it is evident that the Thomthwaite-

Holzman models underestimate the true evaporation by approximately 13 percent. As 

mentioned in section 1.3.2.2, Budyko (1963) had shown diat Thomthwaite-Holzman 

(1942) formula underestimated evaporation no less than 50 to 100 percent 

3.6.4.1.2 Energy Balance Method 

Step-by-step derivation of the Penman equation has been given in section 2.1.5.2.1. 

Contrary to convention, it is hypothesized diat the exchange coefficients for heat and vapor 

are not equal. Then, from equations (42) and (43), die Bowen ratio, po, may be written as: 

H pCpPKHdT/dz CpPKhdT 
'^ LeE peLe deldz eLe Kg de * ' 

^=''(g)l'-''--' = S (^«' 
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(163) 

where Let is tiie turbulent Lewis number as defined m equation (155). The inttxxluction of 

dimensionless Let delimits die Bowen (1926) and Penman (1948) mediods from the 

resuiction of tiie equality of exchange coefficients and die application of the metiiods only 

mider conditions of neuttral attnospheric stabdity. Again, the numerical values of Let are 

discussed in later sections. 

If equations (162) and (163) are substimted for equations (45) and (46) in section 

2.1.5.2.1, then analogous to equation (52), po may be written as: 

\ A 

^ (es-ez) 
(es - ez) = 7 

^ (es-ez) 
(es - ez). 

(164) 

where A is as aheady defined by equation (47). 

If the Daltonian equation (54) is multiplied to the above equation, then following the 

steps as in equations (55)-(59), the expression for (1 + po) may be written as: 

(i*A,) = ̂ -^( | f fx/Mfe^). i 
A A 

( l ^ ) = Zl . y* lf(^ziez-ez)\ , AE 
A A^ ^ ' AE 

(i I ft) (̂r* + -^)-//M(^*-^^) 
AE 

165 

where y* is Let times y as given in equation (164). Substituting equation (165) into 

equation (36), the solution to the energy balance equation becomes as: 
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' = tf7)ftniT7̂ "̂̂ ^̂ ^̂ '-̂ '̂ '̂ '̂ 

"̂ '̂(wl̂ -̂ lfT?!̂ "̂̂ '̂ *̂-̂ '' '>''' 

where tiie rate of evaporation in equation (166) is in cm-sec"l (gm-cm-2-sec-l), and in 

equation (167) it is in cal-cm-2-sec-l It may be noticed diat die above equation (167) is 

simdar to Penman (1948) except for tiie modification of eddy exchange coefficients. 

If equation (53) is multiplied to equation (164), and same algebraic steps are carried 

out as in equations (55)-(62), then tiie following prediction equation is obtained: 

LeE = {^^\Q. + \JLLl^\P^(et. ez) (168) 
[A +y*l \A +y*lp[inf-V' 

in units of cal-cm"2-sec"l. The prediction equation (168) is similar in form to the van Bavel 

equation, but differs from the van Bavel equation in tiie sense that this equation (168) is not 

limited in application for neuQ-al conditions of die atmospheric stabdity. 

The importance of the concept of these dimensionless numbers, appearing in the form 

of turbulent Prandti, turbulent Schmidt, and turbulent Lewis numbers, ties in the fact that 

while there exists precise measurements of the turbulent velocity field from which Km may 

be evaluated with some degree of accuracy, tiie experimental difficulties in making 

corresponding measurements for temperamre and humidity profiles are formidable. 

Calder (1949) has shown diat the direct application to the atmospheric diffusion 

problem of certain molecidar diffusion concepts established by Nikuradse (1933) and 

Schlichting (1936) for flow in pipes and wind tunnels led to the solution of die major 2-

dimensional diffusion problems, and the results were in excellent agreement witii 
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observations. Therefore, the values for ttirbulent Prt, Sct and Let as obtained from 

laboratory residts may be used in the above equations. 

3.7 Moismre Correction 

The expressions representing the Reynolds tt-ansport equations (114d), (115d), and 

(116d) may readdy be derived from volume conttol basis as given by Fleagle and Businger 

(1980) and others. Consider, for example, a unit horizontal area lying some distance (2 

m) above an underlying evaporating surface. 

The mass of air passing upwards in the vertical direction per unit area and per unit time 

is pw (gm-cm"2-sec"l), where p is the air density and w is instantaneous vertical 

component of the wind velocity. If s indicates a fluid property (velocity, u, specific 

humidity, q, or enthalpy CpT) and the flux of the property being ttansported by the air 

mass is Fs, then the flux is: 

Fs = pws (169) 

where p, w, and s are instantaneous values of density, velocity and the property that is 

being transferred from one level to another level. Robinson (1951) has reported tiiat the 

above equation was derived independentiy by Montgomery (1948), and Priestly and 

Swinbank (1947). 

For die ttansport of momentum, water vapor, and entiialpy, the cortesponding 

equations may be written in the following form as: 

Momenmm Transport: T=-pMw gm-cm-i-sec*2 (170) 

Mass Transport: LgE = - pLgwq cal-cm-2-sec-l (171) 
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Heat Transport: H = - pCpwT cal-cm-2-sec-l. (172) 

If equations (170) and (171) are expanded and averaged as shown in Appendix A, 

then the corresponding solutions obtained are as given below: 

Momenmm Transport: T = - P M ' W ' gm-cm-Lsec-2 (173) 

Mass Transport: LgE = - pLgw'q' cal-cm-2-sec-l. (174) 

It may be noticed immediately diat formulations as given by equations (173) and (174) 

are die same as obtained in equations (114d) and (115d). This indicates tiiat the eddying 

density, p', does not influence the tiu-bulent fluxes appreciably. 

3.7.1 Turbulent Heat Flux And The Influence 
Of Humidity Ructuations 

The confirmation of the dieoretical considerations of the boundary layer theory came 

about largely by the experiments of Reichardt (1940), Ndcuradse (1933), Reichardt (1940) 

and Dryden (1943). These experiments were conducted in controlled laboratory conditions 

wherein air was used as a working fluid. Under the conditions of the experiments, it was 

correcdy assumed that the specific heat of air, Cp, may be considered as constant. 

During the application of Prandti's mixing length tiieory to atmospheric boundary 

layer, Rossby (1932) and Rossby and Montgomery (1935) also assumed Cp constant as a 

first approximation. For atmospheric flows, the assumption of constant Cp of Rossby and 

Rossby and Montgomery was consistent with the earher works of Taylor (1915), Jeffreys 

(1915), Schmidt (1925) and others. 
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If the above assumption is accepted (diat Cp of air is constant in die atmosphere), dien 

the solution to equation (172) reduces to the solution as already obtained in equation 

(116d). This solution is presentiy used in all evaporation models. 

However, die solutions based upon die assumption of constant Cp imply that 

temperature is a "passive" property. As has already been stated many works, including 

tiiose of Priestiy and Swinbank (1947), Swinbank (1951), Priestiy (1959), Konstantinov 

(1966), Budyko (1974), have shown that temperature can not be considered as a "passive" 

property as ab-eady defined in section 3.6.2. 

From the theoretical derivation of Konstantinov (1966) as given in equation (152), and 

the experimental observations of Swinbank (1951), the following two corollaries are 

immediate and evident: 

1. Turbulent heat flux is higher tiian as given by conventional methods, and 

2. The additional component of heat flux residting due to humidity fluctuations is 

"essentially positive" and always directed upwards. 

3.7.2 The Hypothesis 

In the development of the present prediction equation, it is hypotiiesized that the 

influence of the variation of water vapor content in tiie atmospheric boundary layer on the 

ttansport of turbulent heat flux must be considered explicitiy. This variation of vapor 

content may be accoimted for both through using virtual temperamre 7y and specific heat 

of moist air, Cp, as a function of specific humidity as given by equations (80), and (86), 

respectively. 

If this hypotiiesis is accepted, then following Priestiy and Swinbank (1947), 

Montgomery (1948), Robinson (1951), die equation (172) may be written as: 

H = phw = pCp7yW : h =CpTy,, enthalpy (175) 
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where //* is rate of sensible heat tt^nsfer for die moist air (it may be considered moist-air 

sensible heat analogous to dryair sensible heat, convenmally written as //) , p is die density 

of the moist air in gm-cm-3, Cp is isobaric specific heat of die moist air, w is the component 

of die wind velocity in die vertical direction (normal to tiie mean flow) in cm-sec'l, and 7 is 

die air temperature in degrees absolute. The solution of tiie above equation may be 

obtained following the standard rules of expansion and averaging as given in the Appendix 

A. Because of the importance of the problem, a complete solution of equation (175) is 

presented in the following sections. 

In the compressible atmosphere, the instantaneous fluid properties for the different 

parameters in equation (175) may be written as: 

p=p + p: w = w + w': Cp^'C^+c'p. 7y = TV + 7y- (176) 

Before proceeding to die solution of equation (175), the "virtual" temperature may be 

written out in terms of acmal temperature and humidity in the following form: 

7y = 7\;+7y (177) 

whereas from equation (80), the "virtual" temperamre is given by: 

7y = 7(1+0.61(7) = 7 + 0.61^7, T is in degrees Kelvin (178) 

and 

TV = 7(1 + 0.61^) = f + 0 . 6 1 ^ , T is in degrees Kelvin. (179) 

If equation (178) is written out in terms of mean and fluctuating components, tiien one 

obtains the following expression for "virtual" temperature: 
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7y = {f + T')[I + 0.61 (q + q')] (180) 

/ / 7v = 7 + 0.61^7 + 0.61(7 7 + 7 + 0 . 6 1 ^ +0.61^77 (181) 

or by rearranging terms, the following expressions are obtained: 

7v = ( f + 7 ' ) +{0.61^7" + 0.61^') + (0.61<7T+ 0.61^'7'). (182) 

Simdarly the expression for the fluctuating component of "virtual" temperature may be 

written as: 

7y = (7v-TV) = f (1+0.61^) + (0.6lq'f) + (o.61^') . (183) 

These are the mean and flucmating components of transferrable properties as given in 

equations (176) and (182) that are used in the development of the predictive equations in 

the following sections. 

3.7.3 Solution Of Heat Flux Equation 

The expansion and averaging of equation (175) are carried out in three distinct steps: 

1. The influence of humidity flucmations is considered only through its effects on the 

specific heat of the moist air. 

2. The influence of humidity fluctuations is considered only through "virtual" 

temperature by assuming the specific heat of moist air as constant. 

3. The influence of humidity fluctuations is considered bodi through specific heat and 

the "virtual" temperamre as a function of water vapor content in tiie air. 
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3.7.3.1 Moisture Correction Through C^ 

If the influence of moisture correction for air density dirough "virtual" temperature is 

ignored, then die expression (175) for heat flux becomes as: 

H* = pCpwT cal-cm-2-sec-l (184) 

where the expansion for Cp from equation (86) may be obtained as: 

Cp = C^ + Cp = Cp4 (l +0.84 (̂  + (7')) 

'C'p-¥Cp ^ Cp4 +0.84Cp^^ + 0.84Cp^^' 

or 

'Cp = Cp4 and 0.84^ C^ «C^ 

Cp = 0.84Cp^^ + 0.84Cp^(7' = 0.84^'C ,̂,̂ . (185) 

In accordance with the Reynolds rules of expansion and averaging as given in 

Appendix D, the step by step solution of the above equation (184) for tiie enthalpy or heat 

flux term in a turbulent flow field is given as follows: 

pCpwT = 

pCpwT 

{p + p')(cp 

= P (c> + ' 

: + C )̂(vv + w')(7 +7') 

C;)(vv + w') (7+7' ) 

(186) 

+ p'(Cp + C:)(iv+w')(7- +7-') (187) 
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pCpwT = p'c:(w + w')[f +f) + pC'(w + w')(f +T') 

+ pC'(vv + w')(7 +7') + p'C''(vv + w')(7 +7') (188) 

pCpwT =(pCpw)(7 + 7 ) + (pCpw')(7+7) + (pC^H;)(7 + 7 ) 

+ (p'rpwtf^ApCpw)(¥^^(p'c:w'](¥^ (189) 

pCpw7 = (pCpw7) + (pCpW7') + (pCpw'7)+(pCpw'7') 

+ (pC'vv7) + (pC'vv7') + (pC'w'7^+(pC'w'7) 

+ (p' Cpwf) + (p^ Cpwf) + (p Cpw' f\4p' Cpw' f) 

•^(p'CpwT) + (pCpwf) + (pCpw'T)^pCpw'f)' (190) 

Assume that third- and fourth-order flucmating terms are small compared with their 

second-order and lower terms. Then terms 8,12,14, 15 and 16 in equation (190) drop out 

and the simpUfied equation becomes: 

pCpw7 = (pC;,vv7) + (pCpVv7') + (pCpw'7) + (pCpw'7') 

+ (pClw7) + ( p C l w 7 ) + (pC' w'7) + (p'Cpw'7') 

+ (p'Cpw7') + (p'Cpw'7l + (p'C^vv7J (191) 
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By definition, the mean-sum of a fluctuating term is zero. By dus posmlate from 

Reynolds mles, all terms containing single primes are zero. Thus, second, tiiird, fiftii, and 

eighth terms in equation (191) can be omitted. Then die equation reduces to: 

pCpwT = (pCpwf) + (pCpw'f) + (pCpwT') + (pCpw'f) 

+ (p'Cpwf) + (p'Cpw'f\ + (pCpwf)' (192) 

In the atmosphere, Budyko (1974) has shown that mean velocity, w, is always zero in 

the neutral atmosphere. Eddy flux measurements of heat flux made by fast-response 

insttiiments in unstable conditions as reported by Priestiy (1959) mdicate diat the mean 

wind velocity, w, in the vertical is also zero. There also seems to be a unanimous 

consensus among other researchers on the subject that w over a uniform horizontal terrain is 

always zero. 

Therefore, in equation (192), the product of terms containing w, i.e., first, third, fifth, 

and seventh terms, are numericaUy zero. Consequentiy, equation (192) may be written as: 

(pCpwT) = (pCpw'T') + (pCpw'f) + (p'w'Cpf}' (193) 

For simplicity, the superscripted overbars can be dropped from the above expressions. 

Since the mean quantities are constant, equation (193) may be written as: 

(pCpwT) = (pCpV7] + (pTCpw'] + (CpT~^\/]' (194) 

Fleagle and Businger (1980) have shown that in the constant flux boundary layer 

vv = 0. Then the above equation reduces to: 



95 

(pCpwT) = (pCp w T) + [pCpCpw'] cal-cm-2-sec-l. (195) 

If die value of die flucmating component of specific heat of air from equation (86) is 

inserted in die above equation, tiien one obtains tiie foUowing expression: 

(pCpwT) = [pCp w f] + (0.84pCp77v/) cal-cm-2-sec-l. (196) 

It may be noted that equation (196) is the heat flux tiiat takes into account tiie influence 

of the variation of moisture content on the specific heat of moist air. Further simplification 

of the equation is deferred for the time being. 

3.7.3.2 Moisture Correction Through 7̂ . 

If specific heat of air is considered as constant, but the influence of water content on 

air density through "virtual" temperature as given in equation (80) is considered, then 

equation (184) may be written as: 

//* = pC/>w77 cal-cm-2-sec-l. (197) 

If the value of "virtual" temperatm-e from equation (182) is substimted in tiie above 

formulation, then it becomes: 

H = pC;,(vv + w')((7 + 7') +0-61^7 + ^ 7 ' + (/ '7+ ^'7'])- (198) 

It was shown in the previous section that mean vertical velocity, 1̂  = 0 . Following 

this postulate, the above equation may be simplified in the form as: 
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H = pCp w \[T + 7') + 0.6l[^ T-^qf -^q'T + q T]] (199) 

which can be written as: 

H = pCp w [T + 7') 

+ 0.61 pCp w [[T + 7') + 0.61[^ T-^qT ^-qT-^qf]] - (200) 

The first term on the right-hand side of the above expressions is obviously the well-

known sensible heat flux as conventionally used. However, its solutions is given as: 

pCp w [T + 7') = pCn(w'7)+ pCn{w'7')- (201) 

The first term on the right-hand side of equation (201) is zero because it contains a 

single flucmating quantity, the mean sum of which is zero. Therefore, the expression 

becomes: 

pCp w'(7 + 7') = pCp[w'T')' (202) 

To complete the solution of equation (197), now the solution of the second part to 

equation (200b) is given below: 

0.61pCn w'fe7 + ^ 7 ' + ^ '7 + q f) 

/ . — ' ; ^ ' ' ' ' r^' 

= 0.61pC^|w -qT^--qw 7 T w q ^ q w T ]' (203) 
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In die above equation, die first term is zero because it has only one primed quantity. 

The fourth term may be neglected being a higher order term, die magnimde of which is 

negligibly small compared widi lower order terms. Thus, equation (203) reduces to: 

pCp wTy, = 0.61pC;,qwT -^0.6lpCp7 w'q'. (204) 

Finally, die addition of equations (202) and (204) yields die solution to tiie sensible 

heat flux wherein the variation of air density due to vapor content has been accommodated 

by employing "virtual" temperamre. The solution is: 

'^' «, , . ^ '—.' pCp wTv = pCpwT + 0.61 pCpq wT + 0.61 pC;,7 w q . (205) 

Assuming specific humidity of 0.02 gm-gm-1, air density of 1.18 X 10-3 gm-cm-3 and 

air temperature of 300 °K, the above equation has a magnimde in the order of: 

pCp wTv = H + 0.012 H + 0.073 LgE • (206) 

3.7.3.3 Moismre Correction Through Tw and C^ 

The goveming sensible heat flux expression was given in equation (175). In this 

expression, the air density, p' may be considered constant because die humidity influence 

is included in tiie "virtual" temperamre term. Also, Houghton (1986) has reported that 

density flucmations, p*' may be neglected because they are much less than those of velocity 

flucmations. Following Reynolds mles, the expansion to equation (175) yields the 

following expressions: 

pCp wT^ = p(Cp + Cp) (w + w') (7y + 7̂ ) (207) 
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pCpw7v = p w'(Cp + c'){(7 + 7') + 0.6l[^7 + ^7' + ^'7 + ^'7'])(208) 

pCpw7v = p w'(Cp + c ' ) ( 7 + 7 ) 

+ pw '(Cp + C:){o.61 . ' ' = • / _ ' qT + -qr + ^ 7 + ^ 7 j • (209) 

The solution to equation (209) has already been derived and is given by equation (196) 

and is written as: 

pCp wTy, = pCp w' 7 + pCp W'T + pT wCp + p Cpw'T (210) 

/ —' pCp w7v = pCp w 7 + 0.84 pCp7 w q. (211) 

The expansion of equation (209) results in the foUowing expressions: 

pCpwTy, = 0.61pCpW L^7 + ̂ 7 +q T +q T 
.' ' —.' ' . - , ' 

+ 0.61p C'y [qT + qf + qf + q' f]' (212) 

In expression (212) Cp is constant and dius can be taken out from underneath tiie over 

bars. The resulting equation is: 

' ' . - , ' ' .^' 
pCpwTy = 0.61 pCpW L^7 + ̂ 7 +q T +q 7 J* (213) 

This expression (213) is similar to equation (203) tiiat has the solution as given by 

equation (204) of the form: 
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' —.' pCp wTy, = 0.61 pCpq w 7 + 0.61 pCp7 w q . (214) 

The expression (212) may be expanded as below: 

pCpWF^ = 0.61 p {[Cpw'q f\ + [c'pw'q f) + [Cpw'qf) + (c>'^'7')}'(215) 

It may immediately be noticed that aU die terms, except die first term, in equation 

(215), are higher-order (> third order) terms. Therefore, dieir resultant average may be 

neglected as very small in quantity compared with second- and first-order expressions. 

Therefore, from the first term of equation (215), the resultant solution to equation 

(210b) may be written as: 

pCpVvTV = (0.84x0.6l)pCp(77w'<7'. (216) 

In conclusion, it may be seen that the solution to the sensible heat flux equation (175) 

that takes into account (i) the influence of buoyancy effects due to density variations 

through "virtual" temperature, and (ii) the variation of water vapor content on the specific 

heat of moist air is the total sum of equations (211), (214), and (216), or 

H* = pCp w'T + 0.84 pCpT wq' + 0.61 pCpq wT 

+ 0.61 pCp7 w' q + (0.84 x 0.6l) pCp^7 w' q (217) 

or 



«* = pCp wY + (0.61 q) pCp wY + j2:?i£elj pL, H-' q' 
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(0.61 c„r M)pz,,;77+(5:^^)pL.,77. (218) 

Under normal meteorological conditions at a temperature of 300 °K, an estimate of tiie 

bracketed terms may be made as given below. 

Let die specific humidity, q, be 0.02 gm-gm'l, density 1.18 gm-cm-3, latent heat of 

vaporization, L ,̂ 590 cal-gm-l, and ambient temperature 300 °K. Then die above equation 

(218) may be approximated as: 

/ / * = / / + 0.012H + 0.l03LgE + 0.075Le£: + O.OOllLgE (219) 

where LgE is the rate of evaporation, H is the dry sensible heat flux, and H* is the sensible 

heat flux, with hunudity flucmations considered. The equation is in units of cal-cm-2-sec-^ 

3.8 Final Prediction Equation 

It is shown in the above sections that the consideration of the influence of variation of 

vapor content significantiy influences the sensible heat flux in die constant flux layer. 

Thus, considering the influence of specific humidity variations, the energy equation (33) 

may be written as: 

Qn = H* •¥ LgE cal-cm-2-sec-l (220) 

where Qn is the net available energy, LgE is the latent heat flux, and H* is the moist-air 

sensible heat flux as given by any of equations (184), (205), or (217). Equation (220) is in 



101 

units of energy per unit area per unit time. In die C. G. S. system, it is in units of cal-cm* 

2-sec-l. The latent heat of vaporization, Lg, is in cal-gm* 1 and E is die rate of evaporation 

in mass per unit area per unit time. Equations (184), (205), and (217) consider the 

influence of specific humidity through "virtual" temperature and specific heat of air. 

In this investigation, moist-air sensible heat flux, //* is taken from equation (217), 

though the same solution applies to H* from equations (184) and (205). It is shown in die 

second term of equation (219) that the additional heat flux quantity tiiat appears as tiiird 

term in equation (217) is about one percent of H, the dry sensible heat flux. In this report, 

H is specified as dry sensible heat flux (no moisture correction appUed) and this quantity, 

H, is commonly known as sensible heat flux in the literature. Thus, this second term in 

equation (217) may be neglected. 

Simdarly, it is shown in equation (219) that the last term is negUgibly smaU compared 

with other terms. Consequentiy, the fifth term may also be dropped from equation (217). 

Also latent heat fluxes in equation (217) may be combined together. Following these steps, 

equation (217) may be expressed in the following form: 

H- = // . (M5C-.r ^\LgE « / / +(0.103+ 0.074)Le£ ly-sec'l. (221) 

where the second term on the right-hand-side of equation (221) has been multiplied and 

divided by Lg, the latent heat of vaporization. Now the following dimensionless constant 

numbers, C/ and Co are defined as: 

1 45C«7 
Cf = ; ; ^ , and Co = 1+0.177 = 1.177 (222) 
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where T is the ambient temperature in degrees absolute (Kelvin). It may be noted that the 

constant, 0.177 in die above equation (222) has been evaluated for standard meteorological 

conditions. Then tiie energy equation (220) may be written in the foUowing forms as: 

Qn = H + j i l^^JLef + LgE (223a) 

Qn = H + (l+Cf)LgE = H +CoLgE. (223b) 

If the above equation is divided by LgE on both sides, and terms are rearranged, then 

one obtains the expression for the rate of evaporation as foUows: 

LgE = ( ^^ \ cal-cm-2-sec-l (224) 
[Po + Co, 

A) = ' ^ l ^ (ez-ez) 
(es' ez) 

(225) 

It may be noticed that except for the substitution of tiie dimensionless constant, Co, the 

above equation (224) is the same as equation (33), tiie original solution to which is given 

in section 2.1.5.2.1. The modified solution, containing tiie dimensionless form of the 

turbulent Lewis number, has been given in section 3.6.4.1.2 where the Bowen ratio, po, is 

defined by expressions (161) through (164). 

The ah-eady modified form of the evaporation model previously derived as equations 

(167) and (168), may be extended to incorporate the influence of humidity variation in 

equation (224) above. The approach is essentially the same as tiiat akeady outhned in 

sections 2.1.5.2.1 and 3.6.4.1.2, except the unity constant in previous models be replaced 

with the dimensionless constants, Cf and Co, as defined in equation (222a, b). The 

solution is shown below. 



103 

Rewriting equation (225) for po from equation (164), one obtains: 

A) = 
yUt ^ (ez-es) 

(es - ez). 
(225) 

where in the above equation, po is Bowen ratio. Let is the turbulent Lewis number, es and 

e 2 are saturated vapor pressures corresponding to the surface and air temperatures, and ez 

is the partial vapor pressure at height z. 

Multiplying equations (53) and (54) to the right-hand side of the square bracketed 

terms, the foUowing expressions may be obtained as: 

p,Jy^\ 
A I 

^ f(uz)(ez-ez) 

and 

A) = f^r ^ epkp Uz (e* - ez) 

EP [/„^f 

(226) 

(227) 

For simplification purposes, let the two constants be derived as: 

Gi =f(uz)(e*-ez) 

where 

f(Uz) = Km gP^O ẑ 

(228a) 

(228b) 

G2 
Km eP^O "z (̂ z - ^ J = tim. 
sc. , [ ; „x ]a 

(229) 
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A) = f^^Ki C\\ ^yEUt yUtGi 
AE AE 

(230) 

A) = 
yEUt yLetG2 

AE AE 
(231) 

If the constant, Co is added on both sides of the above equations, then: 

A) + Co = 
[AECO + y ELe^ 

AE 

yLetGx 

AE 
(232) 

A) + Co = 
[AECO + y EU^ 

AE 

yLetGl 

AE 
(233) 

Po^Co = 
E[ACO + y Le]-yLetGx 

AE 
(234) 

Po-^Co = 
E{ACO + 7L€j-rL€fG2 

zi£ 
(235) 

If tiiese values are substimted in (224), then formulations (234) and (235) may be 

wntten as: 

L,E = ^Qn 
E[ACo-^yLeyLgLetG\ 

cal-cm"2-sec"̂  (236) 

L^E = ^Qn 

E[ACo-^%e]-LgLetG2 
cal-cm"2-sec"l. (237) 
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Algebraic rearrangement of the terms in the above equations yields: 

E = ^Qn 
Lg (ACO + '}Ut) 

yLetGx 

ACo + ^^r. 
(238) 

E = ^Qn 
Lg [ACo + ^ / ) L^̂ O + yLet 

yUtG2 (239) 

where the rate of evaporation is in units of gm-cm'2-sec"^ [cm-sec* ̂ 1 in die above 

equations. 

If tiie values of Gi and G2 from equations (228) and (229) are substituted in (239) and 

(240), then the foUowing forms are obtained: 

E = AQn ^yLetf(uz)(ez-ez) 

Lg (CoA + yLe] (CoA + yu] 
(240) 

E = ^Qn + ^^^ 
Lg {CoA + ^Let) [(CoA + yLe]\ P [M ^ ] 

'h[ez-ez Uz(e*-ez) (241) 

where the rate of evaporation, E, is in units of cm-sec" 1-

If the value of constant Co = (1 + C/) from (222b) is substituted in the above 

equations (240) and (241), then the foUowing expressions are obtained: 

E = AQn 

Lg[(A(l + Cfi-^yLet)] 
^n -X 

A(l+Cf)+'iLet_ 
f(uz)(ez-ez) (242) 

E = 
AQn , -fn' epk^ 

Lg [{A (1 + Cf) + jLe]] [A(l+Cf) + yu\ P \ln f-l^ 
"z Uz* - e j • (243) 
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Now substimting the value of Cf from equation (222b), and also substimting (z-d) for 

z in the above equation (243), the foUowing expressions in units of energy per unit area per 

unit time (or length per unit time) are obtained: 

LgE = 

[.(, 
^Qn 

1.45Cpr\ 
l^t 

yPr't -1 

A\ 1 + 1.45C„7 5CpT\ ^ ^ 
ALgf\u^(e*z-e] (244) 

LgE = 
[.(, 

AQn 
1.45Cp7\ 

yUt 

yPr^ 
r /, 1.45 Cn7\ 

yUt 
ZQ 

(245) 

At normal meteorological conditions of temperature (300 °K), and specific humidity, 

q, of about 0.020 gm-gm"l, the following approximate formulations are obtained: 

LgE = AQn 
[A (1+0.177)+TL^J 

yPr;^ 

[A(l+0.in) + ')Le^_ 
Lef(uz)(ez-ez) (246) 



L^E = •>€ 
AQn 

[A ( 1 + 0 . 1 7 7 ) + }£^J 
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yPr;i 

[A (1+0.177)+yL^J 

epkl L, 

In^ 
^ Uz (ez - ez) 

Zo 

(247) 

which may further be simplified to: 

L^E = AQn 
[A (l+O.177) + 0i^J 

and 

y'r;i 

\[(A + 0.177 zi) + )£ej 
Lef(uz)(e2 -ez) 

L,E = AQn 
[A (l+0.177)+)£^j 

(248) 

yPr]^ 

](^ + 0.177^) +yL€ J 
'-P!^uz(e*z-ez) 
In^ 

^0 

(249) 

in units of energy per unit area per unit time, cal-cm*2-sec"^ or in units of length per unit 

time (cm-sec 1). 

If tiie value of eddy diffusivity for momentum. Km, from equation (132a) is 

substituted in die second part of equation (249) above, then the prediction equation of the 

following form is obtained that is independent of wind speed. 
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LgE = ^(2n 
[zl (l+0.177)+)£ej 

yPr't^ Km 

1(1.1774+r^J. 
epLg(ez-e 

p\ln^A 
L ZQ J 

•J] (250) 

The above formulas are different forms of the proposed prediction equation for 

estimating the rates of evaporation from land, water, and vegetative surfaces. However, it 

must be noted that, in the above expressions, the term A has to be evaluated at the mean 

surface ambient temperatures. Conttrary to the general belief among the researchers, 

surface temperature requirement has not been eliminated in the Penman (1948) equation, 

neither can it be eliminated by known mathematical tools. In the absence of known surface 

temperatures, if one makes the assumption that surface temperature is equal to ambient 

temperature, then his assumption cannot be taken to mean that the surface temperature 

requirement has been eliminated. 

3.9 Limiting Effect Of Wind Velocity 

Like other evaporation models, die wind velocity, Uz, appears explicitiy as a Unear 

function in the advection term of equation (245). This impUes tiiat the "wind-effect" rate of 

evaporation continues to increase with an increase in wind speeds with no upper bounds. 

Many discrepancies are caused by this inaccurate method of expression of the influence of 

wind-effect on die rate of evaporation. Altiiough it has been postulated by many 

researchers that there must be an upper limit on the wind-effect rate of evaporation, no 

attempt has ever been made to determine this "upper limit" However, there are some 

quaUtative statements to tiie effect (Horton, 1917) that 20 mph may be the upper Umit for 

wind speeds beyond which die rate of evaporation from free water siufaces is not 
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influenced by die further increase in wind speeds. On diis subject, Konstantinov (1966) 

has given an exhaustive account, but has reported no conclusive results. However, he has 

pointed out that the magnimde of die wind velocity at which the upper Umit is reached may 

be higher over water than over land and vegetative surfaces. Lacking any experimental or 

theoretical evidence on the upper bounds of wind velocity causing no further increase in the 

rate of evaporation, there was no other recourse except tum to the thermodynamic aspect of 

the evaporation process. 

If water is allowed to evaporate in still air, the rate of evaporation follows Pick's law 

as described by equation (119). If no heat is added or subtracted (no radiation input), then 

the rate of evaporation increase with increasing wind velocity with corresponding decrease 

in the temperature of the water surface. An equiUbrium between the water surface 

temperature and the rate of evaporation is reached and becomes constant after a certain 

"upper limit" of wind velocity is reached. This equiUbrium temperature is caUed as the wet-

bulb temperature at which the flow of heat from the air equals that which is released fiom 

the water through vaporization. Rich (1961) has shown diat for a freely evaporating 

surface, the evaporation rate becomes "independent of air velocity as die conditions remain 

turbulent" On the same subject, van Wylen (1962) has reported diat "in general air 

velocities upwards of 700 feet per minute (3.5 m-sec"l) are desirable so that the convective 

heat ttansfer is large compared with the radiant heat transfer." Concluding, it may be 

submitted diat 700 feet per minute (3.5 m-sec'l) is die approximate "upper limit" of the 

wind speed beyond which the rate of evaporation becomes independent of air velocity over 

water. This Umit of wind velocity (3.5 m-sec*l) wiU be lower for vegetative surfaces as 

pointed out by Konstantinov (1966). This upper Umit wiU be determined from die 

experimental observations in die later chapter. 



CHAPTER IV 

INSTRUMENTATION AND EXPERIMENTAL 
PROCEDURE 

Like aU other models relating atmospheric ttansport processes, the proposed prediction 

equation for determining the rate of evaporation is not exact in sttict "mathematical" 

terminology. Rather, the equation depends on certain assumptions as stated earUer during 

its derivation in the previous chapter. This is because the "closed-form" analytical 

solutions of the Reynolds equations (97)-(102) are known not to exist because the 

Reynolds transport terms contain more unknowns than the number of resultant equations. 

Under such circumstances in which a "closed form" analytical solution of a physical 

process is impossible, it becomes imperative that simpUfying assumptions be made to 

obtain a workable solution. Under such circumstances, it is necessary that the approximate 

solution be checked using experimental findings to determine the vaUdity of the model. 

It may be pointed out that daily or even longer-period averaged data may be used for 

predicting the performance characteristics of an appUed model for evaporation. However, 

such longer-period or daily data are not useful for the correct evaluation of such a model 

that is inherendy "basic" in character. Rather, at least hourly measurements of evaporation 

amounts and the cortesponding pertinent meteorological data are a prerequisite for 

evaluating the empirical coefficients of the proposed model. 

Evaporation in nature is a diffusion process that is a direct consequence of the mixing 

of turbulent motions generated in the earth's surface layer. Besides meteorological factors, 

the fluid flow and transport properties are determined partly by the aerodynamic roughness 

characteristics of the underlying surface. Of equal importance is the density stratification of 

110 



I l l 

die air (or attnospheric stabiUty) tiiat results from tiie difference in temperamre between die 

surface and the air above. 

However, due to die daUy solar cycle, none of die above physical characteristics, 

namely surface roughness, surface wind, temperamre of die evaporating surface, and 

atmospheric stabiUty, remain constant for more tiian a few hours (PasquiU, 1983). 

Consequentiy, tiie use of averaged dady observations in determining die empirical 

constants, and for checking equation (245) is not strictiy legitimate. 

4.1 The Research Program And Experimental Site 

The experimental smdy was conducted through a cooperative effort between the 

Agricultural Engineering Department and the Department of Grounds Maintenance of the 

Texas Tech University (TTU), Lubbock, Texas. Evaporation measurements were made 

over an effluent storage reservoir located a few miles away fiom the main campus of the 

Texas Tech University. The reservoir is used to dispose of a part of partiaUy sewage water 

of the local municipaUty by land treatment No data coUection in the summer was possible 

because of irrigation and, thus, lack of control of die reservoir. 

The effluent storage reservoir, with a water siuface area of over 6 acres, is a 

rectangular (Figme 2) earthen pond that is 445 feet (137 m) wide, 610 feet (198 m) long, 

and about 35.5 feet (8 m) deep when full to capacity. Its trapezoidal-shape has side slopes 

of 2.5-horizontal to 1-vertical. Thus at full capacity, tiie design volumettic capacity of die 

reservoir was about 50 miUion gallons of water. The site was surrounded by mesquite and 

other small bushes, ranging in height from 1 foot to 8 feet taU. 

On the north east comer of the pond is located an 8 feet (2.4 m) by 10 feet (3 m) 

square pumping well instaUed with a centrifugal pump for irrigation pumping. The 

pumping weU is connected to die reservoir by a 12-inch (0.30 m) diameter, 130-foot (40 

m) long pipe. 
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The reservoir is Uned with 0.036-inch reinforced syndietic Uner. This Uner has been 

placed to prevent seepage losses and dius avoid contamination of tiie underground water 

table. To die best knowledge of dus writer, the above described evaporation pond offers 

an exceUent faciUty for die testing of an evaporation prediction equation under natural 

conditions. Because of its large areal dimensions, large volumetric capacity, controUed 

inflow and outflow, and above aU, its seepage-free characteristics, the reservoir may be 

considered as an "ideal" site for controUed-smdies on evaporation modeUng. It may be of 

interest to notice that, as far as the present writer knows, no evaporation measurements 

have been reported in the Uterature as made over a water body of such magnimde and 

physical characteristics. 

4.2 InsttTimentation And Experimental Procedure 

The first step towards making evaporation observations was the proper choice for the 

location of instmmentation for making evaporation measurements from the effluent 

reservoir. The side shores of a water body are the poorest locations for evaporation 

measurements. This is because the water level at the edge of die pond may be higher or 

4ow^ than the tme average water levels depending on the wind direction. The net change 

in height due to water waves (or the water shouldering effect) is directiy proportional to the 

prevaiUng wind speed, and often may be several magnitudes higher dian the amounts of 

water evaporated during a given time interval. Though the instaUation of instt^mentation 

and the task of making evaporation observations is the easiest at the shorelines, the 

aforementioned considerations warrant that evaporation measurements be made at or near 

die center of the lake. 

In addition, the sewage effluent reservoir presented another problem. Because of the 

thin membrane Uner, the center or sides of die reservoir could not be used for anchoring die 

working platform without potential danger of permanent damage to die liner. Formnately 
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the pumping weU provided an ideal location for evaporation measurements. It was obvious 

that pumping weU would not only serve as an effective "stilling weU" for dampening the 

water waves but would miitimize "wave shouldering effect" because die inlet to die weU 

was about 130 feet inside the reservoir. Therefore this pumping weU was used as die site 

for making evaporation measurements. 

A hanging platform was constmcted and instaUed inside the pumping-weU to serve as 

a work-place. For hook gauge measurements, several 2-inch diameter stilling wells made 

out of iron pipe and each varying in lengths such that continuous evaporation 

measurements could be made for an interval of at least one month. 

A very smaU hole of the order of 1.5 mm in diameter was driUed at the bottom of each 

stilling weU to mirumize wave effects inside the stilling weUs. Furthermore, the stilling 

weUs were welded at the bottom sides on to about 10 mm thick steel plates for placing them 

flat on the hanging platform. For horizontal levelling of the stdUng weUs, leveUing screws 

were welded at the bottom of the flat plates. After instalUng the stilling weUs over the 

hanging platform, they were checked for horizontal leveUing and were adjusted as 

necessary. 

4.2.1 Evaporation Measurements 

Evaporation measurements were made dady in the morning by using both hook gage 

and a micrometer. Though the accuracy of hook gage measurements was of the order of 

0.01 mm, simultaneous measurements made with the micrometer provided a check on hook 

gage measurements. 

The evaporation measurements were made continuously during each period of 

measurement lasting from a minimum of 10 to 13 days. Therefore, daily measurement 

errors, if any, were absorbed in each evaporation period. 
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The prevailing wind direction and its speed were also recorded at the time of 

evaporation measurements. This was considered necessary to know the quaUty of 

measurement data in view of the frequent changes in dady wind direction and its speed. 

During strong wind speeds, usuaUy in excess of 4 m/sec, the effect of water 

shouldering on the sides of the pond was obvious. It is possible that wave-induced 

shouldering effect could have effected the evaporation measurements on windy days, 

especiaUy during the periods when the wind direction changed from north to west or vice 

versa. However, each evaporation period was started and ended on calm days. Thus, the 

total evaporation amounts during each period may be considered accurate and representative 

of high quaUty data. 

4.2.2 Qass A Pan Measurements 

Though not a part of the actual research smdy, evaporation measurements were made 

by employing two Class A pans. One pan was placed at the ground, next to the pond, and 

was instaUed and operated as per instmctions of the United States Geological Survey. 

The other pan was floated over the water surface some 250 feet inside the reservoir 

from the south. During very high winds, it was noticed that evaporation measurements 

were not possible because of water splash. 

4.3. Meteorological Measurements 

The meteorological variables measured were solar radiation, relative humidity, ambient 

air temperature, wind speed, and water temperature profUes. A meteorological tower was 

instaUed on land adjacent to the pond on its east side, and the necessary data coUection 

instmments were instaUed onto the meteorological tower as shown in Figure 3. 
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Figure 3. The meteorological tower for measuring wind speed, and other 
weather data from effluent storage reservoir, Texas Tech 
University, Lubbock, Texas. 
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4.3.1. Radiation Measurements 

A siUcon pyranometer model LI200SZ Pyranometer suppUed by die CampbeU 

Scientific, Inc., Logan, Utah, was used for measuring incident shortwave solar radiation. 

The instrument has a spectt^ range of 0.30 to 3.0 micron and measures the direct and 

diffuse components of solar radiation. The insuiiment was placed horizontaUy at a height 

of 3 m above the ground. During each period of observations, occasional checks were 

made to ensure that the instrument remained in a horizontal position. 

4.3.2. Albedo Measurements 

Water surface reflectance or albedo measurements were made through the deployment 

of an albedometer Model 3023 of tiie Weathermeasure, Division of Qualimettics, 

Sacramento, Califomia (Figure 4). The insttiiment has a spectral range of 0.30 to 3.0 

microns and measures the direct and diffuse components of solar radiation. The instrument 

was placed horizontaUy at a height of 3 m above the ground. The instrument was placed 

horizontaUy approximately two feet above the water surface as shown in Figure 5. The 

insttiiment measured the incident and reflected short wave radiation. From these 

measurements, albedo was calculated as the ratio of reflected to incident radiation. 

The incident radiation measurements obtained from the albedometer and LI200SZ 

Pyranometer as described above in section 4.3.1 provided an immediate means of check. It 

was observed that radiation measurements from both instmments were within the 

measurement accuracy range of the instruments. 

4.3.3. Ambient Temperature And Relative Humidity 
Measurements 

Simultaneous air temperature and relative humidity data were coUected with a 

CampbeU Scientific Model 207 Temperature and Relative Humidity probe. The accuracy of 
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die instmment for measuring relative humidity was approximately 99 percent in the ambient 

relative humidity range of 25 to 94 percent. The instrument was instaUed on the 

meteorological tower (Figure 3) at a height of 2 m above the ground. 

4.3.4 Wind Speed Measurements 

Wind speeds were measured at a height of 2 and 3 meters above the ground by using 

Model 014-A Met-One wind speed sensor. The anemometer assembly was suppUed by the 

CampbeU Scientific, Inc., Logan, Utah. This wind speed sensor was a 3-cup anemometer 

assembly and a magnetic reed switch assembly to produce a series of contact closures 

whose frequency is proportional to wind speed. The Ught weight cup anemometer had a 

starting speed of about 0.5 m/sec. The anemometer was instaUed on a triangular mast 

(Figure 3) with a side booms of about 5 feet to avoid mast interferences. 

4.3.5. Water Temperature Profiles 

The heat capacity of the reservoir was determined from the temperature profUes at 6 

levels with readings made at depths of 0.0,2, 3,6,11 and 21 feet. In die pond, water 

temperature profde measurements were made by using standard thermocouples. The 

thermocouple were placed at the surface-, 2-, 3-, 6-, 11-, and 21-foot depths in the 35-foot 

deep pond. It was assumed tiiat temperature profde remained almost invariant below 21 

feet during the period of observations. 

For instaUation, the thermocouples were hung inside the pond by a weight pulled by a 

string, along which were mn thermocouple wires. This arrangement assured that the 

thermocouples remained vertical in position at intended intervals. The thermocouples for 

each level were placed approximately in the middle of the longimdinal direction of the 

pond, about 70 feet from the eastem edge. The hanging-weight and the thermocouples 
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were supported inside the pond by a long rope running across the pond in the horizontal 

direction. 

4.4 Data Acquisition System 

The measured signals from aU the instmments as described above were recorded by 

CampbeU Scientific 21X data logger as shown in Figure 6. AU meteorological data, 

namely, air and water temperatures, relative humidity, radiation, and wind speed 

observations were made every 2 seconds and averaged over 1-, 3- and 24-hour intervals, 

and stored in the CampbeU Scientific 2IX data logger. 

The data so coUected and stored in the data logger were then tt-ansferted manuaUy onto 

a cassette tape. The data stored in the memory of the CampbeU Scientific 2IX data logger 

were retrieved by using an RC35 model Cassette Tape Recorder once every two weeks. 

AU the data were then decoded through a CampbeU Scientific Model C20 Cassette Interface 

that aUowed tape-generated data to be retrieved from the CampbeU Scientific Model CS 

2IX data logger. 
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CHAPTER V 

RESULTS 

In order to check the suitabiUty of the proposed prediction equation for estimating 

evaporation under natural conditions, aU the variables appearing in equation (245) were 

first specified in a usable form for computational purposes. This was foUowed by 

comparing the calcidated rates of evaporation with those of the measured ones as observed 

at the experimental site (see Chapter IV) and using data collected from weU watered grass 

at Davis, CaUfomia as reported by Morgan et al. (1971). The detads of diese two 

processes are briefly discussed in the foUowing sections. 

5.1 Computational Form Of The Variables 
Used In The Prediction Equation 

The prediction equation (245) was derived in Chapter HI fiom the energy balance 

equation (31). As stated earUer, equation (31) may be expressed as an algebraic sum of aU 

forms of energy that are entering or leaving an evaporating surface, and is rewritten again 

for ready reference as: 

H + LgE + G +Qi + Qo + Rn + AS = 0 (251) 

where H and LgE are, respectively, the latent and sensible heat fluxes in units of energy per 

unit area per unit time. The symbol G, commonly known as the soil heat flux, indicates the 

energy conducted from or into the ground. As shown by data from the University of 

Califomia at Davis, as Usted in Table 1, the soil heat flux was found to range between 9.54 

(0.16 mm-day^) and - 27.06 (- 0.45 mm-day^) langleys per day. Therefore sod heat flux, 
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Table 1: The amount of energy conducted into or fiom the sod, G, 
over a grass field at the University of Califomia at Davis. 

Date 
1966 

June 2 
June 3 
July 12 
July 13 
July 14 
O a l 3 
Oct 14 

1967 
May 2 
May 3 
May 4 
May 5 
May9 
Sep 28 
Sep 29 

Langleys 
Rn 

376 
375 
309 
358 
387 
126 
69 

326 
196 
335 
195 
178 
199 
235 

per day 
G 

-3 
-7 

-16 
-3 

-13 
10 
7 

-27 
-11 
-9 
-3 
-5 
-3 
-2 

G/Rn 

-0.80% 
-1.92% 
-5.10% 
-0.72% 
-3.32% 
7.55% 
10.12% 

-8.30% 
-5.58% 
-2.74% 
-1.51% 
-2.93% 
-1.42% 
-0.77% 1 

Rn = net radiation = Rs (1 - alpha) - Rb 
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G, is very smaU in comparison with other components of the energy equation, and, thus, 

was ignored in die calcidations for computing estimated rates of evaporation from tiie 

effluent storage reservoir. Since the value of G was calculated fiom sod temperamre 

profiles, the reported values for G were considered accordingly in that data analysis as part 

of die UCD smdy. 

In the above equation, (^ and Qo are die components of die advected energy carried by 

the flowing water from or into die lake. This term was zero in observations fiom tiie 

effluent storage reservoir because aU measurements were taken during zero inflow and 

outflow conditions. 

5.1.1 Change In Energy Storage, AS 

CampbeU (1977) has reported that the energy consumed during vegetative growth and 

in the manufacturing of dry matter by plants, AS, was less than 3 percent of the incident 

radiation. Thus this term may be safely neglected in the energy equation being very smaU 

in comparison with the magnimde of other terms for estimating evaporation fiom vegetative 

surfaces. However, AS term is important in estimating evaporation losses fiom free water 

surfaces and, thus, may not be ignored. Nevertheless, over short periods of time, the 

quantitative evaluation of this term presents insurmountable problems. For example, for a 

given period of time the term is evaluated as: 

AS ^ pCp X [7/+1 - 7/] dh (252) 
i = l 

where p is the density of water and has a value of 1 gm-cm'3, Cp is the specific heat of 

water and is about 1 cal-cm-2-°C-^ dh is the vertical thickness of the element of the water 

body in cm and 7/+; and 7/ indicate die water profde temperatures at depths i and i+1 
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layers. Then die quantity, AS, in equation (252) is in units of langleys per unit time. 

Because of tiie usuaUy large tiuckness of tiie water bodies, a smaU error in tiie measurement 

of water temperature profUes results in imreasonable estimates of the change in energy 

storage term, AS. During temperattire-profde measurements over 21 feet (6.40 m) from 

tiie effluent reservoir at TTU (Appendix B), die estimates using equation (252) for AS 

computed from dady temperature profUes were neither consistent nor seemed to be 

reasonable. Perhaps for such reasons, Derecki (1976) and the AustraUan Water Resources 

Councd (1973) have recommended diat for die consideration of AS term in evaporation 

smdies from free water surfaces, the period of measurement should be of the order of at 

least one month. Consequentiy, for calculating dady amounts of evaporation through 

equation (245), this term was considered negligibly smaU and, thus, ignored during data 

analysis for estimating evaporation from the effluent storage reservoir. 

5.1.2 Radiation 

The radiation term, Rn, in the energy equation represents the algebraic sum of the 

incident less reflected components of solar radiation, minus net longwave radiation. This 

term is usuaUy expressed as /?n = ̂ j (1 - oc) - Rf,, where Rs is the amount of incident solar 

radiation, a is the albedo of the evaporating surface, and Ri, is the net longwave radiation. 

If proper instrumentation is avadable, Rn can be measured accurately; otherwise it can be 

estimated by standard methods, for example Tennessee Valley Authority (1972). 

In this research smdy, the incident and reflected components of direct and diffuse 

shortwave (collectively known as solar) radiation were measured over water. Since the 

outgoing longwave radiation from the surface into the atmosphere is a fimction of surface 

temperature and its emissivity alone, it can be correcdy estimated by the weU-known 

Stafen-Boltzman law as: 
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"tRbo = e(frf ly-dayi (253) 

where e is die emissivity of die water surface (=.97) and ais die Stafen-Boltzman constant 

and has a value of 11.71 * 10-8 ly-day-l-°K^., and 7 is in degrees absolute (Kelvin). It is, 

however, very difficult to determine the incoming longwave radiation which depends on 

several atmospheric factors including state of the atmospheric stabiUty, its water vapor 

content, the amount of carbon dioxide and other gases in the atmosphere, and the amount 

of other atmospheric poUutants such as dust, sulphur dioxide, and poUen. For the purpose 

of this smdy, therefore, the net longwave (difference between incident and outgoing) 

radiation, 7?̂ , was estimated by a formula as suggested by Jensen (1973) as: 

Rb = (fT^ X (ai + bi V25) x af^^b ly-day-1 (254) 

where 7 is the air temperature in degrees absolute, e^is the saturation vapor pressure at 

mean dewpoint temperature, in mb. The values of 0.39 and - 0.05 for constants ai and bi 

appropriate for Lubbock, Texas, in equation (254) were taken from Jensen (1973). 

In the above equation, Rs and Rso> respectively, are the amounts of solar radiation 

received on a horizontal surface on cloudy and clear days. For calculating net longwave 

radiation, Rb, in equation (254), the ratio of Rs/Rso appearing in the above equation has 

been determined by an empirical relationship by Fritz and MacDonald (1949) and is given 

in Jensen (1973) in the form: 

^ = 

^so 
0.35+0.61 x ^ 

Is. 
(255) 
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where n/N is the ratio of acmal to possible number of sunshine hours. The values for n 

and N were obtained fiom die office of die National Weadier Service located at die 

Lubbock Intemational Airport, Texas. Thus, die avadable energy was calculated as die 

algebraic sum of the estimated amount of longwave radiation from equation (254) and from 

the measured amount of solar radiation over water from the effluent storage reservoir. 

5.1.3 Other Variables In The Prediction Equation 

In equation (32), the quantity Qn represents the algebraic sum of aU variables (G, Qi, 

Qo, AS, and Rn,) that can be measured directiy. Assuming Qn directed to the surface as 

positive, and H and LgE negative (i.e., directed away from the surface into the 

atmosphere), the above equation (251) becomes as: 

Qn = H + LgE ly-day (256) 

The solution to the above equation was obtained as equation (245) in section 3.8 as: 

L^E = 
A 1 + 

AQn 
1.45 CpT\ ^ 

Lg 1 
yLet 

H-
jPr;' 

1.45 CnT\ 
yU, 

2 
epkQ Lg 
In z-d 

zo J J 

Uz( e* - ez) (257) 

where 7 is tiie air temperature in degrees absolute (Kelvin), and other variables in die above 

equations are the same as already specified in section 3.8. Since the prediction equation 

does not contain any empirical coefficients, it is general in appUcation and, thus, is equally 
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appUcable in aU system of units, i.e., Foot-Pound-Second (EngUsh), Meter-Kdogram-

Second (MKS), or Centimeter-Gram-Second (CGS). 

5.1.4 Expressions for D, e*, Lg, g, and P 

Bmtsaert (1982) has shown tiiat the weU-known Qausius-Clapeyron equation tiiat 

defines the pressure-temperature relationship. A, may be written as: 

A = — = Q-^^^V* nib-̂ 'K-l (258a) 
37 RdT'^ 

the integration (Bmtsaert, 1982) of which yields the expression of the foUowing form as: 

A = 3734$g* [13.3185 - 3.3952/ -1.9335/2.0.5196/3] (258b) 
72 

where/?<f is the universal gas constant, Lg, is the latent heat of vaporization, and 7 is 

temperature in degrees absolute, e* is the saturated vapor pressure, and / is equal to [1 -

(373.15/7)]. Many authors, mcluding Goff and Gratch (1946), Gibson and Bmges 

(1967), and Richards (1971) have given the dieoretical expressions for saturated water 

vapor pressure, e . From among various relationships, the formula of Goff and Gratch 

(1946) has been widely accepted as a standard, and was used to prepare published tables 

(e.g.. List, 1971) on water vapor-temperature relationships. The following approximate 

expression for e* as given by Richards (1971): 

e* = 1013.25 exp (l3.3185/ - 1.976/2 - 0.6445/3 - 0.1299/^) (259) 
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was used for calculating saturated vapor pressure. The slope of the pressure-temperature 

Une, A, was determined by using equation (258b) as given above. 

Several expressions for determining die latent heat of vaporization, Lg, are given in 

die Uteramre. For example, Budyko (1974) suggested die foUowing expression for 

determining the latent heat of vaporization, Lg, in die form as: 

Lg = 597 - 0.607 cal-gm"! (260) 

where temperature 7 is in °C. For tiie estimation of tiie latent heat of vaporization, Lg, die 

foUowing expression, as suggested by Jensen (1973), was used in equation (245): 

Lg = 595 -0.517. cal-gm-l (261) 

The psychrometric constant, y, was obtained from the relationship as given below: 

y = ^P""^ mb-°K-l. (262) 
0.622 X L^ 

For a station located at an elevation of z meters above sea, the barometer pressure, P, 

in mb, may be calculated by using the formula: 

P = 1013.25-0.1055Z. (263) 

For the data coUected over a grass field at the University of CaUfomia at Davis, die 

results of the sample calculations using hourly and dady measurements are Usted in 

Appendix C. 
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5.1.5 Von Karman Constant And 

Surface Roughness Parameter 

The von Karman constant, ko, and surface roughness parameter, zo, appear as 

numerator and denominator in die prediction equation (245), respectively. Therefore, any 

error in their values would result in a proportional error in the computed amounts of 

evaporation in the second part (advection term) of the proposed prediction equation (245). 

5.1.5.1 Von Karman's Constant kf^ 

It was shown in section 3.2.3 that within the atmospheric boundary layer, the 

Prandti's mixing length for momentum tt^ansfer, denoted by Ẑ , is assumed to be 

proportional to the vertical distance* z, from the surface as given by equation (124). For 

isothem^ flow in pipes and over flat plates, von Karman (1938) found the value of this 

proportionaUty factor equal to 0.40. Because of his work, this proportionaUty factor is 

now known as the von Karman constant, and has been represented by the symbol, ko, in 

this manuscript 

In the atmosphere, different values of ko have been reported, ranging from 0.35 of 

Businger (1959) to 0.50 of Brooks (1963). However, during the reanalysis of their 

original data sets, the same authors later reported the revised ko values of 0.40 and 0.46, 

respectively. During a very carefuUy designed field experiment, PasquiU (1949) found 

that the value of ko obtained over a grass field was essentiaUy equal to 0.40 under neutral 

stratification of the atmosphere. 

One of the major objectives of the 2-year micrometeorological smdy conducted during 

1966-67 by Morgan, Pmitt and Lourence (1971) at the University of Califomia, Davis, 

Califomia (UCD), was die determination of a cortect value for this constant, ko> From the 

analysis of extensive surface shear-sttess and wind-profile measurements, they found that 

the value of ko varied from a low of 0.40 to a high of 0.44, having a mean of about 0.42. 

They reported that this value compared favorably with die findings of Webb (1966), 
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Rossby and Montgomery (1935), and Holzman (1943). It may be mentioned diat Rossby 

and Montgomery (1935) used a ko value of 0.38 in tiieir woric. Based on tiieoretical 

treatment of the problem, Konstantinov (1966) showed that in a non-stratified attnosphere, 

die value of ^ is 0.40. Pursuant to die above considerations, a value of 0.40 was used for 

0̂ in the present calculations in data analysis. 

5.1.5.2 Surface Roughness Parameter. z£) 

The surface roughness parameter, zo, in equation (131) appears as a constant of 

integration and may be considered as a length characterizing the roughness of the surface. 

For its evaluation in equation (131a), it stands for die height where die log profde of wind 

speed, when extrapolated to the surface, vanishes. PhysicaUy zo represents the vertical 

eddy size at the surface where the wind velocity becomes zero. The accurate numerical 

value of this "constant of integration" can only be determined by experiment 

For pipe flows and in flows over flat plates having stationary projections of varying 

heights and density, the values of this constant, as obtained from the weU-known 

experiments of Nikuradse (1933) and Schlichting (1936), have been conclusively 

determined and are discussed in SchUchting (1980). 

In the atmosphere, the value of zo has been the subject of numerous investigations, 

both theoretical and experimental. Some authors, for example, Sutton (1953) beUeve tiiat 

zo is a function of atmospheric stabiUty. Monteith (1973) has reported that over some 

surfaces, zo, increases with wind speed and over other surfaces it decreases with increasing 

wind speed. His observation is consistent with the findings of Konstantinov (1966) and 

Priestiy (1959). However, within the first few meters, the value of zo must be specified 

accurately because a very small error in its value can result in appreciable errors in the 

resultant estimates obtained fiom equation (245). In tiie data set from UCD, the dady 
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average values of zo over grass were given in their report and, thus, die same have been 

used in the present computations in die analyses of tiie UCD data. 

During weU-known Lake Hefner studies, Marciano and Harbeck (1954) reported diat 

their data showed that over water the value of zo increased with increasing wind speed and 

that it ranged from 0.50 cm to 1.2 cm. At wind speeds of 10 m-sec-^ measured at a height 

of 8 m, they reported a value of 0.94 cm. Later, Lettau and Zabransky (1968) obtained a 

zo value of 0.235 cm fiom another data set from the same Lake Hefner. They (Lettau and 

Zabransky) reasoned that their value of 0.235 cm is more reasonable than the previously 

reported value of Marciano and Harbeck (1954). An attempt was made to measure zo over 

water at the effluent storage reservoir, TTU. The average value of zo obtained from the 

effluent pond data was about 0.40 cm. 

Based upon the above discussion, a value of 0.235 cm for zo was considered 

reasonable to be used in the present data analysis obtained from the effluent storage 

reservoir. 

5.1.5.3 Turbulent Prandti. Schmidt, and Lewis Numbers 

The proposed prediction equation (245) requires the knowledge of turbulent 

Prandti, Schmidt, and Lewis numbers. These non-dimensional numbers have been 

discussed in sections 3.3, 3.4, 3.5, and 3.6 of Chapter IH. Morgan et al. (1971) found 

tiiat die values for both die turbulent Prandti (Prl) and ttirbulent Schmidt (Sc-l) 

numbers were the same and equal to 1.13 under neutral conditions. Using the data 

fiom Swinbank's (1955), Priestiy (1959) suggested tiiat tiie value for ttirbulent Prandti 

number (Prl) was approximately equal to 1.13 under adiabatic conditions and varied 

with the varying degree of the atmospheric stabiUty. EUison (1957) developed a 

hypothetical formula suggesting that the value of turbulent Prandti number (Prt)-1 was 

close to 1.2 in neutral conditions. Lumley and Panofsky (1964) concluded that under 
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unstable conditions, Kh usuaUy exceeds Km and reaches a value of 1.2 to 1.3 under 

unstable conditions. Swinbank and Dyer (1967) found tiiat Kh and Kg are equal 

throughout a wide range of stabiUty. This suggests that the value of ttirbulent Lewis 

number. Let. (=Ke/Kh) is equal to unity. Simdarly, Monin and Yaglom (1971) have 

stated diat "...all empirical evidence indicates tiiat Kh is equal to Kg (i.e. Let = 1) in 

neutral and unstable conditions." Dyer (1974) also reported diat die findings of Monin 

and Yaglom (1971) are conect. However, PasquiU (1949) carried out extensive 

experiments over short grass with the only objective to determine their values. His 

results indicate that Kh and Kg are not equal and vary through out stable to unstable 

conditions. 

The value of turbulent Prandti number has been investigated extensively under 

controUed conditions in wind tunnel experiments by several researchers. For example, 

Chi and Spalding (1966), and JayatiUeke (1969) reported a value of 1.11 for turbulent 

Prandti number (Pr^) whde Kader and Yaglom (1972) recommended a value of 1.18. 

From tiieir work, Tyldesley and Stiver (1968) found that turbulent Prandti number, 

Pr^ is 1.12, a value that is surprisingly very close to that obtained by Morgan et al. 

(1971) fiom die UCD data. 

Based upon the findings of various researchers as discussed above it may be 

concluded that the value of non-dimensional turbulent Prandti number is approximately 

constant and Ues in the range of 1.1 to 1.2. IncidentaUy, this value for turbulent 

Prandti number is about the same as diat for molecular Prandti number as given by List 

(1971). As found by Morgan et al. (1971), a value of 1.13 for ttu-bulent Prandti 

number and a value of unity for turbulent Lewis number was used in this smdy. The 

Schmidt number is assumed equal to Prandti number since the Lewis number is unity. 
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5.1.5.4 ExnerimentaUv Dfttermined Values Of Exchange 
Coefficients In The AtmnsphprP. 

Morgan et al. (1971) found diat die values of ttirbulent Prl and Sc"! numbers were 

equaUy to 1.13 imder neutt^ conditions and were not equal to unity as previously 

assumed. Concluding fiom Swinbank's (1955) results, Priestiy (1959) suggested tiiat 

tiie value of Prl is approximately equal to 1.13 under adiabatic conditions and varies 

witii die varying degree of die attnospheric stabdity. However, Dyer (1965) indicated 

that Swinbank's (1955) values for sensible heat flux, H, were too low by at least one-

tiiird, and showed tiiat (Prt)-l is 1.15. The work of Rider (1954) suggests a value of 

1.30 for turbulent Prandti number (Prt)-l in neutral conditions. EUison (1957) 

developed a hypothetical formula suggesting that (Prt)"l is close to 1.20 in neutt^ 

conditions. Simdarly, Cramer and Record (1953) found the value of Pr^ less than 

unity for adiabatic conditions. Lumley and Panofsky (1964) conclude that under 

unstable conditions, Kh usuaUy exceeds Km and reaches a value of 1.2 to 1.3 under 

unstable conditions. Swinbank and Dyer (1967) found that Kh and Kg are equal 

throughout a wide range of stabiUty, and that both are different from Km- Monin and 

Yaglom (1971) have stated that aU empirical evidence indicates that Kh is equal to Kg in 

neutral and unstable conditions. Davies (1972) has reported that this ratio is often 

foimd to be greater than unity, and a value of 1.4 has been reported and values as high 

as 1.5 or 1.6 are not uncommon as well. 

Pasquill (1949) carried out extensive experiments over short grass with the only 

objective to determine their values. His results indicate that Kh and Kg are not equal 

and vary through out stable to unstable conditions. 
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5.1.5.5 ExnerimentaUv Determined Valiip^ Of 
Exchange Coefficients Tn The Lahoratnrv 

Sometimes paraUel developments have been made in different disciplines without 

much cross reference, and some results are weU understood in one discipline and less 

famiUar in another where (in the latter) they might be used to advantage. This is 

especiaUy tme with reference to the understanding and proper evaluation of eddy 

exchange coefficients relating to the processes of momentum, heat, and moisture 

transfer in turbulent flows. Under conttroUed laboratory conditions,these eddy 

coefficients are weU-understood and their values have been determined. Therefore 

much accurate information is avadable fiom the laboratory smdies in turbident flows 

through pipes and over flat plates that can be used to advantage. It may be recaUed that 

the experimental value of von Karman's constant as obtained in the constant flux layer 

in the atmosphere is about the same (= 0.40) as was first determined from experiments 

in pipes and over flat plates in the laboratory. 

ExperimentaUy determined values of turbulent Prandti number, (Prt)"^ have been 

surveyed by Kestin and Richardson (1963). Various authors including Blom and de 

Vries (1968), Blom (1970), Sleicher et al. (1973), and Quarmby and Quirk (1974) 

have reported the experimental values of (Prt)-^ Simpson et al. (1970) found that for 

air (Pr = 1.30), the local value of Prt near the wall was greater than unity, displaying a 

maximum value of approximately 1.4 at the waU and decreasing to approximately unity 

in the outer space. 

Chi and Spalding (1966) have suggested the value of 0.90, while Kader and 

Yaglom (1972) recommended a value of 0.85. Goldman and Marchello (1969), and 

Launder and Spalding (1972) have shown that slight modifications in the value of Prt 

have proven to be effective in predicting heat and mass û ansfer rates for a wide variety 

of flows. 
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JayatiUeke (1%9) showed tiiat tiie agreement widi experimental observations is 

improved if die die value of 0.90 is used for ttu-bulent (PT{)-^ instead of unity. 

Tyldesley and Stiver (1968) abandoned die concept of nuxing lengdi and assumed 

diat the detaded flmd behavior may be modeUed by considering it to consist of a simple 

ensemble of "entities" or eddies of varying size, shape, velocity, and temperature. 

They suggested that turbulent Prandti number may be described in terms of molecular 

turbulent number in the foUowing form as: 

(2 + 9Pr) 
P^t - \^—7^'^ = molecular Prandti number. (283) 

(3 + 9Pr) 

For air at ordinary meteorological temperatures, the average value of molecular 

Prandti number, I*r, is 0.70 (List, 1971). Therefore, die above equation gives a value 

of turbulent Prandti number equal to: 

(3 + 9Pr) (3 + 9 X 0.70) 

which is very close to the value as obtained by Morgan et al. (1971) from the UCD 

data. 

Page, SchUnger, Breaux, and Sage (1952) measured velocity and temperatiue 

profdes for air flowing between two parallel plates. Their results show tiiat Kh and Km 

are both functions of position in the stream. Both diffusivities for heat and momenmm 

reach a maximum value and then start decreasing downwards. However, throughout 

the whole cross-section Kh is consistentiy greater that Km-

Jenkins (1951) showed that /// decreases when compared with that as suggested by 

the simple mixing length theory which assumes zero heat loss during the ttavel of die 



138 

eddy from one level to anotiier level Simdarly, Davies (1972) argued tiiat heat ttiuisfer 

can not reaUy proceed adiabaticaUy and some heat loss during die process of local 

transport must occur. He continued diat such processes wiU cause a difference between 

the transfer of momentum and heat by eddy movements and thus the mixing lengths 

wiU be different for momentum and heat that they must lose heat 

5.2 Comparison With Ohservarinns 

Two data sets of varying durations and coUected under different conditions of 

thermal stratification of the atmosphere (also referred to as atmospheric stabdity) and 

for a wide range of wind velocities were used in determining the reUabiUty of the 

proposed prediction equation. The first data set was the observations made over water 

from die effluent storage reservoir at tiie Texas Tech University (TTU), Lubbock, 

Texas. The other data set used was from the University of California, Davis, 

Califomia (UCD) as reported by Morgan, Pmitt, and Lourence (1971). The UCD data 

were observations made over weU-watered short fescue grass. The results obtained 

fiom each data set are discussed in the foUowing sections. 

5.2.1 Comparison Of Predicted Versus Measured 
Evaporation Over Water 

One of the major problems in determining the accuracy of a prediction formula for 

determining evaporation is the utter absence of reUable measurements made under 

controUed conditions over water. A very careful examination of the pubUshed literature 

indicated that Rohwer (1931) was the only person who made detaded and accurate 

measurements of evaporation during a 2-year period from a large reservoir under 

natural conditions. He measured evaporation in a circular concrete-lined 85-foot 
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diameter storage reservoir. Witii regards to his experiments, Rohwer (1931) reported 

diat 

. . . to eliminate die probabiUty of leakage, die reservoir was lined with 
14-ounce soft copper sheets widi double-soldered flat-lock joints. 
Radial expansion joints were provided along die quarter Unes. Before 
laying the copper Uning, the floor and lower portion of the sides of the 
reservoir were given a heavy coating of hot gas tar and then covered 
with copper lining from sticking to the tar... 

The effluent storage reservoir at the Texas Tech University, Lubbock, Texas, may 

very weU be considered to meet the sttictest seepage-free requirements of Rohwer in the 

sense that it (TTU reservoir) has been lined by 0.036-inch duck synthetic liner. 

Therefore, an attempt was made to coUect comprehensively accurate evaporation 

measurements and other pertinent variables. 

From among the many data coUected, two data sets, each consisting of 10 days 

(day 64 to day 73) and 13 days (day 88 to day 102), respectively, were selected for use 

and are Usted in Tables 2 and 3. These two data sets were considered as the most 

reUable measurements and, thus, used for checking the vaUdity of the proposed 

prediction equation. 

The prediction equation (245) was used for the estimation of evaporation from the 

effluent reservoir, TTU. The results of the analyses of the data coUected over the 23-

day period are Usted in Table 4. These results show that the predicted amounts of 

evaporation by equation (245) and by the van Bavel method are 182 and 186 mm of 

evaporation, respectively, compared with the measured amount of 143 mm during the 

23-day observation period. In other words, both die prediction equation and the van 

Bavel method overestimated the predicted amounts of evaporation by 27.3 and 30.2 

percent, respectively. The discrepancy may be explained by the fact that in both 

methods, the rate of evaporation given by the advection term has been calculated as a 

linear function of wind velocity, Uz, witii no upper bounds on the Umiting effect of 
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Table 4: Results of measured evaporation versus evaporation calculated by 
eqiiation (245) for aU wind speeds using no wind correction. 

Day 

64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
8 8 " 
89 
90 
93 ' 
94 
95 
96 
97 
98 
99 
100 
101 
102 

Total 

I JEvaporation in mm per day 
Measured Theory ' van Bavel 

4.13^ 
2.635 
4.445 -
6.533 ̂  

-^4.750 
5.369 
8.595 ~ 
6.960 ^ 
5.258 
4.439P 
7.0631( 
6.51211-
7.874^ 
5.55(S^ 
6.800 
9.561.-
7.639 -
5.588 
8.223 -^ 
8.837 
4.054 
5.916 ^ 
5.842 
143 

4.900 
3.899 -
8.349 ^ 
9.576 ^ 
4.117-
6.096 
14.633 -
8.668 
5.957-
3.969-

^11.340-
6.478 
8.159-. 
6.134 
7.924 
13.775 
10.039^ 
6.579 

—11.608 
13.118^ 
3.162 
6.400 
6.653 
182 

5.012 
4.060 
8.421 
9.576 
4.194 
6.197 
14.621 
8.633 
6.052 
4.058 
11.483 
6.691 
8.333 
6.482 
8.263 
14.104 
10.303 
6.914 
11.949 
13.513 
3.168 
6.709 
6.961 

1§(̂  

% Difference 
Theory van Bavel 

1^ 
4 8 -
88 
47 
-13 
U 
70 
25 
13 

-11 
61 
-1 
4 
10 
17 
44 
31 
18 
41 
48 
-22 
8 
14 
27 

21 
54 
89 
47 
-12 
15 
70 
24 
15 
-9 
63 
3 
6 
17 
22 
43 
35 
24 
45 
53 
-22 
13 
19 
5(i 

Wind Speed 
m/sec 
6.00 
3.60 
6.49 
7.57 
4.34 
4.13 
6.38 
5.78 
4.02 
3.77 
7.30 
5.24 
7.09 
3.47 
4.26 
5.97 
5.35 
2.82 
5.66 
6.38 
6.49 
3.90 
3.44 
5.2 
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wind speeds on the rate of evaporation as suggested by die "wet-bulb dieory" given in 

section 3.8.1. 

The same data set for aU the 23-day observation period was reanalyzed by 

considering die "Umiting-effect" of wind velocity on die rate of evaporation. The 

results, as given in Table 5, show tiiat when die effect of wind velocity was Umited to 

4 m-sec^l, i.e., wind velocities greater diat 4 m-sec-̂  do not cause an increase in die 

rate of evaporation, then the amount of predicted evaporation by equation (245) reduced 

to 149.1 mm in comparison with the measured amount of 142.6 mm, with an over

estimate of 4.6 percent. When the effect of wind velocities was limited to 3.5 m-sec"^ 

the equation (245) predicted 140.6 mm compared with the measured amount of 142.6 

mm as Usted in Table 6. On the discussion of wet-bulb dieory, van Wylen (1962) 

suggested that"... wind velocities upwards of 700 feet per minute (3.5 m-sec" )̂ are 

desirable." These results clearly show the significance of considering the limiting effect 

of wind velocity on the rate of evaporation. 

Despite an exceUent agreement between the measured and wind-corrected predicted 

amounts of evaporation as Usted in Tables 5 and 6, there is a large scatter between the 

dady predicted and observed amounts of evaporation. This discrepancy may be 

attributed to several factors. It is very Ukely that on some occasions, the dady 

evaporation measurements may not truly represent evaporation for the day because of 

wind-induced disturbances that were resulting in the water-shouldering effect and 

contributed to day-to-day variations. For example, during the period of observations 

reported (Table 3), it may be noticed that the mean daily wind velocities were as high as 

7.1 m/sec and even the mean wind velocity over the enthe 23-day period was very high 

and averaged over 5 m/sec. These high winds were affecting the measurements in two 

ways. First, the wind direction was not consistent in one direction and, secondly a 

change in direction from south to north and vice versa was but a common phenomenon. 
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Table 5: Results of measured evaporation versus evsqjoration calculated by 
equation (245) for higher wind speeds decreased to 4 m/sec. 

Day 

64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
88 
89 
90 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 

Total 

Evaporation in mm 
Measured 

4.135 
2.635 
4.445 
6.533 
4.750 
5.369 
8.595 
6.960 
5.258 
4.439 
7.063 
6.512 
7.874 
5.556 
6.800 
9.561 
7.639 
5.588 
8.223 
8.837 
4.054 
5.916 
5.842 
142.6 

Theory 
3.99^ 
3.899 
6.041 
5.975 
3.937 
5.976 
9.888 
6.557 
5.943 
3.969 
7.422 
5.713 
5.982 
6.134 
7.682 
10.570 
8.410 
6.579 
9.371 
9.739 
2.226 
6.400 
6.653 
149.1 

per day 
van Bavel 

lOii 
4.060 
8.421 
9.576 
4.194 
6.197 
14.621 
8.633 
6.052 
4.058 
11.483 
6.691 
8.333 
6.482 
8.263 
14.104 
10.303 
6.914 
11.949 
13.513 
3.168 
6.709 
6.961 
185.7 

% Difference 
llieory 

4 
48 
36 
-9 

-17 
11 
15 
-6 
13 
-11 
5 

-12 
-24 
10 
13 
11 
10 
18 
14 
11 

-45 
8 
14 
6.4 

van Bavel 
21 
54 
89 
47 
-12 
15 
70 
24 
15 
-9 
63 
3 
6 
17 
22 
48 
35 
24 
45 
53 
-22 
13 
19 

30.2 

Wind Speed 
m/sec 
4.00 
3.60 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
3.77 
4.00 
4.00 
4.00 
3.47 
4.00 
4.00 
4.00 
2.82 
4.00 
4.00 
4.00 
3.90 
3.44 
5.2 
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Table 6: Results of measured evaporation versus evaporation ct̂ lculatrd by 
equarion (245) for higher wind speeds decreased to 3 J m/scc. 

Day 

64 
65 
66 
67 
6Z 
69 
70 
71 
72 
73 
88 
89 
90 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 

^ota l 

Evaporation in mm 
Measured Theory 

4.135 
2.635 
4.445 
6.533 
4.750 
5.369 
8.595 
6.960 
5.258 
4.439 
7.063 
6.512 
7.874 
5.556 
6.800 
9.561 
7.639 
5.588 
8.223 
8.837 
4.054 
5.916 
5.842 
142.6 

3.780 
3.856 
5.579 
5.470 
3.673 
5.523 
8.890 
5.962 
5.500 
3.834 
6.829 
5.405 
5.630 
6.134 
7.215 
9.757 
7.805 
6.579 
8.697 
9.087 
2.038 
6.149 
6.653 

140-^ 

per day 
van Bavel 

5.012 
4.060 
8.421 
9.576 
4.194 
6.197 
14.621 
8.633 
6.052 
4.058 
11.483 
6.691 
8.333 
6.482 
8.263 
14.104 
10.303 
6.914 
11.949 
13.513 
3.168 
6.709 
6.961 
185.7 

% Difference 
Theory 

4 
46 
26 
-16 
-23 
3 
3 

-14^ 
5 

-14 
-3 
-17 
-29 
10 
6 
2 
2 
18 
6 
3 

-50 
4 
14 
-2 

van Bavel 
21 
54 
89 
47 
-12 
15 
70 
24 
15 
-9 
63 
3 
6 
17 
22 
48 
35 
24 
45 
53 
-22 
13 
19 
30 

Wind Speed 
m/sec 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.47 
3.5 
3.5 
3.5 

2.82 
3.5 
3.5 
3.5 
3.5 
3.44 
5.2 

7i 
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During die period of observation, the prevading wind direction was mostiy from north 

to soudi or soudi to north. When die wind direction was from north to soutii, it tended 

to push die water towards die soutii shore. Though very smaU, tius change of wind 

direction would result in a gradual down-slope of water surface fix)m north to soudi. 

The measurement ertor would occur when the wind would die down or change 

direction from south to nordi and, dius, would result in a reversal of water surface 

slope. This change-in-slope caused by the "water shouldering" effect, tiiough very 

sUght in absolute magnitude, was significant. This is because the mean evaporation 

during die period of evaporations was only about 6 mm per day, even a mere 3 mm 

change by wind-induced change-in-slope was high enough to result in a cortesponding 

difference o f t 50%. Perhaps tius is one of die reasons tiiat Kohler et al. (1955) 

recommend evaporation measurements from large water bodies be made in the middle 

of the lake. 

The problem of wind effects on evaporation measurements was noticed at the time 

of data coUection. The obvious solution was to have instaUed the instmmentation 

inside the middle of the reservoir. As pointed out in section 4.2, this was not possible 

because of the potential danger of rupturing the lining material in the reservoir. To 

aUeviate the problem, and for keeping such errors to minimum, the foUowing procedure 

was adopted. 

The evaporation measurements were started on a day when it was essentiaUy stiU 

and calm in the morning, and they were simdarly ended on another day when wind 

speed was essentiaUy calm at the time of measurements. Furthermore, the initial 

reading of one day was the final reading of the previous day. This integration method 

eliminated the effect of any possible ertors in evaporation measurements in the total 

sum for each measurement period as caused by wind-induced wave disturbances 

Consequentiy, this approach of continuous measurements during each observation 
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period resulted in a reasonably good agreement between die predicted amounts of 

evaporation from the effluent reservoir and the observations. 

5.2.2 Comparison Of Calculated Versus 
Measured Evaporation Over Grass 

A micrometeorological smdy conducted during 1966-1967 at die UCD by die 

Department of Water Science and Engineering (Morgan et al., 1971) provided data for 

checking the predictive abdity of die proposed prediction equation. It may be 

mentioned that the UCD study was not related to the development or verification of any 

formula for estimating evaporation. Nevertheless, the micrometeorological elements 

reported in their (Morgan et al., 1971) report did provide aU the necessary information 

needed for the verification of the proposed prediction equation. 

5.2.2.1 Brief Description Of Field Observations At UCD 

The data used to check the suitabiUty of the proposed prediction equation were 

coUected at the Hydrometeorological Field Station of the University of Califomia at 

Davis. Thesedatawerereportedby Morgan, Pruitt, and Lourence (1971). The 

description of their data is summarized in Table 7. The detailed information on the 

instrumentation and experimental procedure has been reported by many, including 

Goddard (1971) and Pierson (1972). The data sets as reported by Morgan et al (1971) 

consisted of a total of 14 days and were taken over 6 different occasions, each varying 

from a minimum of 1 day to a maximum of 4 days. 

The UCD data (Table 5) were collected in the mondis of June, July, and October 

of 1966 and May and September of 1967. These data were taken under a wide range of 

wind speeds and varying degrees of atmospheric stabiUty. With regard to the accuracy 
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of die tiiese data, Goddard (1971) found diat wind speeds were accurate to widun ± 10 

cm/sec, temperattu-es to ± 0.1°C, and evaporation amounts to ± 0.001 ly/min. 

5.2.2.2 AnalvsisOfUrnn^ta 

Morgan et al. (1971) presented data sets coUected at 30-minute intervals. The use 

of mean hourly values were considered appropriate in the present investigation. Thus 

the reported data for aU the 14 days were analyzed and used for testing tiie predictive 

abiUty of the proposed evaporation equation. The results of the calculated amounts of 

evaporation by using equation (245), with no wind cortection, along with other 

pertinent information are Usted in Tables 8 and 9. The results in Table 6 are for die 

days having low wind speeds less dian or equal to 3 m/sec. The results in Table 7 are 

for the days when mean daily wind speeds were higher than 3 m/sec. For comparison, 

included in both of these tables are the evaporation values as calculated by using the van 

Bavel (1966) equation. 

As shown in column 3 of Table 7, from among the 14 days for which data were 

reported, only 4 days (Jime 2, June 3, July 13, and May 4) had complete 24-hour 

observations. The remaining 10 days had missing data for various durations and at 

different times of the day. Therefore, to be consistent, the data for aU the 14 days were 

also analyzed for the hours of maximum evaporation between 08(X) and 1900. These 

residts are also included in Tables 8 and 9 where Usted under column "aU data" are the 

calculated amounts of evaporation for aU the available data. Simdarly, given in column 

"day time" are the estimated amounts of evaporation between 0800 and 1900 hours of 

the day. An analysis of the UCD data showed that the amount of evaporation during 

night hom^ was less than 3 percent of the total evaporation for the 24-hour period. 

These results were also in confirmation with Budyko's (1974) observations that tiiere 

was Uttie evaporation from vegetation during night hours. This is because the stomata 
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remain closed during night hours. However, Budyko (1974) did further point out tiiat 

no evaporation at night was not tiie case over water where night time evaporation might 

reach as high as 40 percent diat of die day. 

5.2.2.3 Low Wind Speeds Versus.Pemp.nf 
Error In Estimated Evaporation 

The results in Table 6 were prepared for the days on which the prevailing winds 

were Ught and had mean daily wind velocities of equal to or less than 3 m/sec. The 

results for two days of June 2,1966 and May 4,1967 (24-hour data) Usted in Figures 

7 and 8 show a very good agreement between the theory and observations. It must be 

be pointed out that, though very reasonable, the theory does overestimate the predicted 

amounts of evaporation ranging fix)m a low of 2 percent to a maximum of 31 percent. 

This discrepancy may be attributed to two plausible reasons. First, as mention before, 

the value for the turbident Lewis number was assumed unity in the calculations which 

is not strictiy true. Within the range of meteorological temperatures, the value of 

molecular Lewis number is close to 1.13 (List, 1971), a value that is surprisingly the 

same as obtained by Morgan et al. (1971) for turbulent Lewis number, Let, under 

neutral conditions. From his experiments, PasquiU (1949) showed that Kh > Ke, i.e.. 

Let = Kh/Ke = > uidty. Thus equation (245) would yield better estimates of predicted 

evaporation if a value greater than unity is used for turbulent Lewis number. Second, 

the prediction equation (245) is "strictiy" appUcable to saturated water surfaces. 

Though the data in Table 7 are for the weU-watered short grass (Pierson and Jackman, 

1975), it is not unreasonable to expect that die evaporation from grass may be 

somewhat lower than over water under the same weather conditions. 

Another point that deserves notice is the information provided in the last column of 

Table 6 showing that on many occasions when the data were taken, the atmosphere was 
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mostiy in a state on unstable equiUbrium as calculated after PasquiU (1949). The results 

show tiiat, irrespective of attnospheric stabdity conditions, die error in calculated rates 

of evaporation by the proposed equation (245) as compared widi the observed values is 

about 20 percent (wind not adjusted for maximum velocity). However the proposed 

equation can be used to obtain reUable estimates of evaporation over vegetation under 

aU conditions of attnospheric stabiUty provided a cortection for wind velocity, as 

discussed in the foUowing sections, is incorporated in the advection term (see section 

5.2.2.5). 

The estimated amounts of evaporation computed by the van Bavel equation for the 

same period are also included in Tables 8 and 9. These results (in Tables 8 and 9) 

clearly show that the van Bavel equation consistentiy overestimates the predicted 

amounts of evaporation in comparison with the estimates as obtained by the proposed 

formula. This is not surprising because it has already been shown in section 3.7.3.3 

that if the contribution of the variation of water vapor content in the air is not considered 

through using variable isobaric specific heat, Cp, and that if the buoyancy effects are 

neglected, then the amount of dry sensible heat flux, H, wiU be lower dian that of die 

moist-air sensible heat flux, H*. In consequence, the estimated evaporation computed 

by the van Bavel formula wUl be higher than the one obtained from the proposed 

evaporation equation (245). 

5.2.2.4 High Wind Speeds vs Percent 
Error In Estimated Evaporation 

As shown in Table 9, tiie percent ertor in die predicted amounts of evaporation 

increasing with an increase in wind speeds above 3 m/sec. In this regard one point 

must be mentioned. There is now a unanimous consensus among researchers that aU 

evaporation equations employing log-law formulations are vaUd under neutral 
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good for isotiiermal flows in wind tunnel experiments. The simultaneous experimental 

observations conducted in die constant flux boundary layer of the earth's surface have also 

confirmed that log-law formulation produces results witii fidelity in conditions of neutt-al to 

near-neutt-al thermal stt-atification in die lower layers of the atmosphere. 

In view of the above, the results in Figures 9 and 10 showing the state of attnospheric 

stabdity on May 9 and October 13 must be noted carefuUy. As is evident from tiiese 

figures, on both of these two days, the atmosphere was in a state of perfect neutral 

equiUbrium through aU hours of maximum evaporation during the day. Obviously, one 

would expect that the estimated amounts of evaporation obtained both by theory and that by 

the van Bavel equation would be within reasonable accuracy Umits as obtained in Table 6. 

However, contrary to the expected, the results in Table 7 show that as the wind velocity 

increased beyond 3 m/sec, the percent error in estimated amount of evaporation increased 

almost logarithmicaUy. Such high over-estimates under neutral stratification are conttary to 

the widely accepted view that log-law formulations hold good for conditions of neutral 

equiUbrium. 

On the other hand, a perusal of Table 5 indicates that more than 50 percent of the time, 

the atmosphere was in a state of unstable thermal stratification. StiU the percent error in 

estimated evaporation versus measured amounts for these days of unstable stabiUty was 

less than 8 percent Such reasonably good agreements between the measured and 

predicted amounts of evaporation under non-neutral conditions are again contary to the 

presentiy held view of the researchers who suggest diat log-law formulations must be 

modified to include the effects of non-neuttal conditions of the thermal stt-atification. 

,̂ ,2,7. S Cortection For Wind In The Advection Term 

As discussed in the previous sections, during the analyses of the data coUected over 

water and short grass, evaporation amounts were calculated by using equation (245) 
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widiout die consideration of die "Unuting-effect" of wind velocity on die rate of 

evaporation. As expected from die considerations of tiie "wet-bulb" dieory (section 

3..8.1), both the prediction and the van Bavel equations overpredicted evaporation for 

wind velocities exceeding about 3 m-sec-l. This is also consistent witii tiie findings of 

otiier researchers, including Richie (1979) and Steiner et al. (1989) who reported tiiat tiie 

consideration of wind term, Uz, as a linear function in the advection term (2nd term on die 

right-hand-side of equation 245) results in over-estimates of predicted amounts of 

evaporation in otiier Penman type combinations. In this research study, it has been 

hypothesized that this "advection term," also commonly known as the "drying power" of 

the wind, is analogous to the equiUbrium conditions as prescribed by the "wet-bulb" theory 

as given by Rich (1961), and Zimmerman and Lavine (1945). It may be recaUed tiiat, 

according to this (wet-bulb) theory, when equiUbrium conditions are obtained then aU the 

heat needed to vaporize water is drawn fix)m the air. It is a matter of common experience 

that once these conditions are reached, the temperature of the evaporating surface reaches 

its lowest limit and is known as the "wet-bulb" temperature in thermodynamics. This 

temperature does not drop any further even if the rate of air flow is further increased, 

because any further increase in wind speed cannot supply any further sensible heat to cause 

an increased rate of evaporation that would result in further decrease of the temperature. 

This impUes that there must be an upper limit of wind velocity at which the air can 

supply the maximum amount of sensible heat for vaporization. Once this lindt is reached 

any further increase in wind velocity does not enhance the rate of evaporation simply 

because the air has already reached its maximum potential to release sensible heat for 

vaporization. Thus there must be an upper linut for the wind term, Uz, beyond which the 

rate of evaporation becomes independent of wind velocity. 

Sinular to the results obtained in sections (5.2.2.3), and (5.2.2.4), it has also been 

been found by other researchers, too, that evaporation models containing wind term, Uz, as 
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a linear function in die advection term often result in overestimates of die predicted amounts 

of evaporation. Because of the importance of die problem in-question, two examples are 

given below: 

Agroclimatic Atias of Texas (1986) reported diat: 

. . . Richie (1979) compared die Penman and Priestiy-Taylor equations with 
data fix)m a lysimeter at Temple, Texas. (He found tiiat) bodi equations 
overestimated potential evapottanspiration for grain, sorghum, and cotton. 
Richie suggests diat for Temple die term accountmg for advection in die 
Penman equation nrobablv ha.s an upper limit 

Steiner, Howell, and Schneider (1989) compared several evaporation equations for 

106-day data coUected during 1987-1988 at Bushland Texas. They concluded diat: 

. . . in this (Bushland) windy environment, the combination equations 
which include an empirical, linear wind function overprediaed Eo (potential 
evapotranspiration). The original form of the Penman equation has not been 
improved upon by modifications of the wind terms, such as those reported 
by Doorenbos and Pmitt (1977) presented as ETFA024, by Phene et al. 
(1986), or by a locally fit function. 

Thus, the results in sections 5.2.2.3 and 5.2.2.4, and the observations of other 

researchers substantiate the fact that wind velocity, Uz, in advection term should not be used 

as a simple linear function. However, in the past no effort has been made to determine the 

quantitative magnitude on the "upper limit" of Uz beyond which the rate of evaporation 

would become constant in the advection term. The quaUtative statements of van Wylen 

(1962), and Zimmerman and Lavine (1945), as given in section 3.8.1, indicate that this 

upper limit for Uz Ues in the neighborhood of 600 to 700 feet per minute (3 to 3.5 m-sec-^) 

for saturated surfaces. Konstantinov (1966) has shown that this Umit wiU be lower over 

land and vegetation. 

For estabUshing the effect of wind velocity on the rate of evaporation given by the 

advection term, die data reported by Morgan et al. (1971) and diat coUected over water at TTU 

were analyzed by dividing the wind velocities into 6 arbitrary classes of 1.5, 2.0,2.5, 3.0, 
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3.5, 4.0, and above 4.0 m-sec'l. For example, for a 3.0 m-sec'l wind speed group, the data 

computations were performed under the condition that if the wind speed was > 3.0 m-sec^ 

then the wind speed was equal to 3.0 m-sec'^, else wind speed was the same as observed. 

The results of such computations using hourly data in equation (245) are listed in Table 10. 

These results clearly show diat die rate of evaporation becomes independent of wind velocity 

above 2.5 to 3.0 m-sec'l. Since tiiis is first time tiiat such an approach has been proposed that 

suggests the consideration of an upper linut on wind velocity in the advection term, the 

absolute quantitative magnitude of this upper limit needs further research. 
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CHAPTER VI 

CONCLUSION 

The content matter of dus chapter foUows closely die guideUnes as set forth in section 

1.3. Reiterating briefly, die specific objectives of this research sttidy were: 

1. To examine the evaporation problem from a dieoretical standpoint and define 

deficiencies in the existing techniques for estimating evaporation, and 

2. To develop a physically exact energy method that would be general in appUcation 

and, thus, would provide a standard of measurement for determining the accuracy 

of other prediction equations. 

6.1 Defining Deficiencies In Existing Mediods Of 
Determining Evaporation 

A survey of the pubUshed Uterature indicated that profde methods of Sutton (1934, 

1949) and Calder (1949) were theoretically sound and physicaUy exact Since their 

methods considered the cross- and down-wind gradients of wind velocity, humidity, and 

temperature expUcidy in their derivation, these methods were superior over the one-

dimensional methods of Sverdrup (1936) and Thomthwaite-Holzman (1939,1942) which 

predicted point-evaporation rates only in the vertical direction. However, the profile 

mediods of Sutton (1934), Calder (1949), and Thomdiwaite-Holzman (1939,1942) 

require in situ observations of temperature, humidity, and wind profiles. Thus, these 

methods can not be used to predict evaporation amounts for future projects based upon 

existing cUmatological records. 

The eddy flux methods of Swinbank (1951), and MuUer-Glewe and Hinzpeter (1974) 

were also found theoreticaUy sound for estimating point-fluxes of momentum, heat, and 
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water vapor. However, tiieir application is stiU Umited to die experimental level due to 

insttiimentation problems, costs and die time involved in data acquisition and analysis. 

The water budget mediod, tiiough very simple in tiieory, was shown to be limited to 

hydrological sttidies involving very large areas. For die caUbration of otiier prediction 

techniques, the mediod has Umited appUcation. The World Meteorological Organization 

(1979) recommended that the water budget method be considered as an "absolute standard" 

but the degree of accuracy is low except under special circumstances. Not only is the 

seepage term in the water budget equation a source of ertor, accurate hourly measurements 

of evaporation from natural water surfaces are extremely difficult. 

The profde or gradient flux methods of Sverdrup (1936), Thomdiwaite and Holzman 

(1939, 1942), and the energy balance methods of Bowen (1926), Cummings and 

Richardson (1927), and Penman (1948) were commonly used in studies reporting 

evaporation. Thomthwaite-Holzman method was developed for determining the rates of 

evaporation from land and cropped surfaces. Because of the difficidty of measuring 

canopy temperatures, alternately the method requires profile measurements of wind velocity 

and humidity at several different heights. However, within a few meters above ground, it 

is very difficidt to accurately measure the humidity profUes required in the Thomthwaite-

Holzman (1939,1942) evaporation prediction equation. The method is primardy used for 

determining evaporation from bodies of water surfaces where observations of water surface 

temperatures are avadable. 

OriginaUy proposed by Angstrom (1920), the energy balance method of Bowen 

(1926), and Cummings and Richardson (1927) was found theoretically sound and 

physically cortea. The method does not reqiure wind speed data, and can be used to 

estimate evaporation if, besides water surface temperatures, temperature and humidity 

observations at ordy one other level are known. The method has the disadvantage that it 

gives unreaUstic estimates of ev^xiration if vapor pressure deficit (ê  - ez) approaches close 
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to zero; and also in cases when H and LgE are in opposite direction and close to unity. In 

both of tiiese instances, po in equation (36) approaches close to -1 and dius die equation 

becomes indeterminate. Pasqudl (1949) and Priestiy (1959) have shown otiier sittiations 

when the mediod has the tendency to fad. 

There is another class of energy balance mediods tiiat are commonly known as 

combination metiiods. These methods, originaUy proposed by Penman (1948) and 

Ferguson (1952), were derived from die combination of Bowen (1926) and Dalton 

equations. Since the Dalton equation (5) requires a purely locaUy-calibrated empirical 

coefficient, called "wind-function," these mediods are also known as semi-empirical 

methods. 

The World Meteorological Organization (1979) does not consider any of the 

combination mediods of Penman (1948) and Ferguson (1952), and Slatyer and McLUx)y 

(1961) as "research methods," but concedes diat the Penman method has found a 

permanent place in hydrology and agro-meteorology because of its reasonable accuracy 

under humid conditions combined with its practical applicabiUty. 

FoUowing pubUcation of the Penman equation in 1948, PasquiU (1949) criticized the 

method because of the nature of assumptions made. During the Presidential Address 

before the Royal Society of London, Monteith (1981) reiterated PasqidU's remarks that 

"... in view of the restricted empirical basis of the method and the special circumstances of 

the test, it seems doubtful that the method can be appUed with confidence outside the 

circumstances of the test." Perhaps because of simdar reasons, no mention of Penman or 

other combination methods is made in books on "Micrometeorology." This is despite the 

fact that Bowen (1926) method is mentioned in the same books as a means of predicting 

evaporation from water surfaces. 

Penman was aware of the limitations of his method, and in 1950 took note of 

PasquiU's (1949) remarks. Penman submitted tiiat his mediod was supposed to predict 
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evaporation witii an accuracy comparable to diat of otiier variables used in hydrological 

modeling. 

Later, van Bavel (1966) substittited die Thomdiwaite-Holzman equation in tiie 

combination method. His method was superior over Penman in that it did not requu-e a 

locaUy-caUbrated "wind function." However, die accuracy of the resultant evaporation 

estimates depended on the accuracy of siuface roughness parameter, ZQ. If actual ZQ values 

derived from surface drag and wind velocity profUes were not avadable, visual or 

approximate values used for ZQ may result in an uncertain degree of inaccuracy in the 

predicted value of evaporation. 

Being single level methods and, thus, requiring air temperature, humidity, and wind 

speed observations at one height oidy, the combination methods can be used with standard 

cUmatological data. Thus these methods hold a decided advantage over more refined 

methods (of Sutton, 1934; 1947; etc.) in that they can be appUed to estimate projeaed 

evaporation forecasts using past cUmatological records. 

6.2 Salient FeamresOfThe Prediction Equation 

Compared with other existing energy balance methods, the outstanding features of the 

proposed prediction equation are that: 

1. The prediction equation considers the process of evaporation as one of 

"thermodynamics" as weU as that of "fluid mechanics" involving attnospheric 

flows in the constant flux boundary layer near die earth's surface, 

2. The prediction equation considers the density and isobaric specific heat of the moist 

air as variable functions of water vapor content in the air, 

3. The prediction equation considers the effeas of "buoyancy" resulting from die 

variations of the density of moist air by cortections through "virtual" temperature. 
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4. The equation is not subject to tiie "ttx)ubUng" (Rosenberg et al., 1968) assumption 

of the equality of eddy tt-ansfer coefficients, 

5. The equation is not limited to a particular (only neutt-al) state of tiiermal 

stratification of the atmosphere near the earth's surface, 

6. The equation is not restticted in application to natural bodies of water surfaces 

only, but also is equaUy appUcable for predicting the rates of evaporation from 

artificially heated bodies of water surfaces, and 

7. The equation can be used for predicting the future estimates of evaporation for 

projected reservoirs and agricultural developments based upon existing 

cUmatological records. 

Intrinsically, the equation is a "research method" that has the potential to be employed 

as a "standard" for the caUbration of other evaporation prediction techniques. In the 

equation, the absence of any locally-caUbrated "unwelcome" coefficients provides it with 

the "welcome" quaUty of its being general in appUcation and, thus, the proposed prediction 

equation can be used with confidence. 

In its present form, the equation is equaUy appUcable under aU conditions of thermal 

stratification of the atmosphere. Whereas the stabiUty influences are impUed through the 

deployment of dimensionless Prandti, Schmidt, and Lewis numbers, which according to 

Busch (1973) must be universal in character. The buoyancy effects resulting due to density 

variations are included through the deployment of "virtual" temperature as suggested by 

Tumer (1973) and others. 

Unlike other energy equations, in the proposed prediction equation the saturated vapor 

pressure-temperature relationship is defined as(A = de*lcT), where e* is to be evaluated 

at the mean of the air temperature and the temperature of the evaporating surface. This 

defiiution of A permits the appUcation of the prediction equation to both natural and 

artificiaUy heated bodies of water surfaces. 
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As a consequence of (1) and (2) of die feattires as stated above, die moist-air sensible 

heat flux, //*, is given by die foUowing relationships as derived in Chapter m and given by 

equations (245) and (250): 

1. Moist air density is variable and is considered dux)ugh "virtual" temperattire as 

given by equation (80), and isobaric specific heat, Cp, is constant and is equal to 

die isobaric specific heat of die dry air, Cpd. Under diis stipulation, tiie equation 

(197) yields die expression for die sensible heat flux of die moist air, //*, 

(equation 205) as: 

H* = pCpwTy, = pCp w'T •^[Q.6lpCpT w'q (265) 

//* = pCpwTy = H + [ 0 . 6 1 p C p r ' ^ . (266) 

2. Isobaric specific heat of the moist air is variable as given by equation (86), and the 

air density is constant. Then the resultant turbulent heat flux, //*, in the 

atmosphere is: 

H* = p CpwT = pCp w'T + [pT w'Cp (267) 

H = p CpwT = H + 
0.84C„r 

^—pLg w'q (268) 

3. Isobaric specific heat of the moist air is variable as given by equation (86), and the 

air density variation is represented through virtual temperature, Tv. Then : 

//* = P CpWTy, = / / + 
1.45C„r , —H 
——i^pLgwq (269) 
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From the theoretical point of view this is the first time that an energy equation has been 

presented that is physically sound and may be used with confidence because it does not 

include any assumptions nor does it require any locaUy-caUbrated coefficients. For 

practical considerations, the resultant prediction equation shows that if variations of water 

vapor content are not considered through using "virtual" temperattue instead of actual 

temperature, and that by considering the specific heat of the moist air as a function of 

humidity variations in the atmospheric air near the ground, then the turbulent heat flux as 

computed conventionaUy is approximately 17 percent too low for the latent heat flux. 

Since sensible heat flux is an integral part in the energy equation, any error in its value 

would result directiy as an ertor in the predicted amount of evaporation. This is the first 

time a theoretical treatment of the problem of sensible heat flux, //*, has taken a 

considerable departure from the value of sensible heat flux, H, as conventionaUy evaluated 

in energy-base evaporation models. 

6.2.1 Sensible Heat Flux And Moisture Correction Through 
Virtual Temperature, Ty 

The influence of water vapor on atmospheric motions (LeweUen, 1985), thermal 

Stt-atification (Tumer, 1973; Busch, 1973), and otiier atmospheric characteristics (Sutton, 

1953) has been clearly recognized by many investigators. However, its influence has not 

been expUcitiy considered on die ttirbulent tt^sport of sensible heat flux in the constant 

flux layer near the ground. 

The amount of water vapor content in die attnospheric air near die ground varies 

between near-zero to a maximum of about 7 percent by volume (Fleagle and Businger, 

1980). Though smaU in amount, this variation of water vapor content affects the rate of 

evaporation in two ways. First, directiy through the vapor pressure deficit term of the form 

ie* - e) where e* and e are, respectively, the saturated and partial vapor pressures in the air 
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at ambient temperatures. This vapor pressure term multipUed by some function of wind 

velocity,/fw; , is commonly known as "wind function" or "drying power of the wind." 

Second, variations of attnospheric water vapor content affect the rate of evaporation 

through the thermodynamic (density, and isobaric specific heat) properties of the moist air. 

The influence of humidity variations on the sensible heat flux has been discussed by 

many researchers, including Priestiy and Swinbank (1947), Swinbank (1951), Priestiy 

(1959), Konstantinov (1966), Clarke (1970), Tumer (1973), Hicks (1972), Busch (1973), 

and LeweUen (1985). The usual recommendation is to use "virtual" temperature in place of 

actual temperature by employing equation (80) as obtained in section 3.1.1. It has been 

suggested (Turner, 1973; Busch, 1973) that this approach accommodates the buoyancy 

effects resulting from density fluctuations of the moist air. Since the difference between the 

acmal temperature and the density corrected "virtual" temperature is a few degrees at normal 

meteorological conditions as shown by Monteith (1973), this correction has not appeared in 

evaporation models. 

Budyko (1974) has reported that density fluctuation (deviations from the mean) 

through equation (84) do not affect the processes of mass and momentum transport 

appreciably. This is consistent with the pubUshed Uterature. However, the results in 

section 3.7.3.2 show that when buoyancy affects resulting from the variations in air 

density (Tumer, 1973) are considered through using equation (80) for "virtual" 

temperature (Busch, 1973), the moist-air sensible heat flux, denoted by //*, is 

approximately 8 percent greater than die conventionaUy estimated sensible heat flux, H, 

(dry-air sensible heat flux). Rewriting the equation: 

H = pCp wTy = pCp wT + 0.6lpCpT w q (270) 



H* = H + 0.61 CpT 
171 

->€ 
pLgwq = // + 0.075Le£: (271) 

where by definition, Po = HILgE. Then, die above equation may be written as: 

//* « H^^^^l^ ^ / /[l+lIQ7i\ (272) 
A) A) 

LeweUen (1985) reported that in the marine atmospheric boundary layers, the 

contribution of the moisture flux due to buoyancy can sometimes exceed the contribution 

from tiie dry-air sensible heat flux, H. This is evident from equation (206) diat for a po 

value of 0.05 over the oceans (LeweUen, 1985) results in: 

where the first term, //, on the right-hand side of the equation represents the dry-air heat 

flux, and the last term in the parentheses represents the additional heat flux due to 

"buoyancy" effects caused by the density variations of the moist air. Then total sum of 

moisture-corrected heat flux, H*, may be written as: 

//* = 2.5//. (274) 

6.2.2 Sensible Heat Flux And Moisture Cortection 
Through Specific Heat Of Moist Air 

The confirmation of the theoretical considerations of boundary layer theory came about 

largely by the earUer experiments of Ndcuradse (1933) and Reichardt (1940). These 

experiments were conducted in contt-olled laboratory conditions wherein the room air was 



172 

used as a working fluid. Under die conditions of die experiments, it was correctiy 

assumed diat die specific heat of air, Cp, may be considered as constant. 

During the appUcation of Prandti's mixing length dieory to attnospheric boundary 

layers, Rossby (1932) and Rossby and Montgomery (1935) also assumed Cp constant as a 

first approximation. For attnospheric flows, tiie assumption of constant Cp of Rossby and 

Rossby and Montgomery was consistent with die earUer works of Taylor (1915), Jeffreys 

(1915), and Schmidt (1925). 

If the above assumption is accepted that Cp of air is a constant property in the 

compressible attnosphere near the ground, and that the "buoyancy" effects through 

"virtual" temperature correction are ignored, dien the solution to equation (172) reduces to 

the solution as already obtained in equation (116d) as: 

H = pCpwT = //• (275) 

This solution is presentiy used in aU evaporation models. However, the solutions 

based upon the assumption of constant Cp imply that temperature is a "passive" property as 

defined in section 3.6.2. Priestiy and Swinbank (1947), Swinbank (1951), Priestiy 

(1959), Konstantinov (1966), and Budyko (1974) have shown that temperature can not be 

considered as a "passive" property. Budyko (1974) states that"... in the papers of Budyko 

and ludin (1946,1948), Budyko (1967), ludin (1967) and elsewhere, it has been pointed 

out that transport of heat by means of turbulent diffusion in the vertical direction differs 

slighdy from turbulent diffusion of so-caUed passive admixtures." 

6.3 The Proposed Hvpothesis And Its Consequence 

In the development of the proposed prediction equation, it has been hypothesized that 

the influence of the variation of water vapor content on the transport of turbulent heat flux 
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must be considered expUcitiy. It has further been suggested tiiat tius variation of water 

vapor content may be accounted for botii dux)ugh using (i) virmal temperattue 7v instead 

of acttial temperattire, T, and (u) specific heat of moist air, Cp, as a variable function of 

water vapor content as given by equations (80), and (86), respectively. 

If this hypotiiesis is accepted, then the equation (172) may be written as: 

H* = pCpwT cal-cm-2-sec-l (276) 

where //* is rate of sensible heat transfer for the moist air in lys-sec'^ (for lack of proper 

terminology, it has been referred to as moist-air heat flux), p is the density of the moist air 

in gm-cm-3, Cp is isobaric specific heat of die moist air in units of cal-gm-L°K-1, w is the 

component of the wind velocity in the vertical direction (normal to the mean flow) in cm-

sec-^ and 7 is the air temperature in degrees Kelvin. The solution of the above equation 

may be obtained foUowing the standard mles of expansion and averaging as given in 

Appendix B. 

As reported by Robinson (1951), equation (276) was first derived independentiy by 

Montgomery (1948) and Priestiy and Swinbank (1947). Lin (1959) has reported that in the 

equation for turbulent heat flux, the term enthalpy fluctuation. h\ rather than temperamre 

flucmation. T. appears when variable specific heat is considered. By definition entiialpy, 

h, is equal to CpT. Then van Driest's formulation reduces to equation (184) as originaUy 

derived by Montgomery (1948). 

If die derivations of Montgomery (1948), Priestiy and Swinbank (1947), van Driest 

(1951) and others of die same form are accepted, dien it foUows that the hypotiiesis 

proposed in the present investigation is based on proven work of the past Following the 

rules of averaging (Appendix A), the solution to equation (184) has been given in section 
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3.7.3.1 . For the purpose of present discussion, the solution from equation (195) may be 

written in the forms: 

/ / = pCpwT (111) 

H* =^ H + pT w CpJ. (278) 

It may immediately be noticed diat the first term on die right-hand side of die above 

equation is the famdiar dry-air sensible heat flux, //. However, it is die second term on the 

right-hand side of the equation that is of interest in this discussion. 

It is evident that if air were dry, then Cp in the above equation would be constant and 

equal to the specific heat of dry air. Then the last term on the right-hand side of the above 

equation would be identical to zero because the specific heat of dry air is constant and, 

thus, has no flucmating component Since in this research study, it is suggested to use Cp 

from equation (86), therefore such a hypothesis permits one to write Cp in terms of its 

mean (constant) and fluctuating components as: 

Cp =C^ + Cp = Cp4 + Cp.: C^-^ Cp. (279) 

The foUowing inferences are immediate from die solution of equation (184) as given in 

equation (195): 

1. The immediate consequence of equation (195) is diat //* is greater tiian / / by an 

amount equal to the second term on right-hand side of the equation. 

2. This additional quantity of heat flux, pTw'Cp, can not be determined 

quantitatively because no means are avadable for the measurement of the flucmating part of 

the specific heat However, the derivation of equation (184) clearly agrees with the 



175 

many researchers as mentioned in die last paragraph of section 6.2.1.2 in tiie quotes of 

Budyko (1974) "tiiat tt-ansport of heat by means of ttutulent diffusion in the vertical 

direction differs sUghtiy fix)m ttu-bulent diffusion of so-called passive admixttires." 

Using the metiiod of correlations, Konstantinov (1966) presented a dieoretical formula 

of die foUowing form for the sensible heat flux in die lower attnosphere: 

r * ^ ' ^ ' ^ / _ « ' 

H -^ pCpwT ^pCp wT (280) 

//* = pCpw'f ^pCp'^'^^ (281) 
\w 

H* = // + pCp"^ 
\w 

(282) 

where T" is defined by the author as "the conttibution of the activity of heat to the increase 

in the intensity of turbident heat exchange." The author further states that the second term 

of the formula is essentiaUy positive and alwavs gives an upward directed heat ttansfer." 

6.3.1 Unusual Observations Of Swinbank 

In 1951, Swinbank made measurements of heat and moisture fluxes over a grass field 

using eddy correlation method. In his (1951) conclusion part of die report, he specificaUy 

mentions an "unusual" phenomenon. The eddy flux measurements showed tiiat there was 

present a smaU vapor flux directed upwards even when the humidity and temperature 

gradients were positive, in which case both fluxes must have to be directed downwards to 

the ground in accordance with the conventional approach that the flux of a transferable 

property (momentum, moisture, or heat) is always directed down the gradient However, 

he stated that no explanation is possible for this observed phenomenon. 
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The present tiieoretical ttieattnent of tiie sensible heat flux, //*, indicates tiiat besides //, 

diere is an additional amount of heat flux whose quantity is approximately equal to 0.10% 

of LeE. Konstantinov's (1966) results show tiiat tius additional flux is always directed 

upwards and Budyko (1974) points out diat it is very small in amount 

6.3.2 Unusual Observations Of Morgan et al. (1971) 

As stated elsewhere, an extensive micrometeorological smdy was conducted during the 

years 1966 and 1967 at die Hydrometeorological Field Site at die University of CaUfomia 

at Davis. Morgan et al. (1971) report tiiat: 

On October 9 . . . an inversion condition existing aU day, whde the heat flux 
detennined by the energy-balance method shows a loss from the surface. 
TTus is not reasonable because an inversion condition dictates that the 
direction of// must be from the atmosphere to the ground and not vice versa 
as observed. On October 7 the temperature profiles indicate an inversion 
condition after 1400, whde, again, the heat flux detennined by energy 
balance shows a continuing loss fix)m the surface. For this reason, the 
values of latent and sensible heat flux derived from the Bowen ratio method 
were selected to be used wherever these fluxes were needed in the methods 
for calculating advective values of evapott̂ anspiration. 

The above remarks were quoted by Konstantinov (1966) in concluding that the 

additional quantity of heat flux "is essentiaUy positive and always gives an upward directed 

heat transfer" as arrived at from theoretical considerations are of special interest in that they 

exactiy describe what Swinbardc (1951) and Morgan et al. (1971) observed during their 

field experiments. 

The present treatment of evaluating the sensible heat flux shows that the residts given 

in equation (245): 

1; Are consistent with the theoretical findings of Konstantinov (1966), Budyko 

(1974), and odiers, 

2. Explain the "unexplainable" observations of Swinbank (1951) and "unreasonable" 

measurements of sensible heat flux of Morgan, Pruitt, and Lourence (1971), and 
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3. Provide a "closed-form" quantitative magnimde of the additional amount moisture-

effect sensible heat flux in the atmosphere. 

6.4 Experimentallv Determined Values Of Eddv Exchange 

Coefficients 

As mentioned in the opening paragraphs of section 3.2, besides an understanding of 

the process of turbulent tt-ansport of water vapor in die constant flux layer of die 

atmosphere, the accurate prediction of the rates of evaporation also depends on the 

knowledge of the transport processes of momenmm and heat Because the tt-ansport rates 

of these processes of moisture, heat, and momentum transfer are directiy proportional to 

their respective eddy tt-ansfer coefficients (section 3.2.2), an evaporation model must 

require the correct values of these transfer coefficients to be known if the results are to be 

accurate. However, the precise magnimde of the eddy diffiisivities appropriate to the 

transport of momenmm, heat, and water vapor and their dependence on other factors like 

the atmospheric stabiUty and the distance from the ground stiU occupies a central place in 

evaporation problems. On this subjea the Uterature offers many diverse opiidons. 

To simpUfy the calculations, ahnost aU researchers assume the value of these 

diffusivities to be unity. Sometimes, the rationale given (Businger, 1959) behind this 

hypothesis is that if the assumption is not tme, then the results can be cortected later 

accordingly. AU theoretical (sections 3.2.3.1 and 3.3.1) considerations and experimental 

observations, as discussed below, indicate diat diese eddy tt-ansfer coefficients are not 

equal, neither is their value unity as assumed in aU energy-base evaporation equations. 

Despite aU this, no corrections to the effect of appropriate values of eddy transfer 

coefficients have appeared in any evaporation models. 

Even if the argument is accepted that die conttx)versy, as to whedier these coefficients 

are equal or not, is stiU a moot question, a different approach has been adopted in 
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developing die proposed model for estimating evaporation. In tiiis research smdy, it has 

been hypotiiesized that an a priori specification of die relationship between die turbulent 

exchange coefficient for momenmm. Km, and die otiier eddy coefficients for ttut)ulent heat, 

Kh, and moisture transfer. Kg, would reduce the problem to one of adequately specifying 

only the coefficient for momentum tt-ansfer. 

The approach to the above proposed hypothesis is not new. This techruque, usuaUy 

known as "change of variables" is weU-known in advanced heat conduction and heat 

convection problems where one or more of the variables are expressed in terms of a new a 

variable (as in Schneider, 1974). Bowen (1926) successfuUy exploited dus technique to 

express the energy equation proposed by Angstrom (1920) into a workable formula by 

expressing the relationship between sensible and latent heat fluxes in terms of their ratio 

known today as Bowen ratio, po. It may be mentioned that for computing the amounts of 

evaporated water from the Baltic Sea, Angstrom first solved for H (sensible heat flux) and 

then determined evaporation as a remainder term in equation. By this approach, he 

obtained a value of po of about 0.10, which is surprisingly very close to the presentiy 

accepted value of 0.05 over oceans as reported by LeweUen (1985). 

6.4.1 Practical Considerations Of The Proposed Hypothesis 

In consequence to the proposed hypothesis, ifKh and Kg are expressed in terms of 

AT/n, then the new relationships result in terms of dimensionless turbulent numbers of the 

famiUar form of Prandti, Schmidt, and Lewis numbers. Analogous to their molecular 

counterparts, these dimensioidess numbers have been termed as turbulent Prandti, Prt, 

turbulent Schmidt, Sct, and turbulent Lewis, Let, numbers in this report 

The importance of the concept of expressing the eddy diffusivities of heat, Kh, and 

moisture. Kg, in terms of the eddy diffusivity for momentum. Km, Ues in the fact that whde 

there exists precise measurements of the turbulent velocity profUes fix)m which Km may be 
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evaluated with some degree of accuracy, the experimental difficulties in making 

corresponding measurements of H and LgE (and their corresponding temperature and 

humidity profUes) are formidable and have mostiy been unsuccessful for attnospheric 

flows. For example, in the most recent micrometeorological smdy (Morgan et al., 1971) 

conducted at the Uitiversity of CaUfomia at Davis, the measurements of// were not 

considered dependable whereas most accurate observations of L̂ E (measured evaporation 

from a 20-foot diameter lysimeter) were made successfully. In consequence, for the 

analysis of their data, Morgan et al. (1971) had no recourse except to determine / / as a 

remainder term in energy equation. 

The physical interpretation of the turbulent Prandti, and Schmidt numbers foUows 

from their definition as the ratio of the momentum diffusivity to the thermal and water 

vapor diffusivity, respectively. That is the turbulent Prandti (Schmidt) number provides a 

measure of the relative effectiveness of momenmm to energy (humidity) transport in the 

constant flux boundary layer. 

Another important parameter that is related to Prandti and Schmidt is the Lewis number 

and is relative to any situation involving simultaneous heat and mass transfer by 

convection. Thus the turbulent Lewis number may be defined as a dimensionless 

parameter that is a measure of the relative effectiveness of thermal to humidity transport 

From equations (168) as given in section 3.6.4.1.2, it may be noticed tiiat d" tiie values of 

these dimensionless numbers are considered unity, tiien equation (168) reduces to die usual 

van Bavel equation. 

This approach of incorporating the eddy diffusivities in the form of dimensionless 

numbers in the energy equation provides more confidence in the physics of the equation. 

As Busch (1973) has stated that these dimensionless numbers of the form of Prandti, 

Schmidt, and Lewis numbers must be universal constants. Thus the suggested approach 
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provides a universal character to the evaporation prediction equation and makes it general in 

appUcation. 

6.5 Future Research Needs 

This is the first time that an energy equation has been proposed that considers the eddy 

transfer coefficients in terms of dimensionless turbulent Prandti, Schnudt, and Lewis 

numbers. It has been suggested in section 5.1.5.3 that their values may be adopted from 

the knowledge gained from chemical and mechanical engineers. However, more work is 

needed to define in quantitative terms the values of such constants that are appropriate to the 

transport of heat, moisture, and momenmm under natural conditions. 

The analysis of all the data reported (Morgan et al., 1971) from UCD over the 2-year 

smdy indicated (Table 10) that the contribution of wind speeds exceeding about 3 m-sec"i 

was negUgibly small. These results in Table 10 indicates that 3 m-sec-̂  wind speed is 

about the upper limit in evaporation from vegetative surfaces. This aspect of the 

observation needs to be further investigated for confirmation. If the results as given in 

Table 10 are proved correct for other vegetative surfaces, as weU, then the recommended 

value of Km at a height of 2 m and for grass (ZQ = 1 cm) would be 1,810 cm^-sec'l. 



CHAPTER v n 

SUMMARY 

The specific objectives of the research effort were to examine the evaporation process 

from botii theoretical and empirical standpoints and, thus, to define deficiencies in the 

existing prediction methods. FoUowing this evaluation, the objective was, in particular, to 

develop a physically exact energy method for modeling evaporation that would be universal 

in appUcation. The ultimate goal of this smdy has been to improve prediction of 

evaporation losses from land, water, and cropped surfaces which consequentiy leads to the 

conservation of the Nation's water resources through a better understanding of crop water-

use requirements and the water balance of lakes and reservoirs. 

To accomplish the above objectives, the laws of thermodynamics and turbulent fluid 

flows in the surface boundary layer were examined at length. Cono-ary to the classical 

approach of assuming constant specific heat and density of the air in evaporation modeling, 

the variations of these material properties have been incorporated in the final model through 

the variations of water vapor content in the air. 

When the effects of variation of air hunudity, q, on air density, p, are considered, it is 

shown that virmal temperature, Ty, must be substimted for the conventionaUy used value of 

ambient air temperature. This temperature correction from thermodynamics has been 

shown to result in a very significant change in the resultant value of both sensible heat flux 

and vapor pressure deficit terms. In conventional modelling of evaporation and other 

atmospheric diffusion processes, the classical approach has been to recognize that eddy 

fluctuations (deviations from the mean) are exhibited by velocity, pressure, temperature, 

density, and die water vapor concentt-ation, hut not bv specific heat of die air. 
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In the present smdy a deviation from the convention has been adopted. It has been 

hypothesized that specific heat of the air is also a material property and under the impulse of 

turbulent eddy must also flucmate just Uke die odier properties mentioned This 

consideration has shown that die sensible heat flux term as evaluated traditionaUy at die 

assumption of constant specific heat for au- is too low by an amount of approximately 10 

percent of the latent heat flux term in the prediction equation. Theoretical evidence from die 

works of otiier investigators (Brook, 1978; Budyko, 1963, Konstantinov, 1966; 

Swinbank, 1951) has been presented in support of die present conclusion that the sensible 

heat flux term is in fact larger in magnimde than conventionaUy obtained from the 

assumption that specific heat is a constant property. 

An analysis was made regarding the influence of humidity variations on the resultant 

sensible heat flux through using "virtual" temperature, but keeping the specific heat of air 

as constant The theoretical derivation showed that the sensible heat flux was higher than 

conventionaUy computed by an amount of approximately 7.5 percent of the latent heat flux. 

The prediction equation has been derived on the hypothesis that both the "virtual" 

temperature and specific heat must be considered as varying functions of air humidity. 

This approach results in increasing the sensible heat flux over that calculated using the 

method proposed by Penman (1948). Consequentiy the latent heat flux is decreased by 

approximately 17.5 percent The inclusion of this term in the Penman type energy equation 

has indicated that the Penman type evaporation model overestimate actual evaporation by an 

amount of approximately 10 percent 

It has also been shown that humidity transport does influence temperature fluctuations 

through the buoyancy term involving virtual temperature. The results indicate that in cases 

when the Bowen ratio (po = HILgE) is very smaU, as is often the case over oceans and 

large bodies of water, the contribution of the moisture flux due to buoyancy can sometimes 

exceed the contribution from the sensible heat flux. 



183 

In evaporation modeUng, the turbulent diffusion processes are often regarded as a 

consequence of exchange processes analogous to their molecular counterparts. The 

solution of the resulting differential equation is obtained by assuming that the eddy 

exchange coefficients for the transport of momenmm, heat, and water vapor are identicaUy 

equal. This assumption has been considered in detad in die present smdy and shown to be 

highly questionable in the turbulent boundary layer of the atmosphere. Therefore, the eddy 

transport coefficients have been retained in the model without any a priori qualifications to 

their numerical magidmde. 

This approach has resulted in the final model formulation in the form of universaUy 

appUcable and dimensionless turbulent Prandti, Schmidt, and Lewis numbers. For 

operational use of the model in estimating the rates of evaporation, the numerical values of 

the aforementioned dimensionless numbers have been suggested based upon the 

experimental evidence as obtained from laboratory and field observations by previous 

workers. The recommended values are 1.13 for turbulent Prandti number, (Prt)"^ 1.13 

for ttu-bulent Schmidt number, (Sct)"^ and 1.0 for ttutulent Lewis number, (Let)- .̂ 

Ever since the early 1930's, both from tiieoretical considerations and from 

considerations based upon their experimental observations, meteorologists have 

consistentiy shown that atmospheric stabiUty influences significantiy die ttansport 

processes of momenmm, heat, and water vapor. Unforttinately, tins experience has always 

been neglected in die Bowen and Penman type energy equations until recent years. 

Recognizing dus deficiency in Penman equation, Mahrt and Ek (1984) attempted to 

incorporate die stabdity correction factor in die equation. Not only dieir technique assumes 

tacitcaUy die assumption of tiie equaUty of exchange coefficients, but die correction has 

been appUed only to die "wind function" term of tiie equation and not to die original 

equation in its entirety. Furthermore, tiieir resultant prediction model embodying stabiUty 

cortection has resulted in a form that negates the very spuit of the Penman method 
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altogether. This is because the Penman equation was derived to eliminate the need for 

temperature and humidity profiles. The usual stabdity correction factors, the Richardson 

number and/or Monin-Obukhov (1954) simUarity length, demand a priori knowledge of die 

magnimde of the heat flux termwhich is an unknown variable in the energy equation. 

Stated differentiy, once the heat flux term is known, the problem of determining die rates of 

evaporation is automatically solved by substimtion of this term in the energy balance 

equation directiy. 

It has been shown diat die atmospheric stabdity effects are impUcitiy impUed in the 

proposed prediction equation. This is because the stabiUty variations in the surface layer 

are induced by the buoyancy forces which arise as a result of the variations of the density in 

the fluid flow medium (Tumer, 1973). Such density variations are represented in the 

model by the inclusion of "virtual" temperature term which accounts for the influence of 

humidity variations of the moist air on its density. Furthermore, the complexities of the 

atmospheric stabiUty are impUcit in the turbulent Prandti and Schmidt numbers which, 

according to Busch (1973), "must be universal constants in the dynamical sublayer" of the 

atmosphere. 

Contrary to present beUef, it has been shown that surface temperature requirement was 

not eliminated from the Penman type models. Therefore, it is suggested that A (the slope 

of the temperature-vapor pressure line) must be evaluated at the mean surface and ambient 

temperatures. This is particularly important in determining evaporation losses from 

artificiaUy heated bodies of water surfaces where the difference between the surface and air 

temperature can be several degrees. 

Based on the above considerations embodied in the proposed prediction model, it can 

be stated that the model is theoreticaUy sound. Therefore, it is recommended that this 

method can be used with confidence as a prediction tool in both research and operational 

appUcations for estimating evaporation losses from land, water, and vegetative surfaces. 
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APPENDIX A 

REYNOLDS RULES OF AVERAGING 

Reynolds (1874) had suggested that the values of instantaneous flow variables may 

each be expressed as a simple sum of a time-averaged mean value (denoted by a superscript 

bar) and a time-dependent flucmating component (denoted by a prime), the time average of 

which converges to zero. Thus two arbitrary flow having their instantaneous values of f 

and, they may be expanded as: 

/ = / + / : g = g -^ g^ (A.1) 

such that 

7 = 0 : 7 = 0 (A.2) 

and that 

/ = / : f =1. (A.3) 

FoUowing the above rules, the addition of two variables may be obtained as below: 

f+g= (f + / ) + (l -̂  g^) (A.4) 

which can further by simplified to yield the folowing: 

f + g =f+g+f + g'- (A-5) 
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Now, foUowing mles (A.2) and (A.3), equation (A.5) results in the foUowing 

formulation as: 

(TTg) = / + I + 0 + 0 =f+g. (A.6) 

The above relations show that the average of the sum is equal to the sum of the 

averages. Next, the mean of multipUcation for the two variables may be obtained as 

foUows: 

fg = \f + f){g + g') =fg + fg + gf + f g (A.7) 

fg =fg -^ fg' ^gf +fg' (A.8) 

fg =fg +0 + 0 -^/g' (A.9) 

fg=fg^/g' (A.10) 

fg -fg^fg (A.n) 

showing that die average of a product is not equal to die product of die averages. In 

ttffbulence modeUng, die terms of die forms ^9^ and g h are usuaUy known as 

cortelations. 



APPENDDC B 

PROFILE TEMPERATURE MEASUREMENTS 

Table 11. Measured profde temperatures in degrees centigrade from the effluent 
reservoir, Texas Tech University, Lubbock, Texas. 

Day 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

Depth, feet 
0 

8.86 
8.77 
9.49 
9.51 
9,08 
9.59 
9.48 
9.04 
9.19 
8.35 

1 
9.50 
9.46 
10.27 
10.09 
9.52 
10.16 
10.02 
9.68 
9.56 
8.91 

3 
8.75 
8.48 
9.34 
9.32 
9.01 
8.80 
9.52 
9.28 
8.94 

6 
8.98 
9.01 
9.60 
9.50 
9.18 
9.72 
9.70 
9.38 
9.18 

8.58 8.59 

11 
8.84 
8.91 
9.42 
9.38 
9.14 
9.53 
9.68 
9.23 
9.00 
8.57 

21 
8.87 
9.96 
9.45 
9.41 
9.24 
9.55 
9.71 
9.35 
9.23 
8.65 
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APPENDDC C 

AN EXAMPLE PROBLEM 

The following example dlusttates the step-by-step procedure that was used for 

calculating the amounts of evaporation using both hourly and the mean dady climatic data. 

These data were coUected over weU-watered short fescue grass at the University of 

Califomia, Davis; and have been reported by Morgan, Pmitt, and Lourence (1971). From 

among the 14 days of reported data, the data for a typical growing day in summer of July 

13,1967 was used in this example. The proposed prediction equation is: 

LgE = yQn 
(^ /, 1.45Cn7\ ^ \ 

rr-t\ 
^ /, i.45Cnr\ ^ 

rv^—if-r^^. 
'^^^' uz(et-ez 

n^f 
) cal-cm"2-sec"l 

where the observed wind speed, Uz = Uz if wind speed < 300 cm-sec'^ else Uz = 3(X) cm-

sec-^ and T is the mean air temperature in degrees absolute. The above equation is 

dimensionally cortect in any system of units. In C. G. S. system, the various variables 

appearing in the above prediction equation are defined as below: 

LeE = rate of evaporation on hourly or daily basis, in units of energy per unit area, 

per unit time, cal-cm-2-day^ 

On = net available energy on hourly or daily basis, in units of energy per unit 

area, per unit time, cal-cm'̂ -day-̂ - It represents the algebraic sum of net 
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incident (direct and diffuse components of) solar radiation, the net longwave 

radiation, and the heat conducted to or from the surface, commonly known as 

soil the heat flux- Expressed mathematicaUy, it may be represented as: 

(i i = Rs (1- a) - Rb + G. As shown in section 5.1.1, over vegetation, Qn 

may be assumed equal to net available radiation during the period of 

measurement 

Cp = specific heat of die air at constant pressure,« 0.24 cal-gm-L°C-l. 

T = hourly or dady mean air temperature in degrees absolute (Kelvin). 

p = air density in gm-cm-3. The air density is a function of temperature and its 

value may be obtained from standard books, e.g.. List (1971). 

e = ratio of molecular weights of water vapor and air, « 18.016/28.966 = 0.622 

ko = von Karman constant, = 0.40 

z = reference height of measurement, 200 cm 

zo = surface reference parameter. Its value may be obtained from wind profde 

measurements. In this example, zo value for July 13,1967 was taken equal 

to 1.0 cm as suggested by Morgan et al., (1971) 

Let = turbulent Lewis number. Its value was assumed unity in the calculations. 

Prt = turbulent Prandti number. Its value was taken from the report (Morgan et al., 

(1971) as equal to (1.13)-l 

Uz = wind speed in cm-sec'i measured at reference height of 200 cm. 

Cz = acmal water vapor pressure corresponding to the aii temperature measured at a 

reference height z, or is equal to sattirated vapor pressure, ez, at die dew 

point temperature, mb. 

ez - saturated water vapor pressure cortesponding to the air temperature, in mb. 

Both the ez, and ̂ z are to be evaluated at the mean of the temperatures for the 

day or the hour depending on the period of measurements. 
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P = atmospheric pressure, mb. It is a function of die elevation for the location. 

For Davis, Califomia, its value was assumed to be equal to 1013.25 mb. 

y = psychromettic constant, mb-°C-l. 

A = slope of the saturated water vapor pressure-temperature curve at mean air 

temperature, mb-°C^. 

Le = latent heat of vaporization, cal-gm* ̂  and 

J = is a constant in equation (258b) = 1 - ( ^^-^'^^.^J 
^ \2'73.15 + T('C)j 

Several different formulas have been proposed in the literature for the determination of 

each parameter as appearing in the above equation. In this research smdy, the various 

expressions used for the calculation of the rates of evaporation are given in the foUowing 

sections. For this example problem, the data selected were the observations for July 13, 

1967. Given in the following sections are the example computations for the calculation of 

evaporation by using hourly or mean dady meteorological data. 

D. 1. Sample Calculations Using Houriv Data 

Source of data: University of California, Davis 

Date and Time: July 13,1967 at 1200 hour 

Meteorological Observations: 

Crop: Fescue grass cut to 15 cm. 

Temperamre: 23.33 °C (=296.48 °K). 

Wind Speed, U2: 209 cm-sec-^. 

Displacement, d: 10.60 cm. 

Surface Roughness Parameter, zo: 1.0 cm 

Water Vapor Density, py: 11.72 10"̂  gm-cm-3. 
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Net radiation, Rs (1 - a) - Rb: 52.38 ly-hrl. 

Sod Heat Flux, G: -3.54 ly-hr^. 

Sensible Heat Hux, H: 11.40 ly-hr^. 

Measured Evaporation: 37.44 ly-hr^. 

Bowen Ratio, Po: 0.30 

1 Langley per minute = 60 Langley per hour = 60 cal-cm-̂ -hr^ ~ 1 mm per hour 

D. 1.1 Calculations For Radiation Term 

To calculate latent heat of vaporization, Le, use equation (261): 

Le = 595-0.51 T = 595-0.51*23.33 = 583.10 cal-gm-l. 

To calculate psychromettic constant, y, use equation (262) 

-f r 

Y = [Cp * P] / [e * Le] = [0.24 * 1013.25] / [0.622 * 583.10] = 0.6705 mb-°K-l. 

To calculate saturated water vapor pressure, e*, use equation (259) 

ez 
* = 1013.25 e;^ (13.3185 Tr-1.976 rr2-0.6445 rr3.0.1299 rr4) 

At a temperattire of 23.33 °C, J = 1 - (̂ 3̂ ^iP;^23.33 ) " " '̂̂ ^^^ (dimensionless) 

ej = 1013.25 X 

exp [13.3185 (- 0.2586) - 1.976 (- 0.2586)2 - 0.6445 (- 0.2586)^ - 0.1299 (- 0.2586)^] 

= 28.65 mb.(same as in Jensen, 1973) 
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Partial Water Vapor Pressure, Cz: It is equal to the saturated water vapor pressure 

cortesponding to the dew point temperature. If dew point observations are not known, 

then it may be estimated from relative humidity. In the present case, the density 

measurements of the moist air were given. Therefore, the partial water vapor pressure was 

obtained from equation (69), resulting in the foUowing form: 

ez = 
PvXT 

217 
, mb.: T in °K, and pv = vapor density (gm-cm-̂ ) x 10̂  

0.001x11.72x296.48 ^^^, ^ 
^ = 0:217 = 16.01, mb. 

Thus, water vapor pressure deficit, VPD = (e* - Cz) = 28.65 - 16.01 = 12.64 mb. 

To calculate slope of saturated vapor pressure-temperattire. A, use equation (258b): 

^ = |222JLi^|(l3.3185-3.952/2-0.5196/3) 

^ ^ 3732<^8^W^3 3 jg3_ 3 952 (.0.2586)-1.9335 (-0.2586)2-0.5196 (-0.2586P) 
\ (296.48)2 / 

A = 1.73 mb-°K-l. 

Then tiie net avadable energy, Qn = (Rn+G) = (52.38-3.54) = 48.84 ly-hrl. 

Calculate the components of the radiarion tem as foUows: 

( _________A \ = I 1J292 ,̂ 1 = 0.6392 (dimensionless) 
' n 1:45 CpT\ ^ 1 [1.7292 (1 +0.177) + 0.6705] ( 

= 0.64 * 48.84 = 31.2 langley per hour. 
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D.1.2 Calculations For Advection Term 

Advection Term = 
|A ( I . 

;̂i 

1.45 CpT\ , 1 
W _ e p ^ 

hi^f 
ZoJ 

Uz (eJ-Cz) 

where the values of aU the variables in the above equation have been defined above. The 

rate of evaporation depends on the units of wind velocity, Uz. If Uz is measured in cm-sec' 

1, then the above expression must be multiplied by (3600 sec/hour) to obtain die rate of 

evaporation in hours. Though not strictiy ttne, a unity value of turbulent Lewis number. 

Let, has been assumed in the calculations. Simdarly, the value of ttirbulent Prandti number 

of 1.13-1 has been used as suggested by Morgan et al., (1971). With such stipulations, the 

resulting rate of evaporation may be obtained as: 

Advection Term = 
0.6705 X 1.13 

, , , 1 .45x0.24x296.48, ^ ^̂ ^̂  
^^'' 58310 '^^-^^^^ I 

f0.622x 0.0012 X 0.16 X 583.1 \ /^^ o^^secWi-. .̂.̂  ^ ^,: u XI -_— (209 X 3600^1(12.64) = 6.66 mb. 
1013.25 (in 200-10.6)2 

Total rate of evaporation = component of radiation + component of advection 

= 31.22 + 6.65 = 37.87 ly-hrl 

= 37.44 ly-hrl 

= {(Calculated - Measured)/Measured }* 1(X) 

= 100 * (37.87- 37.44)/37.44 = 1 % 

Ev^xjration 

Measured evaporation 

Percent Ertor 

Per cent Ertor 
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Dt 2 Sample Calculations I Ising Mean Daily Data 

Source of data: University of CaUfomia, Davis. 

Date and Time: July 13, 1967. 

Meteorological Observations: 

^-^P- Fescue grass cut to 15 cm. 

Maximum Temperamre: 25.70 °C. 

Minimum Temperattire: 11.30 °C. 

Mean Dady Wind Speed, U2: 303 cm-sec'l. 

Mean Daytime Wind Speed, U2: 385 cm-sec'l. 

Displacement, d: 10.60 cm. 

Surface Roughness Parameter, zo: 1.0 cm 

Mean Water Vapor Density, pv: 9.83 10*̂  gm-cm-3. 

Net radiation , Rn = Rg (1 - a) - Rb: 402.54 ly-day-l. 

Sod Heat Flux, G: -16.92 ly-day-l. 

Measured Evaporation, LeE: 355.32 ly-dayl. 

D.2.1 Calculations For Radiation Term 

Mean Dady Temp. T = |Imax|J[iiiin) = (25.70+11.30j = 13.50^ = 291.65 °K 

Using equation (261), Latent Heat of Vaporization, Le = 595 - 0.51 T 

Le = 595 - 0.51 * 18.50 = 585.65 cal-gm-l, ; 

To calculate psychromettic constant, y, use equation (262): 

Y = [Cp * P] / [e * Le] = [0.24 * 1013.25] / [0.622 * 585.65] = 0.6677 mb-°K-l. 
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To calculate saturated vapor pressure, use equation (259): 

e* = 1013.25 exp (l3.3185 Tr- 1.976 rr2 - 0.6445 Tr̂  - 0.1299 Tr^) 

ej = 1013.25 X 

exp [13.3185 x (- 0.279) - 1.976 x (- 0.279)2 - 0.6445 x (- 0.279)3 - 0.1299 x (- 0.279)̂ ] 

Saturated Vapor Pressure, e* = 21.3 mb. 

To calculate partial water vapor pressure, Cz, use equation (69) in the foUowing form: 

0.001 X Pv X T(^) 0.001 X 9.83 x 291.65 
= ^r^,„ —- = ;r-xT= = 13.21 mb 

0.0217 0.217 

Thus, water vapor pressure deficit, VPD = (e* - Cz) = 21.29 -13.21 = 8.08 mb. 

To calculate slope of saturated vapor pressure-temperature. A, use equation (258b): 

^ = [373.15 e*I (i3.3i85 . 3.952 Tr - 1.9335 T? - 0,5196 Tr̂ ), 

I T2(TC) r 

A = 
373.15x21.3 

(291.65)2 

X [13.3185 - 3.952 x (- 0.279) - (l.9335 x (- 0.279)2) - 0.5196 x (- 0.279)3 ] 

A = 1.334 mb-°K-l. 
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Radiation component of evaporation = 0.60 * Qn = 0.64*385.6 = 231.35 ly-dayl. 

D.2.2 Calculations For Advection Term 

Advection Term = 
;̂i 

J,JA5C^\ y^i\\\ 

\l £ P ^ \ 

h i ^ " 
ZOJ / 

Uz (ej - Cz) 

Advection Term = 
0.6677 X 1.13 

,^ 
,1.334 (1.1733)+ 0.6677^ 

= 0.34. c^^ 

\>^ 

^1 0.622 X 0.0012 X 0.16 x 585 

\ 1013.25 In 200. 
:^lx[ 

r ^ I 
300 ^ X 3600 ^ iX^ sec hr day 

(8.1 mb) 

= 104 l y - d a y - l . jq^ 

Total rate of evaporation = component of radiation + component of advection 

Calculated Evaporation, LeE = 231+ 104 = 335 ly-day-l. -i^i, 

Measured Evaporation = 355.32 ly-day-l. 

Percent Error = ((Calculated - Measured)/Measured ) * 100 = - 5.6 ^C'^^1. 


