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Abstract 

Using meteorological data collected during the 1978, 1979, and 

1980 growing seasons at St. Paul, Minnesota, estimates of daily 

potential evapotranspiration were made using thirteen different cal

culation methods. These estimates were then compared to measurements 

of actual evapotranspiration from a cropped surface obtained from the 

University of Minnesota's weighing lysimeter. The crop was soybeans 

in 1978 and 1979, and alfalfa in 1980. 

Simpie linear regression techniques were used to compare the esti

mated and measured values of evapotranspiration. Scatter plots showing 

the relationships between the predicted and observed values and histo

grams of the differences between the two are presented. Summary stat

istics for each regression and set of difference values are reported. 

It was found that pan evaporation was most successful at predict

ing daily evapotranspiration. The methods which combine energy balance 

and aerodynamic functions were the next best, followed by the methods 

using radiation and temperature as inputs. The methods based on temper

ature alone performed most poorly. 
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I. Introduction 

The physical process by which matter changes from a solid or liquid 

state to a gaseous state is called evaporation. Evaporation of water 

into the atmosphere occurs from the open water surfaces of oceans, 

rivers, and lakes, from the soil surface, and from the surfaces of 

plants. Water is also translocated from the soil through plants to the 

atmosphere by a process known as transpiration. Since both of these 

processes occur simultaneously, and since there is no way to distinguish 

between them, the net process of water loss from a vegetated surface is 

referred to as evapotranspiration. 

It is estimated that 97.5 percent of the earth's free water is 

contained in the oceans and another 2 percent is contained in the polar 

ice caps (Rosenberg, 1974), This leaves a mere one half of one percent, 

which cycles between the atmosphere, the continents and the oceans, to 

support terrestrial life. The fate of this water when it falls on the 

earth as precipitation is described by the hydrologic cycle. 

There are four things which can happen to the water which falls on 

the earth. It can run off the land and eventually reach the oceans, 

it can percolate into the soil and reach the ground water storage, it 

can be stored on the surface in the form of lakes, ponds, soil moisture, 

and plant materials, or it can return to the atmosphere by evaporation 

or evapotranspiration. Holzman (1937) states that 25 percent of the 

water falling on the United States is believed to run off the land and 

reach the oceans or reach the ground water by deep percolation. If 
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it is assumed that the amount of water stored on the surface is con

stant, then the remaining 75 percent is returned directly to the 

atmosphere. Maxwell (1965) estimated the daily evaporation loss from 

the continental United States to be 3 x 1012 gallons. This is enough 

water to cover the state of Minnesota to a depth of two inches. 

The amount of water which runs off, percolates, or evaporates will 

depend on many factors. Climate, topography, and soil are three main 

factors. In rocky or mountainous areas with steep slopes, most of the 

water will run off. In areas such as the Great Plains, the amount of 

water returned to the atmosphere by evapotranspiration may exceed 90 

percent (Rosenberg, 1974). 

Many attempts have been made to modify the hydrologic cycle. 

Diversion of runoff water, weather modification to induce or reduce pre

cipitation, and removal of ground water for man's use are a few examples. 

Since such great quantities of water are returned to the atmosphere by 

the evapotranspiration process, future water conservation practices 

will have to focus on this aspect of the hydrologic cycle. This is why 

so much scientific effort has been and continues to be applied to the 

understanding and modeling of the evapotranspiration process. 

Review of Literature 

Historical perspectives 

Scientific writings on the subject of evaporation seem to begi~ 

with Aristotle's Meteorologica, written in the 4th century B.C., in 

which it is stated "wind is more infuential in evaporation than the sunil 
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(Livingston, 1908). However, true scientific experimentation with 

and scrutiny of the evaporation process, did not begin until the 

natural philosophers of the 17th and 18th centuries began to study the 

problem. A typical example of the work during this period is that of 

Edmund Halley (Livingston, 1908). Halley's observations of evaporation 

of sea water from a small container led him to an estimate of the amount 

of water evaporated per year from the Mediterranean Sea. Other investi

gatcrs foilowed similar lines, experimenting with various fluids under 

many different conditions. Many theories of evaporation were con

structed but few have stood the test of time. 

The pioneering breakthrough in the physics of evaporation came in 

the early 19th century when evaporation began to be considered as a 

molecular process. Dalton's work stands out as that which gave the 

evaporation process a firm physical basis. In a paper published in 

1802, Dalton describes experiments which lead him to conclude that the 

rate of evaporation was proportional to the difference between the vapor 

pressure at the temperature of the water, and the vapor pressure at the 

temperature of the air. Further work led him to theorize that the evap

oration process results from the combined influences of the wind, 

atmospheric moisture content, and the physical characteristics of the 

evaporating surface. This theory is summarized in the equation that 

bears Dalton's name and remains the basis for many evapotranspiration 

formulae in use today. 

E=C(es-ed) (Dalton's equation). 



Q 

-4

In this equation C is an empirical constant describing wind move

ment and surface characteristics, and (es·ed) is the difference between 

the saturation vapor pressure at the temperature of the surface and the 

actual vapor pressure of the air just above the surface. 

Little progress was made in evaporation research during the half 

century which followed Dalton's work. Attention focused mainly on evap

oration from small open water surfaces which were used to provide 

standards for estimating evaporation from large water surfaces (Living

ston, 1908, Deacon et. al. 1958). Due to inadequate instrumentation 

and difficulty of the measurement techniques involved, research on 

evaporation from partially dry surfaces was virturally nonexistent. 

Beginning in the 1960's and particularly in the 1880's with the 

work of Lawes, Gilbert, and Warington at the Rothamsted Experiment 

Station in England, scientists began to explore the evaporation of water 

from soils with bare and vegetated surfaces. Lawes et. al. (1881) pre

sent a description of the drain gauge installation at Rothamsted, and 

present estimates of average evaporation amounts for those climatic 

conditions. 

Livingston (1909) summarizes the work of Carl Eser whose experi

ments led him to make some generalizations about evaporation from soil 

surfaces which modern research has proven to be true. Among Eser's 

conclusions were: evaporation depends on the amount of water in the 

soil; evaporation from a rough surface is greater than from a smooth 

surface; soil cover is more important than the soil itself; cropped 

soil evaporates more easily than bare soil which in turn evaporates 
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more than a soil with a straw mulch; and evaporation is proportional 

to insolation. 

The modern era of evaporation and evapotranspiration research 

began with the laying of the ground work of the basic physical methods 

currently in use. These methods are the mass transport, aerodynamic, 

eddy correlation, and energy balance methods. Early work along the 

lines of the aerodynamic and eddy correlation methods was done by 

Keen {1914} and Jeffreys (1918). Keen related the evaporation rate to 

the vapor pressure in the soil in experiments on various soi 1 types 

while Jeffreys considered the problem to be one of gaseous diffusion. 

Jeffreys also recognized the effect of turbulent transfer on evapora

tion and postulated similar values for the transfer coefficients of 

heat, water vapor, and momentum. 

Early use of the energy balance by Schmidt (1915) and Angstrom 

(1920) is noted by Deacon et. al. (1958). Both were aware that evalua

tion of the incoming and reflected solar radiation as well as the long 

wave radiation balance would yield a measure of the radiant energy 

available for evaporation. Cummings (1925) used conservation of energy 

considerations in his energy balance approach. His erroneous conclu

sinn that all available energy went into evaporation led Bowen (1926) to 

consider that the partitioning of energy to evaporation (LE) and to the 

heating of the air (A) could be expressed as a fixed ratio: a = A/LE. 

Further discussion of the development, significance, and use of the 

Bowen ratio will follow in the section on energy balance methods. 

Improvements in instrumentation in the second half of the 20th 
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century, particularly in the areas of lysimetry, infrared radiometry, 

and anemometry, have allowed the precision measurements necessary for 

continuing the investigation of evapotranspiration. Several methods 

currently in use for the measurement and the estimation of evapotrans

piration will be discussed in detail in the next sections. 

Evapotranspiration ca1culation methods 

A. The aerodynamic approach. 

The aerody~amic ~pproach to evapotranspiration includes all methods 

which treat the problem as one of vapor diffusion and turbulent trans

port. The methods which fall in this category are those of mass trans

port, eddy correlation, and hydrodynamic diffusion. These aerodynamic 

methods are designed to estimate the rate of vapor movement from its 

source at the water, soil, or plant surface to the atmosphere. Though 

all similar in this way they concentrate to different degrees on the 

effects of turbulence, wind profile, and atmospheric stability. 

Mass transport methods 

TIle fundamental idea behind mass transport methods is that 

expressed by the equation: 

(I) 

This equation states that the rate of evaporation from a free water 

surface will be equal to the product of a constant 9 a function of wind 

speed, and the difference between the vapor pressure at the surface 

and the vapor pressure in the air above the surface. 

There are several difficulties involved in the use of this formula 

for estimation of evapotranspiration. First, it is necessary to know 
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the temperature of the evaporating surface. While this may be readily 

determined for a free water surface, it is more difficult when plant 

and soil surfaces are involved. It is also assumed that the relative 

humidity at the evaporating surface is 100 percent. While this is 

true for a free water surface and a wet soil surface, at partially 

dry soil and freely transpiring plant surfaces it may be much lower 

(Chang, 1968). 

It is also necessary to evaluate the wind function. Since wind 

speed at one height is insufficient to describe turbulence within the 

crop canopy, (Chang, 1968; Rosenberg, 1974) evaluation of the wind 

function has been done empirically. This empiricism limits practical 

use of the formula to the crop and location for which is was developed. 

Several modifications of the Dalton equation have been proposed 

for measuring evaporation from a free water surface. These modifica

tions involve alteration of the constant term and wind speed function 

to fit the location and extent of the evaporating surface. Since 

water has a surface which is always saturated, has little variation 

in roughness, and an easily determined temperature, Dalton type equa

tions are well suited to this purpose. 

Rohwer (1931) derived a relationship, equation 2, from evapora

tion pan data taken above 1500m in Colorado. 

(2) 

In this equation, which is very nearly the same as the Dalton formula, 

ed is the saturation vapor pressure of the air at the dew point tempera

ture and u is the wind speed at ground level in miles per hour. The 
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ground wind speed was determined by extrapolating wind speed measure

ments taken at various heights. 

Using Rohwer's u vs. z curve, Penman (1948) substituted the 2 

meter wind speed into equation (2) and found: 

E=O.40(e -ed) (1+0.17u2) mmiday (3)s
Except for conditions of very low wind speed, Penman felt this equa

tion was adequate to describe evaporation from large open water sur

faces. In his own experiment utilizing evaporation pans of varying 

sizes, Penman (1948) concluded that the best form of the Dalton Equation 

(I) 	for practical use was: 

E=O.35(e -ed) (1+9.8 x 10-3u2) mm/day (4)s
where u2 has units of miles per day. This equation was later used by 

Penman (1949) in his combination approach. 

Other modifications of Dalton's equation for estimation of evapora

tion and evapotranspiration are those of Harbeck (1962), Pruitt (1963), 

and Papadakis (1965). 

It should be noted that the vapor pressure portion of the preceding 

equation, (es-ed), is essentially the vapor pressure gradient between 

the surface and the air. Occasionally this quantity is replaced by 

the more easily measured saturation deficit, (ea-ed), where e is thea 
saturation vapor pressure at the temperature of the air. Deacon et. al. 

(1958) point out that the saturation deficit does not describe a 

process of vertical diffusion, and that it equals the vapor pressure 

gradient only when the surface is saturated and has the same tempera

ture as the air. In fact the saturation deficit is more realistically 
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an inverse index of evaporation. As a surface dries it is expected to 

evaporate less, but large saturation deficits are more common over dry 

surfaces. 

Hydrodynamic methods 

These methods consider evaporation to result from the turbulent 

transport of momentum, heat, and water vapor from the surface. The 

driving forces for the transport of these three quantities are the 

gradients of wind speed, temperature, and specific humidity, respec

tively. The equations describing the vertical fluxes of these quan

tities resulting from molecular diffusion near the surface are: 

T=-P~ (flux of momentum) (5) 

A=pCPk~ (flux of heat) (6) 

E=pKv~i (flux of water vapor) (7) 

where p is the density of the air; Cp the specific heat of air at con

stant pressure; Km, Kh, and Kv the molecular diffusivities of momentum, 

heat, and water vapor respectively; and u, T, and q are the wind speed, 

temperature, and specific humidity, respectively measured at some 

height z. 

If the Reynolds analogy holds, Km = Kh = Ke and the fluxes of 

momentum, heat, and water vapor have similar profiles in the turbulent 

surface layer. Thus, if anyone of the fluxes is known the other two 

can be determined if the proper gradients are measured. For example, 
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if the flux of momentum, T is known from wind profile measurements, 

then the flux of water vapor can be calculated from knowledge of the 

vapor pressure gradient over the same interval, since Km = Kv. 

In general, the three diffusivities are not equal and are only 

approximately so under neutral (adiabatic) atmospheric conditions. 

Such conditions are common at sunrise and sunset but rarely occur in 

the middle of the day when evaporation rates are highest. Under stable 

atmospheric conditions with low wind speeds, buoyancy forces are absent 

near the surface and any evaporation will be the result of molecular 

diffusion through the boundary layer (Thornthwaite and Holzman, 1939; 

Webb, 1965). Under unstable conditions (superadiabatic lapse) the 

buoyancy forces caused by thermal convection add to the turbulence, so 

heat is being transferred upward by larger eddies than vapor or momentum 

(Chang, 1968). This results in Kh exceeding Kv and Km by a factor of 

two or more (Swinbank, 1958). 

By using a logarithmic wind profile of the form: 

u* z
u=- In- (8)
K Zo 

which is valid under adiabatic conditions, Thornthwaite and Holzman 

(1939) derived a formula for estimating evapotranspiration from a short 

crop: 

E=pk2 (ql-q2)(u1-u2) (9) 
{In Z/ZI )2 

This equation needs no surface values of measured quantities and no 

roughness length. Only time averaged values of wind speed and specific 

humidity at the heights zl and z2 are required. Rider (1954) expanded 
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the use of the formula to include tall crops by substracting the zero 

plane displacement d from both z1 and z2 in the denominator. Pasquill 

(1949) simplified the formula by pointing out that for constant surface 

roughness, 

(10) 

so that 

(11) 

Following the work of Thornthwaite and Holzman, others have pro

posed formulae for estimating vapor flux which are corrected for sta

bility, (Deacon, 1949; Pasquill, 1950; Munn, 1961; Williams, 1961; and 

Pruitt, 1963). These methods primarily involve wind functions and 

parameters which are dependent on atmospheric stability. The methods 

are complex and require precise measurements of wind speed, tempera

ture, and vapor pressure at several heights above the surface. Reviews 

by Webb (1965) and Rosenberg et. al. (1968) provide further information 

on this subject. 

Eddy correlation methods 

The limitation and difficulties in the application of Thornthwaite

Holzman type equations led Swinbank (1951) to attempt direct measurement 

of evapotranspiration by the eddy correlation method. The basic assump

tion of this technique is that the vertical flux of heat, momentum, or 

vapor can be evaluated by simultaneous measurements of temperature, 

vertical wind speed, and vapor pressure. The equation given by 
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A=CppTW (12) 

where A is the vertical heat transport, w the vertical component of the 

wind, and T the air temperature. To obtain a value for the heat flux, 

it is necessary to calculate the average of a series of measurements. 

If the instantaneous temperature is represented by T = f + T', where 

r is the time averaged value (over 10 to 30 minutes according to Webb 

(1965)), and TI is the instantaneous deviation from the mean, and 

vertical wind speed is treated similarly w = w + Wi then the heat flux 

is given by: 

A=Cpp(w + wl){T = TI) = Cp (pw T + pw'T') (13) 

The heat flux from a surface has thus been partitioned into a part 

describing stream flow: 

Cp (pw T) (14) 

and a part for eddy flux: 

Cp (pW'T') (15) 

(after Rosenberg et. al. 1968). 

Similar treatment of the vapor flux: 

E= ~ pwe (l6) 

yields for the eddy flux of vapor: 

E= p(pw'e ' ) (17) 

In this equation pw' represents the instantaneous deviation of the 

e lvertical component of the wind from its mean value and is the 

simultaneous fluctuation of vapor pressure from its mean value. E is 
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the ratio of the molecular weight of water to that of air (18/28:9) and 

P the atmospheric pressure. The bar denotes the time averaged value 

of the product of these quantities. Thus E is the vertical transport 

of vapor per unit area per unit time due to eddies. 

The eddy correlation technique is physically sound; however, as 

noted by Chang (1968), there are difficulties involved in designating 

instrumentation. Any instrument for the measurement of an eddy flux 

rnus; measure wind velocity and vapor pressure fluctuations within the 

same eddy, have similar response times on wind and vapor measurements, 

and be fast enough to detect very small eddies. Furthermore, if the 

properties of all eddies are to be measured separately, great. quanti

ties of data will be generated. Thus a data acquisition system with 

microprocessor capability is necessary if the short term (5 to 15 

minutes) vapor flux is desired. 

A portable "Evapotron ll was developed by Taylor and Dyer (1958) and 

later improved by Dryer and Maher (1965). It was necessary for this 

i~strument to be placed at a height greater than four meters so the 

scale of the eddies was large enough for detection. Instruments at 

this height are likely to be affected by advection and thus not give 

an accurate representation of the surface (Rosenberg eta ala 1968). 

Further improvements in instrumentation were effected by Dyer eta al. 

(1967) with the development of the "Fluxatron ll 
• This device uses a 

propeller anemometer for measurement of the vertical wind component 

and has a response time (0.3 sec) which is short enough for use at 

four meter heights. Improved computing efficiency also allows the 
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filtering out of slow eddies which do not contribute to the eddy flux. 

Recent advances in electroni~have allowed construction of smaller, 

faster, and less expensive instruments for instantaneous wind and vapor 

pressure measurements. Hyson and Hicks (1975) describe an infrared hygro

meter capable of sensing all eddies normally encountered in the 2 - 20 

meter height range. Campbell and Unsworth (1979) have recently developed 
1a sonic anemometer with resolution of better than 1 cm sec- . These 

developments in instrumentation have made the eddy correlation techni

que one of the better and more used methods of measuring evapotranspira

tion. 

B. The energy budget approach. 

This approach treats evaporation as a flux of latent heat from the 

evaporating surface. The input of approximately 585 ca10ries of heat 

energy is necessary to evaporate 1 gram of water at 200C. At the 

surface of the earth this energy is supplied by the net radiation (Rn). 

Net radiation is defined by the difference between incoming and out

going long wave and solar radiation as follows: 

Rn=Rs(l-4) + Ra-Re (18) 

Here Rs is the incoming solar radiation (direct and diffuse) on a 

horizontal surface, r is the albedo of the surface, Ra the incoming long 

wave (terrestrial) radiation from the air and clouds, and Re is the 

long wave radiation emitted by the surface. Rn or net radiation repre

sents the amount of radiant energy which is available to do work at the 

earth's surface. 
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The energy budget, or partitioning of the net radiation at the 

earth's surface is: 

z z 

• 

Rn + S + A + LE + f Cp V(puT) 82 + J ~ v 
o 0 

(19) 

z z z 

f 
aT

Qpc at r82 + J aTCpp at 82 + J ~T ;~ 82 = 0 
o o o 

(Soumi and Tanner, 1958). 

The first four terms of equation (19).represent the energy fluxes 

of net radiation, soil heat, sensible heat, and latent heat. The next 

two terms represent the horizontal divergence of sensible and latent 

heat (i.e. advection). The last three terms represent the storage of 

sensible and latent heat (i.e. advection). The last three terms repre

sent the storage of sensible and latent heat in the crop canopy. A 

term representing photosynthetic use of energy is frequently included 

in this energy budget equation, however, since the amount of energy 

used in photosynthesis is small, 5% of Rn, (Lemon, 1960; Tanner, 1960; 

Jensen and Haise, 1963; Thornthwaite and Hare, 1965; Chang, 1968; and 

Rosenberg, 1968) the term is not included here. For extended periods 

of time, the last three terms will be approximately zero. Only during 

t ililes of rapid temperature change, i. e. sunri se and sunset, wi 11 the 

canopy temperature change rapidly. Thus, for estimates of evapotrans

piration on a daily or weekly basis these terms can be dropped (Soumi 

and Tanner, 1958). The divergence terms, however, can be large and 
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introduce an error if ignored. Soumi and Tanner (1958) suggest that 

allowing 02 ~ 0 by making measurements close to the ground the error in 

ignoring these terms is minimized and equation (19) reduces to: 

Rn + S + A+ LE = 0 (20) 

Tanner (1960) discusses the errors introduced by dropping the last five 

terms in equation (19). 

In a study of lake evaporation Cummings (1925), using conservation 

of energy principles, proposed that the evaporation was equal to the 

radiant energy falling on the lake divided by the latent heat of vapori

zation of water. Bowen (1926) took issue with this approach and set out 

to partition Rn between A and LE using aerodynamic methods. If the heat 

loss to the air is represented by: 

A = CppKh 	 aT (21)at 

and the heat lost to evaporation represented by: 

LE = ill Kv ~ (22)P dZ 

then the ratio of the two will be: 

~ = PCp Kh (aT/az/ae/az) (Bowenls ratio) (23)LE €L Kv 

Since the gradients of temperature and vapor pressure have the same 

functional form (aT/az/ae/az) = ~!, and if equality between the eddy 

diffusivities of heat and vapor is assumed, (Kh = Kv) then equation 

(24) reduces 	to: 

s=~=Ele. cT (24)LE Le: oe 

and 8 can be evaluated by measuring the vapor pressure and temperature 
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at two heights. Substitution of (24) into (20) yields a solution for 

the flux of latent heat: 

LE = Rn - S (25)1 + a 

Since a enters this equation as it does, the error in E resulting from 

inequality of Kh and Kv will be much less than the corresponding error 

in 6 (Soumi and Tanner, 1958; Tanner, 1960; Rosenberg, 1968). The net 

radiation and soil heat flux can be measured directly and the value of 

8 can be obtained by the method mentioned above or through the use of 

graphical aids such as the one proposed by Starr et. al. (1970). 

Priestely and Taylor (1972) made a modification of the energy 

balance approach which adapted it for use with large scale parameters. 

They introduced an empirical factor, ~, and represented the latent 

heat flux as: 

LE =a: a~0 (Rn - S) 	 (26) 

where ~ is the slope of the vapor pressure vs. temperature curve and 

c is the psychrometric constant. Evaluation of ~ was done using the 

CSIRO lysimeter station at Aspendale, Victoria, Australia. Using the 

relation, 
LE 

a: 	 = (27) 
~~'5 (Rn - S) 

"" was found to have a value of 1.34+ 0.05 for more than one 24-hour 

total of evaporation. Tanner and Jury (1976) used a model developed 

from the Priestely-Taylor formula to predict evapotranspiration from 

row crops during incomplete cover. They found that a formula of the 
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form of equation (26) predicted evapotranspiration well during condi

tions of adequate soil moisture. They also found that the parameter 

« varied with crop and local climate and tended to increase under 

advective conditions. 

Investigators have met with varying success in using the Bowen 

ratio energy balance method to estimate evapotranspiration under advec

tive and non-advective conditions. Tanner (1960) found that the vertical 

energy ba1ance method yielded accurate estimates of 1ysimetrical1y 

derived evapotranspiration on an hourly basis under various conditions 

of thermal stratification provided the measurements were made close to 

the evaporating surface. Fritschen (1965, 1966) reports that short 

period Bowen ratio estimates of latent heat flux compare well with 

lysimetric measurements under strongly advective fieid conditions. 

Rosenberg (1969) and B1ad and Rosenberg (1974), however, found that the 

energy balance method underestimated the lysimetrical1y derived evapo

transpiration from irrigated alfalfa by 25 to 30% and that from irri

gated soyb~ans by about 20%. 

In the more humid regions of the country, Bowen ratio energy 

balance techniques have proven adequate for the estimation of evapo

transpiration. The advantages of this method over the various aero

dynamic methods lie in the relative ease of measurement of the vari

ables involved. Net radiation, soil heat flux, and the differences 

in vapor pressure and temperature can all be accurately measured with 

commercially available instrumentation. As mentioned earlier. this is 

not the case for the variables encountered in the aerodynamic formulae. 

Furthermore, requirements for fetch, wind profile characteristics, and 
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measurement error are not as stringent with energy budget methods as 

they are with the aerodynamic methods (Peters, 1968). 

C. The combination approach. 

Penman (1948) was the first to combine energy budget and aero

dynamic methods in attempting to estimate evaporation. The revolution

ary aspect of this approach was that the need for surface temperature 

measurements and gradients was eliminated. The Penman equation reads: 
t.H + ~EaEo = -:--:---"'

t. + ~ (28) 

where Eo is the evaporation from a free water surface in millimeters per 

day; ~ is the slope of the saturation vapor pressure curve at the mean 

air temperature; H is an estimate of the net radiation at the surface 

(expressed in evaporation units); ~ is the psychrometric constant (0.27 

mm Hg/OF- 1); and Ea is the aerodynamic component: 

Ea = 0.35 (ea - ed)(1 + u2 x 10-2) mm/day (29) 

where (ea - ed) is the difference between the saturation vapor pressure 

at the mean air temperature and the actual vapor pressure of the air, 

(the saturation deficit); and u2 is the wind run at the two meter 

height in miles per day. 

Penman wanted the formula to require only standard meteorological 

data and be applicable retrospectively, it was necessary for him to 

use a form of Brunt's (1939) formula to estimate H, since the net 

radiation was not routinely measured. The formula is (Penman, 1949): 

H = Ra (I-r)(0.18 + 0.55 nlN) _~'l'4 (0.56 - 0.092\i~a) 

(0.1 + 0.9 n/N) (30) 

http:I-r)(0.18
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where Ra is the Angot value of Rs for a completely transparent atmo

sPhere"fT4 is the theoretical black body' radiation at the mean air 

temperature and nlN is the percent of possible sunshine expressed as 

a decimal. As Chang (1968) notes the Brunt formula is a crude esti

mate of Rn and actual measurements or estimates made from Rs should 

be used whenever possible. 

The Penman equation was originally derived for estimating daily 

evaporation from small open water surfaces. In order for the method to 

be applied to evaporating soil and crop surfaces, it was necessary to 

introduce an empirical conversion factor. Penman (1949) found the 

value of this factor in England to range from 0.6 in the winter to 0.8 

in the summer. He states though that the factor may vary with lati

tude due to the changed distribution of day-length throughout the year. 

Use of the Penman equation to estimate evapotranspiration on a 

daily basis generally results in values which are much too small 

(Businger, 1956; Tanner and Pelton, 1960; Rosenberg, 1969a, 1969b). 

For estimates on weekly or monthly basis, it is more accurate. ToksQZ 

(1960) reports that the Penman method was satisfactory for estimating 

monthly evapotranspiration in southern Turkey. Comparison of the 

Penman method with the empirical method of Thornthwaite showed Penman 

more accurate on a monthly basis (Van Wijk and DeVries, 1953; Pruitt, 

1960; ToksQz, 1960; and Stanhill, 1961). 

The empirical nature of the conversion factor as well as the 

coefficients in the aerodynamic portion of the formula have led some 
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to class the formula as empirical (Rosenberg, 1974). However, the 

sound physical basis of the equation suggests otherwise; hence, it is 

frequently included with the energy budget formulae. 

There are some factors which inhibit the use of the formula. 

Knowledge of vapor pressures, sunshine duration, and albedo or net 

radiation are necessary. Since these factors are measured only at 

class A weather stations or special installations, they often must be 

estimated. Also the empirical factor necessary to convert Eo to evapo

transpiration can vary with time of year, location, and crop height 

thus presenting the necessity of continually recalibrating the equation. 

Expanding on Penman's original equation, van Bavel (1966) developed 

a combination model containing no empirical parameters or functions. 

The fonnula, which is an expression for the instantaneous flux of the 

latent heat, is given by: 

LE = _ ~/o H+ L BvPO (31)
~/1 + 1 

where L is the latent heat of vaporization of water, H the sum of 

energy inputs at the surface (i.e. Rn-S), PO is the vapor pressure 

deficit at some height za, and Bv is an aerodynamic vapor transfer 

coefficient defined by: 

2 urykBv =~ ~ (32)P In {za/zo)2 
~ ~ 

Here k is the Von Karman constant, za the height above the surface, 

zo the surface roughness parameter, and ua the wind speed at height 

za. All other quantities are as defined earlier. The minus sign 
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included in equation (32) is used to indicate a loss of energy from 

the surface. 

van Bavel tested the model against measured evaporation from open 

water, bare soil, and well watered alfalfa in the arid climate of 

Phoenix, Arizona. He found that the model gave excellent predictions 

of evaporation on both daily and hourly basis and under a variety of 

circumstances. The test conditions typically included large values of 

advected sensible heat as well as high values of net radiation and 

vapor pressure deficit. The 24 hour ratios of measured to computed 

values ranged from 0.87 to 1.05 with a weighted mean of 0.96. Van Bavel 

considered this to be within experimental error on days with evapora

tion in the 3 to 12 mm range and concluded that the combination model 

was accurate, practical, and generally applicable. 

Rosenberg (1969a) tested van Savel's method on irrigated bare soil 

in eastern Nebraska and found the measured values ranged from 0.80 to 

1.54 times the predicted. The tests were conducted during periods of 

low actual evaporation, 1.4 to 3.0 mm/day, and under these conditions 

errors in the meteorological measurements bias the results more seriously 

than conditions of high evaporative demand. 

Two simpler combination methods have been proposed by Tanner (1960) 

and Slatyer and McIlroy (1960). Tanner's method eliminates the need 

for continuous measurements of the vapor pressure deficit and the ratio 

of wind speeds at two heights. The defining equation is: 

E = (Rn - S) - Cu UoT (33) 



-23

!Q 

The temperature difference oT is measured over a height difference 

within one meter of the surface and u is the wind speed in that inter

val. Cu;s determined by measurement of Rn, S, u, and e for a short 

period during neutral conditions and is defined by: 

Cu = (Rn - S)/uoe (34) 

This value then is entered in the equation as a constant. 

Tanner1s comparison of estimates made by this method with esti

mates based on detailed energy balance methods show geod agreement for 

both day and nighttime periods. The method was found to be most suit

able for estimating evapotranspiration when the latent heat flux was 

greater than or equal to the flux of sensible heat. 

In Slatyer and McIlroyls treatment the moisture gradient is 

derived in terms of wet bulb depressions instead of vapor pressures. 

The formula is as follows: 

LE = A~O (Rn - S) Cppf(u)(Da - Do) (35) 

Da and Do are the wet bulb depressions in the air and at the 

surface, respectively. feu) is an empirically derived function which 

takes into account the surface roughness and the aerodynamic resistance 

to the diffusion of vapor from the surface to the air. 

Difficulties in measuring Do make the equation impractical for 

general use. The equation does, however, present an interesting inter

pretation of energy sources under special conditions. When the surface 

is saturated Do = 0 and evapotranspiration proceeds at the potential 

rate. As the surface dries 00 becomes positive and the amount of 
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convective energy available from the atmosphere decreases causing the 

rate to drop below the potential (Wilson and Rouse, 1972). Another 

special case ;s when Oa = Do, as in a saturated atmosphere, (Monteith, 

1965). In this case equation (35) reduces to: 

LE = 6~O (Rn - S) (36) 

Slatyer and McIlroy (1961) and Oenmead and McIlroy (1970) interpreted 

this equation as representing a lower limit to the potential evapo

transpiration. 

Wilson and Rouse (1972) used a model based on equation (35) to 

estimate evapotranspiration from· corn under varying moisture condi

tions. Using a Bowen ratio energy balance method for comparison they 

found that the model was nearly independent of the physical surface 

conditions and the height of the temperature measures. They concluded 

that the model was well suited for general use because of the relatively 

simple measurements involved and that it was applicable over a wide 

range of moisture and temperature conditions. 

D. The empirical and hydrologic methods. 

Empirical methods of estimating evaporation and evapotranspiration 

are derived from the correlation of measured values with one or more 

meteorological parameters. Parameters typically used in empirical 

formulae are air temperature, solar radiation, wind, and relative 

humidity. The main liability of this approach is their limited geo

graphical applicability and the need to recalibrate them for use in 
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climates different from those in which they were developed. Several 

empirical formulae have been developed which have been accepted for 

use wherever an appropriate meteorological record exists. The methods 

of Thornthwaite and Blaney-Criddle are perhaps the most well known 

in this respect. 

Thornthwaite (1948) considered evaporation to be an element that 

was conspicuously absent from the list of parameters used to classify 

climates. Lacking the measurements necessary to include evapotrans

piration in his climatic classification system, he developed a formula 

for estimating monthly potential evapotranspiration (PEt) that is based 

on mean monthly air temperature. His formula reads: 

E = 1.6 (10T/I)a (37) 

where E is the estimated monthly PEt in centimeters. T is the mean 

monthly air temperature, and 1 and a are defined by: 

12 
1 = r. (Ti/5)1.514 (38) 

i=1 

and 

a = 6.75 x 10-7 13 - 7.71 x 10-5r2 + 
(39 ) 

1.79 x 10-2r + 0.49 

The Ti in equation (38) are the 12 monthly normal temperatures for the 

location of interest. The unadjusted potential evapotranspiration 

given by equation (37) is multiplied by a factor involving day-length 

and number of days per month to give the adjusted potential evapotrans

piration for the month. Penman (1956) defined potential evapotrans

piration as lithe amount of water transpired in unit time by a short 
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green crop, completely shading the ground, or uniform height and never 

short of water!!. 

Use of the Thornthwaite method has become widespread largely 

because of the availability of temperature records. There are, however, 

serious drawbacks to its use for estimating the actual evapotranspira

tion from a crop. The main weakness lies in the fact that temperature 

is not a good indicator of the net radiation, which has the greatest 

influence on evaporation (England, 1963). Also, because temperature 

and radiation are not in phase throughout the year the Thornthwaite 

formula will tend to underestimate evapotranspiration in the spring and 

overestimate it in the fall (van Wijk and Devries, 1954; van Savel, 1956): 

Another circumstance under which the method is inadequate is when the 

average temperature for a period of time is less than or equal to 

OOC. Equation (37) shows that when this happens evapotranspiration 

will cease. This is not necessarily true for the maximum temperature 

during this time may well rise above freezing, allowing some small 

amount of evaporation to occur and even when frozen, a surface can lose 

water by sublimation. 

In the temperate continental climate of the central United States, 

where the formula was developed and where net radiation and temperature 

are highly correlated the formula works well. Chang (1968) describes 

several studies which substantiate this. Other studies, however, indi

cate that the formula is unreliable for short term estimates and that 

energy balance methods should be used instead (Pelton et. al. 1960). 

Failure of the Thornthwaite method to adequately predict short 
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term evapotranspiration under varying circumstances precludes its 

use for most agricultural operations. However, the accuracy on a 

long term basis and the general availability of necessary data make 

this method useful for predictions of evapotranspiration as a climatic 

variable. 

Blaney-Criddle (1950) modified an empirical consumptive use formula 

proposed by Blaney and Morin (1942). By dropping the relative humidity 

term appearing in the original equation, a formula was obtained relat

ing monthly consumptive use to the mean monthly air temperature (T), 

the monthly percentage of annual daylight hours (P) and a consumptive 

use coefficient for the crop being grown (K). The formula is: 

U = KTP (40) 

Since this formu1a ;s based on mean air temperatlJre it suffers 

some of the drawbacks of the Thornthwaite method. Though developed 

for use in the arid western United States, Christiansen (196B) reports 

extensive use of the method in the Mediterranean countries. The 

ability of the formula to estimate consumptive use in arid regions is 

confirmed by Tomlinson (1953) who examined water use by native hay in 

Wyoming. Poor performance of the Blaney-Criddle method has been 

reported for areas outside the arid west (Pruitt and Jensen, 1955; 

Jackson, 1960). 

Other empirical formulae for estimating the potential evapotrans

piration are those of Makkink (1957), Turc (1961), Jensen and Haise 

(1963)1 Stephens and Stewart (1963), Papadakis (1965), and Christiansen 

(196B). The Makkink method was derived from lysimetric measurements 
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of evapotranspiration from short grass in the Netherlands and uses mean 

air temperature and solar radiation data. The methods of Jensen and 

Haise, Stephens and Stewart, and Turc also use mean air temperature 

and solar radiation, and were derived to estimate the potential evapo

transpiration for periods ranging in length from five days to one month. 

The Papadakis method uses saturation vapor pressure calculated from the 

maximum and the minimum air temperatures and also provides monthly esti

mates. Christiansen1s model was developed to utilize all available 

climatic data and contains coefficients, in the form of polynomial 

equations, for extraterrestrial radiation, temperature, wind, relative 

humidity, percent of possible sunshine, and elevation. (A list of 

these formulae appears in the appendix.) 

The hydrologic method uses the water balance equation of a soil 

profile to estimate evapotranspiration. The water balance in the soil 

is descri bed by; 

Rainfall + Irrigation = Percolation + Runoff + 
Change in Soil Storage + Et (40) 

The rainfall, irrigation, and runoff terms can be easily measured 

(Rosenberg, 1974) and the change in stored soil moisture can be evalu

ated by periodic gravimetric or neutron probe measurements. The amount 

of water lost through deep percolation may be estimated if drain gauges 

or fields with ti1e drainage systems are used; however, in normal 

undrained field conditions this term must be estimated using various 

hydrologic equations (Rosenberg, 1974). Also, the soil moisture measure

ments necessary for this method are not sensitive enough to detect the 
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amount of moisture lost in a single day. This limits the use of the 

method to estimates of ET for extended periods. Actually the percola

tion term can be either positive or negative depending on whether water 

drains out of the profile or is added to the profile by a high water 

table (Hillel, 1971). Though simple and understandable in principle, 

the water balance is rather difficult to evaluate in practice. Besides 

the measurement errors in the quantities involved, areal nonuniformities 

in rainfall and soil moisture must be considered. The method is well 

suited to studies involving drain gauge type lysimeters where the 

quantities involved in the water balance can be accurately measured, 

but for large scale evapotranspiration estimates, the measurement 

errors involved preclude its use. Visser and Bloemen (1960) discuss 

the limitations of this method in field applications and also present 

a graphical approach to the solution of the water balance equation. 

E. Evaporimeters. 

Evaporimeters are instruments which directly measure evaporation. 

There are two types of evaporimeters: evaporation pans, which are used 

to measure evaporation from a free water surface; and atmometers, which 

gauge the water evaporated from a porous ceramic or paper surface. 

Evaporation pans have been used to estimate evapotranspiration 

from cropped surfaces. Though the processes of evaporation and evapo

transpiration are similar there are differences between the two. Water 

transpired from a crop canopy will be subject to a diffusion resistance 

in the plant that water evaporated from a free water surface will not 
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(Chang, 1968). The aerodynamic roughness and energy balance of 

water and cropped surfaces are not necessarily the same. Also, an 

appreciable amount of energy may be stored as sensible heat in an 

evaporation pan resulting in a lag behind the water lost from a vege

tated surface. Even so, studies have shown that pan evaporation is a 

good estimator of evapotranspiration for periods of a day or longer. 

Pruitt and Jensen (1955), for example, report that pan evaporation 

gives a better estimate of consumptive use by a crop than either the 

BlaneY-Cridd1e or the Thornthwaite method. Chang (1968) also mentions 

several studies which indicate pan evaporation yie1ds a better esti

mate of evapotranspiration than empirical formulae. 

The amount of water lost from an evaporation pan will depend on 

the size, color, and location of the pan. Mather (1959) studied the 

loss of water from various size pans and found that at high relative 

humidity there was little effect due to pan size; however, at low 

relative humidity, the evaporation increased appreciably as the pan 

size decreased. The effect of pan color on the amount of evaporative 

loss was investigated by Gangopadhyaya et. al. (1966). The percent 

of evaporation from painted pans to that from a new galvanized steel 

pan ranged from 82.7 for a pan painted white to 105.7 for a pan painted 

black. 

In an effort to obtain uniform evaporation measurements the World 

Meteorological Organization has designated the U.S. National Weather 

Service Class A pan as interim standard. The Class A pan is cylindrical 

in shape with an inside diameter of 1,21m (47~ inches) and a depth of 
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25.5 cm (10 inches). The pan is constructed of galvanized or stain

less steel, the latter being preferable where corrosive conditions 

prevail. Complete instructions for the installation and use of this 

type of pan are given by Reichelderfer (1962). 

Like evaporation pans, there are several types of atmometers. The 

basic designs are those represented by the Piche, Livingston, and Bellan; 

types. The Piche atmometer consists of a circular disc of blotting 

paper 3.2 cm in diameter attached to a cylindrical glass tube which 

serves as a reservoir. Evaporation occurs from the exposed surfaces 

of the blotting paper which generally has an area of 13 square cm. The 

Livingston type atmometer is a hollow sphere 5 cm in diameter made of 

porous ceramic. The unit is attached by a tube to a reservoir of 

distilled water in such a way that the tube and the sphere remain full. 

Evaporation is determined by the change in water level in the reservoir. 

The Bellani atmometer is a thin porous ceramic disc 8.5 cm in diameter 

which is fused to the rim of a glass funnel. As with the Livingston 

type, a reservoir is arranged to keep the funnel full of water and to 

gauge the amount of evaporation that occurs from the ceramic surface. 

The major drawbacks to the use of atmometers in field studies are 

their susceptibility to clogging by dust from the air or impurities 

in the water and their extreme fragility. Advantages to their use are 

their small size, low cost, and modest water requirements. 

Another shortcoming of atmometers is that they are more affected 

by wind than by radiation (Mukammal and Bruce, 1960). Thus, since the 

wind speed near the ground changes rapidly with height, the height at 
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which they are placed will greatly affect the amount of water evapo

rated. For example, Chang (1968) reports results by Pruitt where an 

atmometer placed at a height of 72 inches lost 84 percent more water 

than one at 3 inches. This wind effect can be reduced by using the 

difference between the quantities of water evaporated from black and 

white atmometers rather than the amount evaporated from either one. 

(The Livingston and Bellani type atmometers have surfaces colored 

either black or white.) Since black absorbs and white reflects the 

incident radiation, the difference between the amounts evaporated 

from each will be a measure of the radiation intensity, and estimates 

of evapotranspiration based on this difference will be a simple energy 

budget approach (Chang, 1968; Rosenberg, 1974). 

Jessep (1964) and Gangopadhyaya (1966) both report high correla

tions between Class A pan evaporation and atmometer loss in both arid 

and humid climates. 

F, Lysimeters. 

Lysimeters are instruments designed to collect soil leachate and 

to directly measure evapotranspiration. There are three basic designs 

of lysimetersj drain gauge lysimeters, floating lysimeters, and weigh

ing lysimeters. The primary use of drain gauges is the collection of 

soil leachate for chemical analysiS, although this type has been used 

for evapotranspiration measurement by the hydrologic method. The 

other two types are used almost exclusively for the direct measure

ment of evapotranspiration. 
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It is not known who was the first to study percolation and evap

oration losses of water from soil, but lysimeters have been used for 

such studies for nearly three centuries. Kohnke et. al. (1940), in 

their review of lysimetery up to 1940, state that the first documented 

use of lysimeters was that of De la Hire in 1688. De la Hire was a 

mathematician and meteorologist to the court of King Louis XIV of 

France. In an effort to determine the origin of springs he filled 

cylindrical containers with soil and observed the way water moved 

through them. Though his findings with respect to springs were incon

clusive, he did notice that the lysimeters with grass on them evapor

ated more than those with bare soil. 

Until 1870 all lysimeters were of the filled-in drain gauge type. 

A major liability of this type of lysimeter is that the soil structure 

is necessarily destroyed when the container is filled. Consequently 

measurements of percolation rates and chemical composition of the 

leachate vary from similar soils in natural surroundings. In 1870, 

Lawes, Gilbert. and Warington built a retaining tank around an excav

ated block of soil at Rothamsted, England. This monolith lysimeter was 

the first to allow percolation and leachate measurements from a natural, 

undisturbed soil profile (Kohnke et. al. 1940). 

Stationary drain gauge lysimeters can be used to measure long 

term evapotranspiration if the amounts of precipitation, runoff, and 

percolation are known. In order to measure the short term evapo

transpiration, however, the changes in soil moisture content must be 

determined by weighing the lysimeter. Weaver and Crist (1924) were the 
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first researchers in the United States to measure crop water use by 

weighing monolith lysimeters. The lysimeters used in this study were 

cylindrical with an area of one square foot and a depth of three feet. 

The cylinders were placed in a trench, backfilled, and surrounded by 

vegetation of the same type as grown in them, in order to minimize 

surface disturbance effects. Crop water use was determined by manually 

removing and weighing the cylinders. 

The first in situ monolith lysimeters with automatic weighing 

mechanisms were those installed by the Soil Conservation Service in 

1937 at Coshocton, Ohio. These large lysimeters (0.002 acre) have 

provisions for collection of percolation and runoff water and were 

constructed to simulate true field conditions as closely as possible. 

The thickness of the walls of the retaining tanks (15 inches) 

does create a border effect however. The mechanical scales and 

recording systems are sensitive to a change in a weight of 5 pounds, 

which is equivalent to approximately 0.01 inch of water across the 

surface (Harrold and Dreibelbis, 1951). Other mechanically weighed 

lysimeters are described by Morris (1959), Pruitt and Angus (1960), 

van Bavel and Myers (1962), and Ritchie and Burnett {196B}. 

Another type of weighing lysimeter uses liquid filled flexible 

bags to support the soil tank. Changes in the weight of the soil 

tank cause changes in the liquid pressure within the bags. These 

pressure changes are detected by an electronic pressure transducer or 

stand pipe manometer and are proportional to the amount of water 

added to or lost from the soil tank. Problems associated with the use 
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of hydraulic lysimeters are the errors introduced by thermal expansion 

and contraction of the liquid and the long term drift due to stretching 

of the support bags. Lysimeter installations of this type are described 

by Glover and Forsgate (1962)s Swan (1964), Hanks and Shawcroft (1965), 

and Black et. al. (1968). 

The third type of weighing mechanism for lysimeters involves 

Archimede's principle that a floating body displaces a mass of liquid 

equal to its own. King, Tanner, and Soumi (1965) constructed a lysi

meter based on this principle which used water as the supporting 

liquid. Since the density of the full soil tank was greater than the 

density of water, it was necessary to add buoyancy to the soil tank by 

installing air tanks. These air tanks limit rooting depth and drainage 

near the edge of the soil tank, however, their effect on crop growth 

is minimal if the crop is well irrigated and fertilized. McMillan 

and Paul (1961) overcame this buoyancy problem by using an aqueous 

solution of zinc chloride (specific gravity 1.75-1.90) as the support

ing liquid. Since zinc chloride is extremely corrosive to steel, it 

is necessary to shield all metal parts with a protective coating. 

Changes in weight of floating lysimeters are detected by monitoring 

the liquid level in a stilling well attached to the retaining tank. 

An increase in the weight of the soil tank will displace fluid and 

cause a rise in the liquid level of the stilling well. The change 

in liquid level is then measured by a float attached to a mechanical 

or electronic displacement transducer. A typical measuring system for 

this type of lysimeter is described by Lourence and Goddard (1967). 

http:1.75-1.90
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Errors involved with the use of zinc chloride solutions in floating 

lysimeters and means of overcoming these errors are discussed by King 

et. a 1. (1964). 

If lysimeters are to be reliable instruments for measuring evapo

transpiration there are certain requirements which must be met in 

their design, construction, and installation. The working group on 

evaporation measurement of the World Meteorological Organization has 

published a list of requirements for reliability of evapotransp;rometer 

measurements (Gangopadhyay, 1966). Among the more critical requirements 

are the following. 

The lysimeter should have a large area to rim ratio to minimize 

border effects due to walls and the soil tank should be deep enough to 

permit free growth of plant roots. In general, an area of three square 

meters and a depth of 1.5 meters is adequate. The soil moisture and 

temperature profiles within the soil tank should be the same as in the 

surrounding plot. This can be accomplished by applying suction drain

age to the soil tank and heating or cooling any air space below the 

soil tank as necessary. Adequate fetch should be maintained to mini

mize advection effects. The soil structure in the lysimeter should 

closely resemble that of the surrounding plot. Any agricultural 

operations should be carried out at the same time and at the same 

intensity as in the surrounding plot, and crop type, planting density, 

and height should be uniform across the lysimeter and surrounding plot. 

Precision weighing lys;meters are valuable micrometeorological 

tools for the short term measurement of evapotranspiration. Though 
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relatively expensive these instruments are capable of measuring water 

losses on the order of hundredths of a millinleter over periods of 

less than one hour. The hydraulic and floating lysimeters are less 

expensive alternatives to the weighing lysimeter and are valuable 

when longer term and less precise measurements are adequate. Which

ever type of lysimeter is used, proper installation and maintenance is 

necessary to reach its full potential. 

Reviews of the use of lysimeters for evapotranspiration measure

ment are given by Kohnke et. al. (1940); Harrold and Dreibelbis (1951, 

1967); Pelton (1961); and Slatyer and McIlroy (1961). 

Recently an inexpensive portable instrument has been developed 

that is capable of measuring short term evapotranspiration rates in 

the field (Reicosky and Peters, 1977). The instrument consists of a 

large plastic box (1.83 m. long by 2.03 m. wide by 1.37 m. high), which 

is open at the bottom and mounted on a hydraulic lift on the front 

of a tractor. The box is equipped with four fans which circulate 

air within the chamber and a thermistor psychrometer which measures 

the wet and dry bulb air temperature. To measure the evapotranspira

tion rate the chamber is maneuvered over the plot and, with the fans 

running, lowered until a good contact between the chamber and the ground 

is achieved. The evapotranspiration rate is then calculated from the 

values of the wet and dry bulb temperature measured before the chamber 

was lowered and those measured after the chamber has been in place for 

one minute. The hourly evapotranspiration rates from soybeans measured 

with this instrument are in good agreement with simultaneous measure
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ment of solution uptake taken at various times during the growing 

season (Reicosky and Peters, 1977). 

Comparisons of measured and calculated evapotranspiration 

Several researchers have made comparisons of calculated evapo

transpiration amounts with actual evapotranspiration as measured by 

evaporimeters. Results from measurements over time periods ranging 

from one day to one year and climates ranging from arid to humid are 

varied and often discrepant. 

Rytema (1959) compared estimates of potential evapotranspiration 

calculated from the Penman, Makkink, and Turc formulae with measure

ments derived from pan evaporation and from grass covered lysimeters. 

He found that the estimates of all three formulae compared favorably 

with values obtained from the pan and the lysimeters. 

Stanhill (1961) compared several methods of calculating evapo

transpiration with lysimeter measurements made in Israel. He con

cluded that for weekly and monthly periods the Penman combination 

method gave the best results, followed by the temperature methods of 

Thornthwaite and Blaney-Criddle and by Makkink's radiation and tempera

ture method. 

Using correlation coefficients, Stephens and Stewart (1963) com

pared measured and estimated monthly pan evaporation from several 

stations in Florida. The U.S. Weather Bureau pan evaporation method 

estimates were the most highly correlated with actual measurements. 

The rank from high to low correlation of the other methods was Stephens
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Stewart, BlaneY-Criddle, Penman, Hamon, and Thornthwaite. 

Jensen (1966) examined several empirical equations that use 

radiation and temperature to predict evapotranspiration. He concluded 

that these methods provide more reliable estimates than methods based 

on temperature alone and that they are adequate for most engineering 

and agronomic purposes, especially when meteorological data are 

1imi ted. 

Omar (1968) compared monthly evapotranspiration estimates calcu

lated with the Penman, PapadakiS, Hamon, and Thornthwaite methods to 

measurements from evaporimeters located in a large field in a warm, 

arid climate. He found the Papadakis method to be slightly better than 

the Penman method on a monthly basis. The Hamon and Thornthwaite 

methods both underestimated monthly evapotranspiration by about 35 

percent. 

McGuinness and Bordne (1972) tested fourteen methods using 15 

years of daily data from Coshocton, Ohio. Comparing daily average 

values of the measured and calculated potential evapotranspiration they 

found that of the methods based upon temperature alone that of Blaney

Criddle performed best. Of the radiation and temperature methods, 

Jensen-Haise was best, and the combination methods of Penman, van 

Bavel and the U.S. Weather Bureau all performed equally well. 

The literature on the subject of evapotranspiration is extensive. 

Consequently, many review papers which summarize the physics, estima

tion methods, and measurement techniques of evapotranspiration have 

been written. These reviews provide an excellent starting point for 

any extensive investigation of the literature. 
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Livington's (1908, 1909) annotated bibliography on evaporation 

reviews early work on the subject with entries dated from 1670 through 

1909. More recent books and papers which deal with the physical 

approaches to the estimation and measurement of evapotranspiration are 

those of Thornthwaite and Mather (1955), Penman (1956), Deacon, 

Priestely, and Swinbank (1958), Sellers (1964), Thornthwaite and Hare 

(1965), Webb (1965), Rosenberg, Hart and Brown (1968). and Chang (1968). 

Discussions of the use of the lysimeters and other evaporimeters for 

measurement and estimation of evapotranspiration appear in Kohnke 

et. al. (1940)) Harrold and Dreibelbis (1951, 1967), Pelton (1961), and 

Gangopadhyay et. al. (1966). 
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II. 	 An Experimental Investigation of Evapotranspiration Estimation 

Methods 


Objectives 

The objectives of this research were to collect the meteorological 

data necessary to calculate estimates of daily potential evapotrans

piration (PEt) at Saint Paul, Minnesota; and compare those estimates 

with measured values obtained from the University of Minnesota1s pre

cision weighing lysimeter. The PEt estimation methods tested are 

listed in Table 1. Besides testing the ability of previously developed 

equations to estimate PEt, the data were used to construct an empirical 

relationship based on solar radiation and temperature. 

Materials and methods 

A. Site location and instrumentation. 

The data for this research were collected at the micrometeorological 

station on the Saint Paul campus of the University of Minnesota. The 

station is located at 440 59' N, 930 111 Wat an altitude of 296 meters 

above mean sea level in an area devoted to small «IHa) agricultural 

test plots. Though the area has suffered from encroachment by the 

surrounding suburbs, the station site still has a relatively unobscured 

view of the sky hemisphere. The nearest main roads are 137 meters West 

and 155 meters North of the station and the nearest building 123 meters 

South-Southwest. 

The soil at the station is a Waukegan silt loam (Typic Hapludoll) 

and consists of approximately 76 cm of loessial silt loam overlying 

coarse sandy gravel outwash material. The plant available water holding 

capacity in the top meter of soil is 15 cm. 
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Table 1. The potential evapotranspiration calculation methods tested. 

A. Combination methods 

1. Penman 
2. van Bavel 

B. Temperature methods 

1. Thornthwaite 
2. Blaney-Criddle
3. Papadkis 
4. Hamon 

C. Radiation and temperature methods 

1. Makki nk 
2. Grassi 
3. Stephens-Stewart 
4. Jensen-Haise 
5. Turc 
6. Priestely-Taylor 

D. Other methods 

1. Pan evaporation 

Daily evapotranspiration amounts were obtained from measurements 

made with a weighing lysimeter modeled after the one described by 

Ritchie and Burnett (1968). The soil tank of the lysimeter is the 

filled in type~ measuring 2.79 square meters in area and 1.22 meters 

deep. It is equipped with a suction drainage system to prevent water

logging of the soil. The lysimeter is located approximately 3.4 meters 

NE of the center of an agricultural plot measuring 16.5 meters square 

at the micrometeoroiogical station. 

Installation of the lysimeter was begun in July~ 1975 and completed 

through installation and filling of the soil tank in October, 1975. The 
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author began installing the electronic output system and the plumbing 

for the suction drainage storage system in the fall of 1977. By 

December of 1977 the lysimeter was operational. Between the spring of 

1978 and the summer of 1981 improvements in the load cell output system 

and suction drainage system were made to facilitate operation of the 

system. 

Routine calibration of the lysimeter was performed before planting 

in the spring and just after harvest in the fall when the crop was 

soybeans. In the first year of the alfalfa crop, 1980, calibration 

was performed before planting in the spring and after the last cutting 

in late summer. The lysimeter is capable of measuring evapotranspira

tion to an accuracy of ~0.014 mm/day. 

During the first two years of this study, the plot was planted 

with Hodgson Soybeans in rows 36 inches apart, and in the third year 

it was planted with Blazer Alfalfa. The plot was irrigated to assure 

that the evapotranspiration conditions were maintained as close to 

the potential as possible. Tensiometers insta11ed in the lysimeter 

and in the surrounding plot allowed monitoring of soil moisture con

ditions for the purpose of determining when to irrigate and making 

sure the moisture conditions were uniform. It is believed that the 

location and very small size of the plot on which the lysimeter is 

located limit the results of this research to areas of similar size 

and location. 
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Table 2. 	 A) Cumulative precipitation (in) and normals at St. Psul, 
Minnesota. B) Cumulative growing degree days base 50 F 
and normals at St. Paul, Minnesota. 

June July August Seetember 

1978 6.02 11.84 16.68 19.07 

1979 6.35 8.45 15.90 18.29 

1980 5.18 8.25 13.19 17.70 

Norma 1 3.94 7.63 10.68 13.41 

a) Cumulative precipitation (inches) 

June July August September 

1978 526 1173 1833 2329 

1979 489 1162 1731 2125 

1980 520 1278 1921 2249 

Normal 543 1243 1869 2196 

b) Cumulative growing degree days 

Table 2 shows cumulative precipitation and growing degree days for 

the years of the study and the normal values. The precipitation was 

greater than normal for all three years of the study. The temperatures, 

as reflected by the growing degree days, appear close to normal for 

all years of the study. 

The meteorological parameters necessary to calculate estimates of 

evapotranspiration with the formulae tested were measured as follows: 

1. 	 Pan evaporation from a standard National Weather Service Class 

A evaporation pan; 

2. 	 Incoming and reflected solar radiation from an Eppley black 
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and white pyranometer located on a stand 2.4 meters above the 

surface and from a Kipp and Zonen pyranometer inverted on a 

stand 1.6 meters over the cropped surface, respectively; 

3. 	 Incoming and outgoing terrestrial radiation from ventilated, 

temperature compensated Eppley pyrgometers upright and inverted 

over a sod surface; 

4. 	 Maximum and minimum air temperatures from thermometers located 

in a standard temperature shelter located 2 meters above a sod 

surface and 25 meters north of the test plot; 

5. 	 Relative humidity from a Belfort hygrothermograph in the 

temperature shelter; 

6. 	 Total wind run, from a totalizing anemometer at evaporation 

pan height, 56 cm. 

Constant and derived quantities such as day-length, extrater

restrial radiation, absolute humidity, and vapor pressure were obtained 

from published tables. Values of percent of possible sunshine were 

obtained from the [National Weather Service] Local Climatological Data 

(U.S. 	 Dept. of Commerce 1978, 1979, 1980) for Minneapolis-Saint Pdul. 

B. 	 Data collection and analysis. 

The instruments were read and the data transcribed daily at 7:00 

A.M. central standard time. This observation time was chosen for the 

convenience of the observers and for the fact that evaporation and evapo

transpiration are usually at a minimum during the early morning hours. 

All instruments were serviced and calibrated as necessary. 
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Once all the data were collected and tabulated. certain cases (days) 

were selectively deleted from the data set. The criteria for deletion 

of cases were as follows: days on which crop cover was less than 80 

percent; days on which thinning or weeding of the crop was performed; 

days on which any work was done on the lysimeter weighing system; days 

on which precipitation occurred or the crop was irrigated. Application 

of these criteria yielded 35 and 36 cases for 1978 and 1979. respectively, 

when the crop was soybeans and 34 cases for 1980 when the crop was 

alfalfa. The data were then used to compute predicted values of evapo

transpiration using the computation methods listed in Table 1. 

A statistical analysis was then performed to compare the lysi

metrically derived evapotranspiration values with those predicted by 

the 13 computation methods. The procedure for testing the models was 

basically that described by Willmott (1981). First, the simple 

regression of the predicted values on the observed values was performed 

and the summary statistics computed. In the case of a perfect model. 

that is, a model that always exactly predicted the observed value. 

the slope of the computed regression line would be 1, the intercept 0, 

and the coefficient of determination (R2) would be 1. Second, the 

total mean squared error (MSE) and its systematic (MSEs) and unsystem

atic (MSEu) components were computed. The mean squared error or its 

square root, the root mean squared error (RMSE). are a measure of the 

average disagreement between the modeled and observed values. (The 

root mean squared error is often more easily interpreted as it is of 

the same matric as the observed and predicted values.) The systematic 
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and unsystematic components of the total mean squared error, and 

their square roots, represent the part of the total error which is due 

to lack of fit of the model and that which ;s due to random error. 

Third, the differences between the observed and predicted values were 

determined and the corresponding summary statistics calculated. For 

the best fitting models, these differences will be normally distributed 

about zero with a small standard deviation. 

Results and discussion 

A. Lysimeter Et/pan evaporation ratios. 

The use of pan coefficient is frequently employed to estimate the 

potential evapotranspiration from measurements of pan evaporation. The 

form of the relationship commonly used is, 

PEt = CtEpan 

where the coefficient C depends on the crop being grown and its growth 

stage. Chang (1968) reports that the ratio between potential evapo

transpiration and evaporation from a U.S. National Weather Service Class 

A pan varies from 0.75 to 1.15 for actively growing crops of various 

types. Rosenberg (1974) reports of evapotranspiration from irrigated 

alfalfa exceeding pan evaporation under advective conditions. Rosenberg 

and Powers (1970) observed pan evaporation to be about 23 percent less 

than evapotranspiration from irrigated soybeans at Mead, Nebraska. 

Haddock {198l} reports a seasonal pan coefficient for soybeans, a 

composite of data from Kansas, Iowa, and Arizona, which ranges from 

about 0.18 at planting stage to 0.92 at the pod filling stage. 
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Figures 1, 2, and 3 show the Lysimeter Et/pan evaporation ratios 

plotted versus time for 1978, 1979, and 1980, respectively, at Saint 

Paul. The data were corrected for precipitation and, except for 

extenuating circumstances (i.e. irrigation and cultivation), all cases 

are included. The data were smoothed using a 1-2-3-2-1 weighted 

running average. 

In 1978, with a crop of soybeans, the ratio is at a maximum of 

about 0.85 when the plants are blooming. The ratio declines steadily 

to a value of 0.75 just before leaf fall and drops to 0.20 when all 

leaves have fallen. The fluctuations in the data prior to July 5 are 

due to problems with the lysimeter weighing system. 

In 1979, also with a crop of soybeans, the ratio increases slowly 

from a value of 0.25 just after emergence to a value of 0.45 in late 

June. A hailstorm at this time severely damaged the crop and greatly 

reduced the cover. By late July, however, the crop had recovered and 

was in full bloom. The Et/pan ratio at this time was about 0.80 and, 

as in the previous year, showed a steady though somewhat greater decline 

to a value of 0.55 at the start of leaf fall. 

In the spring of 1980 the crop was switched from soybeans to 

alfalfa. The Et/pan ratio curve for 1980 varies from those of the 

previous two years in several ways. First, the ratio is significantly 

higher during the entire 1980 growing season than in either 1978 or 

1979, ranging from a maximum which exceeds 1.0 during full cover to 

a minimum of about 0.50 after cutting. This can be attributed to the 

facts that the alfalfa cover was denser than the soybean cover and that 
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Figure 1. Ratio of measured Et from a soybean crop to pan evaporation at St. Paul in 
1978. Data are a 1-2-3-2-1 weighted running average of daily values. 
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in 1979. Data are a 1-2-3-2-1 weighted running average of daily values. 
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seasonally alfalfa uses about 30 percent more water than soybeans 

(Chang, 1968). Second, sharp drops in the ratio occur after the 

alfalfa was cut on July 8 and August 29. Third, the fluctuations in the 

daily values are greater in 1980 than in either of the previous years. 

Scatter plots of daily values of pan evaporation versus measured 

evapotranspiration and histograms of the differences between them 

appear in Figures 4, 5, and 6 for 1978, 1979, and 1980, respectively. 

In 1978 the daily pan evaporation exceeded the measured Et by an 

average of 1.11 mm/day, in 1979 this excess was 0.91 mm/day and in 

1980 the pan evaporation fell short of the measured Et by an average 

of 0.47 mm/day as shown in Table 3. These differences again reflect 

the greater use of water by alfalfa as compared to soybeans. 

Table 3. Summary statistics for the comparison of Pan Evaporation (P) 
with measured evapotranspiration (0). Units are mm/day. 

Year Mean 0 
Std. 
Dev.{O) Mean (P) 

Std. 
Dev.{P} 

Regression Line 
Slope Intercept R2 

1978 5.57 1. 63 6.68 2.03 1.15 0.27 .856 

1979 4.20 1. 35 5.11 1. 58 1.01 0.86 .743 

1980 6.71 1.85 6.24 1.62 0.79 0.99 .804 

Year RMSE RMSEs RMSEu 

1978 1.37 1.14 0.76 

1979 1.20 0.91 0.79 

1980 0.94 0.62 0.71 

Mean Std. 
Year p-o Dev. Max. Min. 

1978 1.11 0.81 3.02 -0.53 

1979 0.91 0.80 3.71 -0.50 

1980 -0.47 0.82 0.84 -2.79 
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B. Combination method. 

Penman method 

The Penman (1948) evapotranspiration calculation method was 

originally derived to estimate evaporation from small water surfaces. 

The formula as derived takes the form: 

Eo = ~H + oEa and Et = CEo 
6+0 

Here Eo is the amount of water lost in units of mm/day, from a 

free water surface, H is an estimate of the net radiation in mm/day, 

and Ea, also in units of mm/day is an aerodynamic coefficient which 

contains wind run and saturation deficit. 6 and Q are the slope of 

the saturation vapor pressure versus temperature curve and the psychro

metric constant, respectively. 6 and 0 are evaluated at the mean 

daily temperature and have the units of mm/oF or mb/oC. 

In this study Hand 	Ea were computed as follows: 


4 , 
H = Rs(1-r)-~fT (0.56 - 0.092 \/ea)(O.Ol +.0.09 n/N) 

and 

Ea = 0.35(ea-ed)1 + 9.8 x 10-3U2) 

The first term of H represents the net solar radiation and the second 

term represents the longwave back radiation. Values for A and 0 were 

obtained from published tables. 

Figures 7, 8, and 9 show scatter plots of the computed Penman Et 

versus the Lysimeter Et and histograms of the predicted minus the 

observed values for 1978, 1979, and 1980, respectively. In all years 
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the Penman method underpredicted daily Et by substantial amounts, (38%, 

16%, and 40% in 1978, 1979, and 1980, respectively). Summary statistics 

and regression parameters appear in Table 4. 

Using the data for June, 1980 (Appendix). A sample calculation 

using the Penman formula goes as follows: 

n = 0.41 mm/oF, Rs(l-r) = 510 cal/cm2/min, T = 560 F, 

·0 = 0.27 	mm/oF, ea ~ 11.48 mm, ed • 8.38 mm, n/N = 0.75 

and U = 72 mi/day 

so 

H : 5.64 mm/day, Ea ~ 2.16 mm/day 

and 

PEt = 0.41*5.64 + 0.27*2.16 = 4.26 mm/day
0.41 + 0.27 

The amount of Et measured with the lysimeter on June 16, 1980, was 

6.25 mm (Appendix). 

Table 4. 	 Summary statistics for the comparison of Penman method {P} 
with measured evapotransipration (0). Units are mm/day. 

Year r~ean (0) 
Std. 
Dev.(O) Mean (P) 

Std. 
Dev.(P) 

Regression Line 
Slope Interceet R2 

1978 5.57 1. 63 3.45 1. 93 1. 02 -2.21 .739 

1979 4.20 1. 35 3.51 1. 25 0.68 0.65 .539 

1980 6.71 1.85 4.05 1.15 0.52 0.57 .690 

Year RMSE RMSEs RMSEu 

1978 2.33 2.12 0.31 

1979 1.16 0.76 0.88 

1980 2.88 2.81 0.62 

http:0.27*2.16
http:0.41*5.64
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Table 4. (Cont. ) 

Mean Std. 
Year p-o Oev. Max. Min. 

1978 -2.12 0.99 0.53 -4.07 

1979 -0.69 0.95 0.76 -3.10 

1980 -2.67 1.10 -0.55 -5.88 

The van Savel method 

','an Savel (1966) improved on the combi nat i on method of Penman by 

eliminating the empirical factors in Penman's aerodynamic (Ea) term. 

The van Savel formula, sometimes called the modified Penman formula is; 

PEt = 

In this equation A and 1 are the same as in the Penman equation. 

H is the measured net radiation, L is the latent heat of vaporization 

of water, PO the saturation vapor pressure deficit, and Bv a turbulent 

transfer coefficient which is found from: 

2 
~.c k UaBv = _u,,_

P 1n(Za/lo)2 

(~kGuinness and Bordne, 1972). The first term of Bv contains the 

density of air (p) the ratio of the molecular weights of water and 

air (£), Van Karman's constant (k), and the air pressure (P). For most 

circumstances this term can be considered a constant with the value 

0.0122 x 10-7 gm/cm3/mb. Ua is the wind run in Km/day; Za the height 

of wind, temperature, and humidity measurements; and Zo the surface 

roughness parameter. 
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Scatter plots of calculated versus observed evapotranspiration and 

histograms of the differences between the two appear in Figures 10, 11, 

and 12 for 1978, 1979, and 1980, respectively. The calculated values 

are in good agreement with the observed values in 1978 and 1979 with 

average differences of 0.92 mm/day and -0.46 mm/day, and R2 values of 

0.788 and 0.609 respectively. In 1980 the method consistently under-

predicted actual evapotranspiration, the average difference being 

-2.51 mr:1/day. Summary statistics for the van Savel method appear in 

Table 5. A sample calculation with this method using the June 16, 1980 

data is as follows: 

(l/o)(H/L = 1.49 x 340 x .017 ~ 8.61 mm/day 

BvPD = 0.0103*72*(11.48 - 8.38) = 2.30 mm/day 

so 

PEt = 4.38 mm 

Tabled values appear in the Appendix. 

Table 5. Summary statistics for the comparison of the van Bavel method 
(P) with measured evarotranspiration (0). Units are mm/day. 

Year Mean (0) 
Std. 
Dev. (0) Mean (P) 

Std. 
Dev.(P) 

Regression Line 
Slope InterceEt R2 

1978 5.57 1.63 6.49 1.65 0.89 1. 50 .788 

1979 4.20 1.35 3.74 1.24 0.72 0.71 .608 

1980 6.71 1.85 4.20 1. 53 0.70 -0.50 .714 

Year RMSE RMSEs RMSEu 

1978 1.19 1.11 0.43 

1979 0.97 0.59 0.77 

1980 2.69 2.57 0.81 

http:0.0103*72*(11.48
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Figure 10. 	 Comparison between daily Et values from a soybean crop as Ineasured by the weighing lysimeter 
at St. Paul in 1978 with values obtained using the van Bavel method. At left the scatter 
plot showing the least squares fit regression line (- - -) and the 1:1 line (-) and at 
right the frequency distribution of the differences between the calculated (PREO) and mea
sured (OBS) 	 Et. 
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Figure 11. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1979 with values obtained using the van Savel method. At left the scatter 
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Table 5. (Cont. ) 

r~ean Std. 
Year (P-O) Dev. Max. Min. 

1978 0.92 0.77 2.75 -0.86 

1979 -0.46 0.86 1.43 -2.65 

1980 -2.51 0.99 -0.78 -5.49 

C. 	 Temperature methods. 

Thornthwaite method 

Thornthwaite (1948) proposed an evapotranspiration estimation 

formula based on a monthly heat index, I, (a function of mean monthly 

temperature) and the mean daily temperature. The method can be repre

sented by the fonnula: 

PEt = 1.6(10T/I)a 

(Palmer and Havens, 1958). Here PEt is the monthly potential evapo

transpiration in centimeters, T is the monthly mean temperature 1noC, 

I is the heat index, and a is an empirical contant derived from the 

heat index by the formula: 

a = 0.49 + 0.01791 - 0.0000771I2 + 0.0000006751 3 

By using mean daily temperatures in place of mean monthly temperatures 

and adjusting for day-length and number of days per month, estimated 

values of daily PEt can be obtained. 

Comparisons of the measured Et values with those calculated by 

this method appear in Figures 13, 14, and 15, and in Table 6. There 

is very little agreement between the measured and calculated values in 

all three of the years studied. Indeed the scatter plots seem almost 
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.. 


random. The method consistently underestimates the measured Et and 

did so substantially in 1978 and 1980. 

A sample calculation using June 16, 1980, data is as follows: 

T = 13.30e, day-length =15.60 hrs. 

PEt = 0.0437*15.60*(10 x 13.3/41.32)1.143 = 2.59 mm. 

The constants 0.0437,41.32, and 1.143 are a daily conversion factor, 


the monthly heat index, and the empirical exponent respectively. 


Tabled values for all years are found in the Appendix. 


Table 6. Summary statistics for the comparison of the Thornthwaite 

method (P) with measured evapotranspiration (0). Units 
are rrnn/day. 

Std. Std. Regression Line 
Year Mean (0) Dev. (0) Mean (P} Dev. P Slope InterceEt R2 

1978 5.57 1.63 4.25 0.73 0.12 3.60 .068 

1979 4.20 1.35 3.53 1. 02 0.37 1.98 .237 

1980 6.71 1.85 4.12 0.68 0.15 3.13 .161 

Year RMSE RMSEs RMSEu 

1978 2.06 1. 94 0.70 

1979 1.39 1.08 0.88 

1980 3.08 3.01 0.62 

Mean Std. 
Year (P-O) Oev. Max. Min. 

1978 -1.32 1.61 3.07 -4.39 

1979 -0.68 1.23 1. 60 -3.71 

1980 -2.58 1.69 1.41 -6.54 

http:0.0437,41.32
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The Blaney-Criddle method 

The Blaney-Criddle method was devised to estimate seasonal con

sumptive use. Modification of the formula by Blaney and Criddle 

allowed estimates to be made for periods ranging from 5 to 30 days. 

McGuinness and Bordne (1972) modified the method further to allow 

measurements on a daily basis. The general formula is: 

PEt = (0.0173TA = 0.314) *TA*F(DL) 

TA is the mean daily air temperature in F and F(DL) is a f~ion of the 

day-length which depends on latitude. Comparisons of measured and cal

culated values appear in Figures 16, 17, and 18, and in Table 7. As 

with the Thornthwaite method there is very little relationship between 

the measured values and those predicted by this method. All R2 values 

are quite small and the scatter plots suggest a nearly random distri

bution of points. 

An example using the June 16, 1980 data, 

PEt =(0.0173 * 56 - 0.314) * 56 * 15.60 * 0.005679 = 3.25 mm 

Tabulated values appear in the Appendix. 

Table 7. Summary statistics for the comparison of the Blaney-Criddle 
method (P) with measured evapotranspiration (0). Units are 
mm/day. 

Year Mean (0) 
Std. 
Dev. ( 0) Mean (P) 

Std. 
Dev.{P) 

Regression Line 
Slope Intercept R2 

1978 5.57 1.63 5.40 1.03 0.17 4.47 .070 

1979 4.20 1.35 4.45 1. 35 0.49 2.37 .224 

1980 6.71 1.85 5.22 0.94 0.20 3.86 .160 
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Table 7. (Cant. ) 

Year RMSE RMSEs RMSEu 

1978 1.67 1.35 0.98 

1979 1.36 0.72 1.16 

1980 2.25 2.08 0.85 

Std. 
Year Dev. Max. Min. 

1978 -0.17 1.69 4.39 -3.19 

1979 0.25 1.36 2.70 -3.02 

1980 -1.49 1.71 2.31 -5.63 

The Papadakis method 

Papadakis (1965) developed a method for predicting monthly PEt 

that uses maximum and minimum temperatures to determine saturation vapor 

pressures. The general formula ;s; 

PEt = 0.5625{ex - en-2) 

In this formula ex is the saturation vapor pressure in mb at the 

average daily maximum air temperature and e{n-2) is the saturation 

vapor pressure at the average daily minimum temperature minus 20C in 

mb. Papadakis reasoned that e(n-2) would correspond to the saturation 

vapor pressure at the dew point temperature (the actual vapor pressure 

of the air) because the dew point temperature is usually 20 C lower 

than the minimum air temperature. 

Comparison of values of PEt calculated with this method with the 

measured values appear in Figures 19, 20, and 21 and Table 8. The 
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Figure 20. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1979 with values obtained using the Papadakis method. At left the scatter 
plot showing the least squares fit regression line (- - -) and the 1:1 line (---) and at 
right the frequency distribution of the differences between the calculated (PRED) and mea
sured (OBS) Et. 
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scatter plots show appreciable dispersion in 1978 and 1979, with R21 s 

of 0.243 and 0.329, respectively. There is somewhat less dispersion in 

the data from 1980, R2 = 0.416. In all three years the calculated 

regression line is far from colinear with the 0 = P line. The method 

also consistently underestimates the observed PEt in all three years. 

An example using the data from June 16, 1980, is as follows: 

PEt = 0.5625*(16.94 - 7.06) * 0.437 = 2.43 rrm 

The constant 0.437 converts the units of pressure to millibars and 

converts from a monthly to a daily basis. Tabled values appear in the 

Appendix. 

Table 8. Summary statistics for the comparison of the Papadakis method 
(P) with measured evapotranspiration (0). Units are mm/day. 

Std. Std. Regression Line 
Year Mean (0) Dev. (0) Mean (Pi Dev. (P) Slope Intercept R2 

1978 

1979 

1980 

Year 

1978 

1979 

1980 

Year 

1978 

1979 

1980 

5.57 1. 63 

4.20 1. 35 

6.71 1.85 

RMSE RMSEs 

2.47 2.32 

1.65 1.45 

3.62 3.57 

Mean Std. 
(P-O) Dev. 

-2.03 1.43 

-1.22 1.12 

-3.32 1.47 

3.54 

2.98 

3.40 

RMSEu 

0.85 

0.79 

0.57 

Max. 

2.33 

1.19 

0.16 

1.00 0.30 1.86 .243 

0.97 0.41 1.24 .329 

0.78 0.27 1. 57 .416 

Min. 

-4.42 

-3.97 

-6.59 

http:0.5625*(16.94
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The Hamon method 

Hamon (1961) derived a formula for estimating PEt based on the 

possible hours of sunshine and the saturated vapor density (absolute 

humidity) at the mean daily air temperature. The general formula is: 

PEt = CD2AH/100 mm/day 

Here C is a constant equal to 13.97. D;s the possible hours of sun

shine in units of 12 hours, (day-length/12) and AH the absolute humidity 

in units of gm/m3 which is obtained from the average daily temperature. 

Comparisons of estimates made with this method to the measured 

values appear in Figures 22, 23, and 24 and in Table 9. The scatter 

plots show a nearly random distribution of points in all three years, 

with R2 values of 0.73, 2.61, and .187 in 1978, 1979, and 1980, 

respectively. The method underestimated the measured PEt in all three 

years and did so excessively in 1980. 

An example of the computation formula using the June 16, 1980, data 

is as fo 11 ows : 

PEt = 13.97*(10.60/12)2 *11.56/100 = 2.73mm 

Table 9. Summary statistics for the comparison of the Hamon method (P) 
with measured evapotranspiration (0). Units are mm/day. 

Year Mean {O} 
Std. 
Dev.(O) Mean (P) 

Std. 
Dev.{P} 

Regress ion Line 
Slo~e Intercept R2 

1978 5.57 1.63 3.93 0.82 0.14 3.18 .073 

1979 4.20 1.35 3.11 1.04 0.40 1.44 .261 

1980 6.71 1.85 3.89 0.77 0.18 2.68 .187 
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Table 9. (Cont. ) 

Year RMSE RMSEs RMSEu 

1978 2.28 2.15 0.77 

1979 

1980 

1.62 

3.27 

1. 36 

3.19 

0.88 

0.69 

Year 

1978 

Mean 
(P-O} 

-1.64 

Std. 
Dev. 

1.62 

Max. 

2.46 

Min. 

-4.70 

1979 -1.09 1. 21 1.35 -4.04 

1980 -2.82 1. 67 0.88 -7.03 

D. Radiation and temperature methods. 

The Makkink method 

Makkink (1957) developed a formula for predicting the monthly evapo

transpiration based on incoming solar radiation and temperature. The 

genera 1 formul a as descri bed by Rytema (1959) is: 

PEt = (0.61 RS(d/(d+o)) - 0.12 

The formula was modified to predict daily evapotranspiration by using 

daily values of solar radiation and mean temperature. Rs is the daily 

incoming solar radiation in millimeters per day evaporation equivalent, 

8 and 0 are as defined before. 

Comparisons of the measured daily Et values with those calculated 

by this method appear in Figures 25, 26, and 27 and in Table 10. 
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Figure 25. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1978 with values obtained using the Makkink method. At left the scatter plot 
showing the least squares fit regression line (- - -) and the 1:1 line (-) and at right 
the frequency distribution of the differences between the calculated (PRED) and measured 
(OBS) Et. 
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Table 10. Summary statistics for the comparison of the Makkink method 
(P) with measured evapotranspiration (0) . Units are mm/day. 

Year 

1978 

r~ean (0) 

5.57 

Std. 
Dev. (0) 

1.63 

Mean 

3.81 

(P) 
Std. 
Dev. (P) 

0.91 

Regress i on Li ne 
Slope Intercept 

0.47 1. 32 

R2 

.638 

1979 

1980 

4.20 

6.71 

1.35 

1.85 

2.94 

3.83 

1.07 

0.98 

0.60 

0.43 

0.42 

0.93 

.570 

.670 

Yea" 

1978 

F~'SE 

2.05 

RMSEs--
1. 98 

RMSEu 

0.53 

1979 1. 53 1. 50 0.30 

1980 3.11 3.06 0.57 

Year 

1978 

Mean 
{P-O) 

-1. 76 

Std. 
Dev. 

1. 06 

r~ax . 

0.55 

Min. 

-4.24 

1979 -1.26 0.89 0.11 -3.76 

1980 -2.88 1.19 -0.60 -6.15 

The scatter plots of observed and predicted values show a reason

able degree of linearity, the root mean squared errors are, however, 

relatively large, 2.05mm, 1.53mm, and 3.11mm for 1978, 1979, and 1980, 

respectively. The method underestimates the observed values in all 

three years though to a greater extent in 1980 under alfalfa than in 

the previous years under soybeans. 

The computation formula using June 16, 1980 data can be written 

as follows: 

PEt = (0.61*0.017*656*(0.99/(0.99+0.633)))-0.12 = 3.95mm 

http:0.61*0.017*656*(0.99/(0.99+0.633)))-0.12
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The constants 0.017 and 0.663 are the conversion factor for changing 

cal/cm2/min-1 to evaporation equivalent and the psychrometric constant, 

respectively. Tabled values appear in the Appendix. 

The Grassi method 

Grassi (1964) developed his method for estimating PEt based on 

radiation and temperature. The method according to Grassi, contains 

less statistical error than the pan evaporation method when used over 

a period of a week or two. The general computing formula is: 

K is a constant, 0.537. CR is the- coefficient for radiation and 

is computed as 0.017 Rs, where Rs is incoming solar radiation in 

units of cal/cm2/day and the constant converts to millimeters of evapora

tion equivalent. CT is the coefficient for temperature, computed as 

(0.62+0.00559T) where T is in of. Ccrc is a crop cover coefficient 

which was set at 1.0. 

Comparisons of the measured Et values with the values calculated 

by this method appear in Figures 28, 29, and 30 and Table 11. As with 

the Makkink method the scatter plots in all years are reasonably linear. 

The difference between the predicted and observed values, while in 

the same direction as those of the Makkink method, are of a smaller 

magnitude. An example of the computation formula using June 16, 1980, 

data is; 

PEt = 0.537*0.017*656*(0.62+0.00559*56) = 5.59mrn 

Tabulated values for all years appear in the Appendix. 
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Table 11. Summary statistics for the comparison of the Grassi method 
(P) with measured evapotranspiration (0). Units are mm/day. 

Year ~1ean 0 
Std. 
Dev. (O) Mean (P) 

Std. 
Dev. (P) Slope Intercept R2 

1978 5.57 1.63 5.01 1.14 0.56 1. 91 .642 

1979 4.20 1.35 4.08 1.23 0.67 1. 25 .547 

1980 6.71 1.85 5.06 1.25 0.54 1.45 .638 

Yeal1 Rr.1SE RMSEs RNSEu 

1978 1.12 0.91 0.67 

1979 0.93 0.45 0.81 

1980 1. 99 1.85 0.73 

Mean Std. 
Year (P-O} Dev. Max. Mi n. 

1978 -0.56 0.99 1.75 -2.81 

1979 -0.12 0.93 1.22 -2.62 

1980 -1.65 1.13 0.36 -4.83 

The Stephens-Stewart method 

This formula was developed with data from Florida to estimate PEt 

from grass. The formula is: 

PEt = {O.0082*T-0.19)*(Rs*0.017)mm 

T and Rs are temperature in of and solar radiation in units of 

cal/cm2/min, respectively, the constants 0.0082 and 0.19 were determined 

by regression analysis and the constant 0.017 converts radiation units 

to millimeters of evaporation. 

Comparisons of the measured values with those calculated by the 
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Stephens-Stewart method appear in Figures 31, 32, and 33 and in Table 

12. As with the previous two methods the scatter plots show reasonably 

good linearity and the R2 values are of the same magnitude. The 

differences between the predicted and observed values are in the same 

direction as before, the magnitudes of the differences are closer to 

those seen with the Makkink method than the Grassi method. 

Using 	 June 16, 1980 data, the computation formula is: 

?Et = (0.0082*56-0.19){656*0.017) = 3.00~~ 

Tabled values for all years appear in the Appendix. 

Table 	12. Summary statistics for the comparison of the Stephens-
Stewart method (P) with measured evapotranspiration (0). 
Units are mm/day. 

Year rv1ean (0) 
Std. 
Oev. 0 Mean{P) 

Std. 
Oev. P 

Regression Line 
Slope Intercept R2 

1978 5.57 1.63 3.61 0.95 0.45 1.13 .591 

1979 4.20 1. 35 2.74 1.01 0.58 0.31 .591 

1980 6.71 1.85 3.56 0.94 0.42 0.70 .699 

Year RivlSE Rr'lSEs RMSEu 

1978 2.23 2.15 0.60 

1979 1. 69 1. 57 0.64 

1980 3.36 3.32 0.51 

Mean Std. 
Year (P-O) Oev. f4ax. ~1i n. 

1978 -1.96 1.09 0.55 -4.45 

1979 -1.46 0.86 -0.32 -4.23 

1980 -3.16 1.18 -0.68 -6.53 
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The Jensen and Haise method 

Using mean air temperature and solar radiation data for periods 

greater than five days Jensen and Haise (1963) developed a formula for 

estimating PEt from irrigated fields located in arid and semi-arid 

areas. 

Their formula is: 

PEt - (0.014*T-0.37)*Rs 

where T and Rs are in of and mm of evaporation equivalent, respectively. 

Comparisons of the values of daily PEt calculated with this 

method and the measured values appear in Figures 34, 35, and 36 and 

Table 13. 

The R2 values obtained with this method and the amount of scatter 

of the points in the plots are similar to those obtained from the 

previous methods based on radiation and temperature. The calculated 

regression lines of the observed values on the predicted values lie 

much closer to the 0 = P lines than in the previous cases. Also the 

differences between the predicted and observed values are substantially 

smaller than those obtained with the other methods. The greatest 

differences again appear in 1980 when the crop was alfalfa. A sample 

calculation using June 16, 1980, data is as follows: 

PEt = {0.014*56-0.37)*656*0.017 = 4.62mm 

The constant 0.017 converts the radiation value to the equivalent evapora

tion amount. Tabled values for all cases appear in the Appendix. 
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Figure 34. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1978 with values obtained using the Jensen-Haise method. At left the scatter 
plot showing the least squares fit regression line (- - -) and the 1:1 line (-) and at 
right the frequency distribution of the differences between the calculated (PRED) and mea
sured (OBS) Et. 
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Figure 35. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1979 with values obtained using the Jensen-Haise method. At left the scat
ter plot showing the least squares fit regression line (- - -) and the 1:1 line (---) and at 
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Table 13. 	 Summary statistics for the comparison of the Jensen-Haise 
method (P) with measured evapotranspiration (0). Units 
are mm/day. 

Year Mean(O) 
Std. 
Dev.(O)

' 
Mean(P) 

Std. 
Dev.J.El 

Regression Line 
Slope Intercept R2 

, 

1978 5.57 1.63 5.74 1. 53 0.71 1.77 .581 

1979 4.20 1.35 4.33 1.64 0.94 0.40 .587 

1980 6.71 1.85 5.64 1. 51 0.68 1.07 .697 

Year Rr1SE RMSEs RMSEu 

1978 1.09 0.49 0.98 

1979 1. 05 0.15 1.04 

1980 1.47 1. 21 0.82 

Mean Std. 
Year (P-O) Dev. Max. Min. 

1978 0.17 1. 09 3.01 -2.10 

1979 0.12 1.06 1.60 -2.87 

1980 -1.07 1. 02 0.50 -4.38 

The Turc method 

Turc (1961) derived the following formula for computing monthly 

PEt: 

PEt = 0.40T(Rs + 50)/(T + 15) ~m/month 

T ;s the air temperature in degrees Centigrade and RS is expressed 

in units of cal/cm2/min. McGuinness and Bordne (1972) modified the 

formula to give daily values of PEt by using the average daily tempera

ture and daily solar radiation and dividing the results by 30.5, the 

average number of days in a month. 
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Figures 37,38, and 39 and Table 14 show the comparison of the 

daily values of PEt calculated with this method with the measured 

values. The amount of scatter in the data points is comparable to 

that seen with the other radiation and temperature methods. The mag

nitude and direction of the differences between the predicted and 

observed values is also comparable. 

An example using the June 16, 1980 data is as follows: 

PEt = 0.40*13.3*(656 + 50)/(13.3 + 15)*30.5 = 4.35mm 

Tabled values for all cases appear in the Appendix. 

Table 14. Summary statistics for the cornparison of the Turc method (P) 
with measured evapotranspiration (O). Units are mm/day. 

Year Mean(O) 
Std. 
Dev. (0) Mean(P) 

Std. 
Dev.(P} 

Regression Line 
Slope Intercept R2 

1978 5.57 1.63 4.51 0.99 0.48 1.85 .627 

1979 4.20 1.35 3.61 1.08 0.61 1.04 .582 

1980 6.71 1.85 4.52 1.03 0.47 1. 40 .690 

'(ear RMSE Rr~SEs RMSEu 

1978 1.48 1.35 0.59 

1979 1.04 0.78 0.69 

1980 2.47 2.38 0.65 

Mean Std. 
Year (P-O} De'!. Max. Min. 

1978 -1.06 1.04 1.33 -3.44 

1979 -0.59 0.87 0.63 -3.22 

1980 -2.20 1.14 -0.03 -5.46 
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Figure 37. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1978 with values obtained using the Turc method. At left the scatter plot 
showing the least squares fit regression line (- - -) and the 1:1 line (---) and at right 
the frequency distribution of the differences between the calculated (PRED) and measured 
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The Priestely-Taylor method 

Priestely and Taylor (1972) used energy balance considerations to 

develop a formula for predicting PEt from moist surfaces. The general 

formula is: 

PEt = 0: (M(il+o)(Rn-S) mm/day 

In this equation ~ is a coefficient dependent upon the wetness 

of the soil and S is the daily soil heat flux. In this study was0: 

set equal to 1 and S to O. 

Comparisons of the values of daily PEt calculated with this method 

with the measured values appearing in Figures 40, 41, and 42 and Table 

15. The point scatter is comparable to that seen with the other 

methods of this type in the years 1978 and 1979 but ;s somewhat 

greater in 1980. The differences between the predicted and observed 

values are also comparable in the years 1978 and 1979. This method, 

however, substantially underpred;cted the actual PEt from alfalfa for 

all cases in 1980. 

A sample calculation using the June 16, 1980, data is as follows: 

PEt = (0.99/(0.99 + 663))*340*0.017 = 3.46mm 

Tabled values for all cases appear in the Appendix. 

Table 15. Summary statistics for the comparison of the Priestely
Taylor method (P) with measured evapotranspiration(O). 
Units are rrm/day. 

Year Mean(O) 
Std. 
Dev.(O) Mean(P) 

Std. 
Dev.{P) 

Regression Line 
Slope Intercept R2 

1978 5.57 1.63 5.08 1.28 0.59 1.77 .576 

1979 4.20 1.35 2.67 1.13 0.65 -0.08 .605 

1980 6.71 1.85 3.06 1.31 0.51 -0.34 .506 
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Figure 40. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1978 with values obtained using the Priestely-Taylor method. At left the 
scatter plot showing the least squares fit regression line (- - -) and the 1:1 line (-) 
and at right the frequency distribution of the differences between the calculated (PREO) 
and measured (OBS) Et. 
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Figure 41. 	 Comparison between daily Et values from a soybean crop as measured by the weighing lysimeter 
at St. Paul in 1979 with values obtained using the Priestely-Taylor method. At left the 
scatter plot showing the least squares fit regression line (- - -) and the 1:1 line (---) 
and at right the frequency distribution of the differences between the calculated (PREO) and 
measured (OBS) Et. 
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Table 15. (Cont. ) 

Year RMSE RMSEs RMSEu 

1978 1.16 0.82 0.82 

1979 1. 75 1. 60 0.69 

1980 3.87 3.76 0.91 

Mean Std. 
Year iP-O) De'l. Max. Min. 

1978 -0.49 1. 06 2.12 -2.76 

1979 -1.53 0.85 -0.08 -4.03 

1980 -3.65 1. 30 -1. 73 -7.84 

= 
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Summary and Conclusions 

= 


In all three years the best prediction of daily Et was obtained 

using the pan evaporation method. The performance of this method could 

probably be improved with the introduction of a coefficient dependent 

on the type of crop grown and its growth stage. Coefficients for soy

beans and alfalfa, which are less than 1.0 and, respectively, greater 

than 1.0 (Seeley and Spoden, 1982), respectively, would correct some 

of the differences observed in this study. 

The next best prediction method for predicting the daily Et was 

with the two combination methods. The van Bavel method was slightly 

better than the Penman method in 1978 and 1979 and just about the same 

as the Penman method in 1980. Comparative R2 values for van Savel 

and Penman, respectively, are .788 versus .739 in 1978, .609 versus 

.S39 in 1979, and .714 versus .690 in 1980. The mean differences 

between the predicted and observed values are less for the van Bavel 

method in 1978 but comparable between the van Savel and Penman methods 

in the other two years. 

The six methods which utilize solar radiation and temperature all 

performed about equally well, and as a group they were poorer predi ctors 

of daily Et than either the pan evaporation or the combination methods. 

The ranges of R2 values obtained with these methods for the three years 

are .S76 (Priestely-Taylor) to .642 (Grassi) in 1978, .S47 (Grassi) to 

.60S (Priestely-Taylor) in 1979, and .S06 (Priestely-Taylor) to .699 

(Stephens-Stewart) in 1980. The largest difference in R2 values occurs 

in 1980 where the Priestely-Taylor method is lowest with .S06 and the 
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Grassi method is next with .638. The mean differences between the pre

dicted and observed values show wide variation in the three years. They 

range from 0.17 (Jensen-Haise) to -1.96 (Stephens-Stewart) in 1978, 

0.12 (Jensen-Haise) to -1.53 (Priestely-Taylor) in 1979, and -1.07 

(Jensen-Haise) to -3.65 (Priestely-Taylor) in 1980. 

The methods based on temperature alone performed very poorly in all 

three years of the study. The R2 values vary from .234 (Papadakis) 

to .068 (Thornthwaite) in 1978, .329 (Papadakis) to .237 (Thornthwaite) 

in 1978, and .416 (Papadakis) to .160 (Blaney-Criddle) in 1980. Even 

though the Papadakis method had the highest R2 values in all three 

years it also had the largest mean differences between predicted and 

observed values in all three years, -2.03, -1.22, and -3.32 mm/day in 

1978, 1979, and 1980, respectively. 

The results of this study indicate that the pan evaporation, com

bination, and combined solar radiation-temperature methods are suitable 

for estimating daily Et from well watered soybeans and alfalfa. For 

practical purposes the pan evaporation method is by far the simplest 

and easiest to use. The ease of measurement and low cost of equipment 

involved makes this method particularly appealing for use by individual 

farmers and irrigators. It is also useful in remote locations where 

the support equipment for electronic equipment is difficult or impossible 

to operate. In conjunction with coefficients suited to the proper stage 

of the particular crop being grown the method should perform better 

than in this study. 
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Because of the number of measurements necessary to use the com

bination methods of van Bavel and Penman, and because of the cost of 

the instrumentation necessary to make the measurements, these methods 

are impractical for use anywhere except at well equipped research 

facilities. The methods do an adequate job of predicting daily Et 

and are valuable as research tools. These methods are also quite use

ful in estimating long term Et over large areas and are quite well 

suited for projects such as the calculation of the water balance for 

an entire watershed. Also because it is essentially a rate defining 

equation, the van Bavel method is useful in estimating short term 

(hourly) Et. 

The radiation and temperature methods seem well suited for 

mesoscale Et estimates on a daily basis or longer. The necessity of 

having solar radiation measurements makes these methods somewhat more 

impractical than pan evaporation. The necessary inputs and relative 

simplicity of the calculation formulae make these methods preferable to 

the combinaticn types. The results of this study indicate that of these 

the Jensen-Haise method performed better than the others in the same 

category. 

Because of the extremely poor performance of the temperature 

methods none of them can be recommended for use in estimating daily 

Et. Even so, because of ubiquity of temperature data, there use in 

estimating long term (i.e. seasonal) Et over large areas should not 

be discounted. 
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The four categories of Et estimation methods performed as expected 

from physical considerations. The degree of agreement between the pan 

evaporation and the Et measured by the lysimeter can be attributed to 

the similarity between the measuring devices. Also both the evapora

tion pan and the lysimeter were subject to large amounts of advected 

energy because of lack of adequate fetch. The second ranking combina

tion methods account for advection to some degree by inclusion of a 

wind function with the radiation energy input term. This more complete 

accounting of the energy inputs results in the combination methods 

performing better than the other calculation methods. The empirical 

radiation and temperature methods account for only one form of energy 

input to the evaporating surface. Consequently, they do not fare as 

well as the combination methods. The varied performance of the methods 

in this category indicates that the values of the empirical coefficients 

are extremely important to the results. Adjustment of these coefficients 

to particular conditions and locations would no doubt improve their 

general performance. The poor performance of the methods based on 

temperature alone was expected because temperature has no direct 

relationship to any energy input to the surface. The net radiation 

is mimicked by the temperature only over large areas and long periods 

of time. 

There are several warnings which should accompany any applications 

of the results of this study. First, due to the size of the plot in 

which the lysimeter is installed, the measured values of Et are some

what larger than those that would have been measured in a field with 

adequate fetch. Since most of the methods examined in this study 
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underpredicted the daily Et from the small plot they should be more 

accurate when applied to a large field. Second, the test plot was 

always kept well watered to simulate conditions of potential Et. 

Actual Et can become significantly less than the potential as the soil 

dries out. Third, the measurements in this study were all made on 

a daily basis. While accuracy may be improved by using average values 

of data from longer periods it is not recommended that any formula 

except that of van Savel be used to estimate Et for periods shorter 

than one day. 

Although it was not dealt with in this study, mention should be 

made of the lIcheckbookl! method of irrigation scheduling. The check

book method is sometimes thought of as a method of estimating Et, it 

is not. The checkbook method is simply a way to estimate the water 

balance of the soil by keeping track of additions to and losses from 

that so;l. Thus, estimates of Et are needed to compute the balance of 

water ;n the soil, or "checkbook", and any suitable method can be used 

to obtain the Et estimate. Lundstrom and Stegman (1976), for example, 

in what they term the "checkbook" method actually use a modified 

Jensen-Haise equation which requires only maximum air temperature to 

obtain a daily Et estimate. 
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Appendix 1. List of Symbols 

A... Heat flux to the air 

Bv .. Transfer coefficient for water vapor (van Bavel, 1966) 

Cp .. Specific heat of air at constant pressure (0.242) 

Da .. Wet Bulb depression in air 

Do .. Wet Bulb depression at surface 

E... Water vapor flux 

Ea .. Penman equation aerodynamic component 

Eo .. Observed evaporation 

H... Approximation of net radiation 

I ... Annual heat index (Thornthwaite. 1948) 

K... Consumptive use coefficient (Blaney-Criddle) 

Kh .. Eddy diffusivity of heat 

Km .. Eddy diffusivity of momentum 

Kv .. Eddy diffusivity of water vapor 

L... Latent heat of vaporization of water (586 cal/gm @ 20oC) 

N... Possible hours of sunshine 

P... Atmospheric pressure (1000mb) 

Q... Heat capacity of crop 

R... Universal gas constant (8.31 J/mol/K) 

RH .. Relative Humidity 

Ra .. Long wave radiation from sky 

Re .. Long wave radiation from ground 

Rn .. Net radiation 

Rs .. Incoming global radiation 

S... Soil heat flux 
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Appendix 1. List of Symbols Continued 

T... Temperature 


T' .. Deviation from mean temperature 


Ti .. Monthly mean temperature (Thornthwaite, 1978) 


U... Consumptive use (Blaney-Criddle, 1950) 


e... vapor pressure 

e' .. deviation from mean vapor pressure 

ed .. vapor pressure of the air 

k... Von Karman's constant (0.40) 

n... actual hours of sunshine 

q... specific humidity 

r ... albedo of surface 

u... horizontal wind speed 

u* .. friction velocity 

w... vertical wind speed 

z... vertical distance 

zoo .rcughness parameter 

8..• Bowen's ratio AILE 

a... Psychrometric constant (0.648 mg/oC) 

a... Slope of vapor pressure vs. temperature curve at mean wet bulb 
temperature 

E ••• Ratio of molecular weight of water to air (0.622) 

p ••• Density of air 

pc .. Stephan-Boltzmann constant (8.17xlO-11 cal/cm2/min/K4) 
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Appendix 1. List of Symbols Continued 

T ••• Flux of momentum 


v... Gradient operator (a/3x + a/3y) 




-120
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Appendix 2. Evapotranspiration Calculation Formulae 

1. 	 Penman Method (1948) 

PEt = C ~ H + '5 Ea 
1. + 	'5 

2. 	 van Savel Method (1966) 

PEt = _ (t./o)*(H/L) + Bv*PD 
(1./'5) + 1 

3. 	 Thornthwaite Method (1948) 

PEt = 1.6 (10T/I)a 

4. 	 Blaney-Criddle Method (1950) 

PEt = (0.0173*TA - 0.314)*TA*F(DL) 

5. 	 Papadakis Method (1965) 

PEt = 0.5625*(e -e _2)x	 n

6. 	 Hamon Method (1961) 

PEt = C*02*AH/100 

7. 	 Makkink Method (1957) 

PEt = (0.61*Rs*(~/t.+'5)) - 0.12 

8. 	 Grassi Method (1964) 

PEt = K*Cr*Ct*Ccrc 
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Appendix 2. Evapotranspiration Calculation Formlea Continued 

9. 	 Stephens-Stewart Method (1963) 


PEt = (O.0082*TA - O.19)*(Rs*O.017) 


10. 	 Jensen-Haise Method (1963) 

PEt = (0.14*TA - 0.37)*Rs 

11. 	 Turc Method (1961) 

PEt = O.04*T*(Rs-SO)/(T + 15) 

12. 	 Priestely-Taylor Method (1972) 

PEt = (~/{~+o))*(RN - S) 

= 
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728 58 67 16.65 12.90 472 357 365 1.38 0.78 14.85 21.49 11.89 16.50 
729 130 74 21.14 15.64 385 293 298 1. 70 0.79 14.82 28.96 14.22 20.70 
730 70 61 13.49 11.06 366 276 284 1.14 0.50 14.78 19.43 8.53 13.47 
803 82 62 14.22 9.95 493 364 376 1.20 0.80 14.63 21.49 8.53 14.22 
804 81 59 12.56 8.92 559 419 431 1.07 0.92 14.58 17.53 8.23 12.60 
805 94 66 16.36 10.63 660 502 513 1. 36 1.00 14.53 22.99 10.67 16.21 
306 86 74 21.14 13.74 634 482 497 1. 70 0.99 14.50 30.73 13.26 20.70 
810 44 67 16.66 12.50 634 478 499 1.38 1. 00 14.33 23.75 10.67 16.50 
811 78 71 19.42 13.59 620 470 480 1. 58 1.00 14.27 26.16 13.26 20.70 



Appendix 3. Data, 1978. (Cont.) 

..-. 
..-. >-,
>-, <0 >-, 
It! -0 <0 
-0 ........ 
 -0 ........ N 
 " ...-. N E N 0'1 

>-, ......... ...-.. E u E ......... :r:: 

It! 0'1 U ........ U VI M 

-0 :r:: ........ r- ........ s... E 
........ ...-. ..- It! ..... ::J ~ ........ 


u.. <0 U It! U 0 E 
0 ~ u u 0 :r:: 0'1 

QJ .......... ........ N ......
+l ---- VI ..0 Z I.,....<0 <0 <0 -0 VI c: c: E ........ -l X C :r:: 

a 3: I- QJ QJ ~ ~ e::: c a QJ QJ c:( 

812 101 75 22.23 16.45 607 460 472 1.77 0.97 14.23 29.97 15.27 21.66 
8.13 116 80 25.79 18.83 586 444 455 2.01 0.91 14.18 35.05 17 .53 24.93 

I814 155 81 26.65 18.66 569 430 440 2.07 0.91 14.15 36.07 18.14 25.63 ....... 
817 103 71 19.10 12.99 620 468 487 1. 55 0.96 14.00 27.18 12.34 18.77 N 

w 
820 75 64 15.26 10.07 619 467 448 1.28 1.00 13.87 21.49 9.91 15.19 I 

821 131 69 18.14 12.43 592 448 437 1.49 0.99 13.80 26.16 11.48 17.91 
825 51 70 18.46 15.97 296 224 210 1. 50 0.35 13.62 24.56 12.78 18.12 
826 59 76 22.60 19.10 246 186 172 1.80 0.42 13.57 30.73 15.27 22.03 
901 92 68 17.23 12.40 436 334 322 1.44 0.85 13.27 23.75 11.48 17.00 
902 152 70 18.46 13.38 480 371 369 1. 50 0.96 13.22 28.96 10.67 18.12 
903 70 73 20.44 14.82 513 399 403 1. 65 0.96 13.17 21. 75 11.89 20.00 
904 47 75 22.23 15.45 515 404 404 1.77 1.00 13.12 32.77 13.72 21. 66 



Appendix 4. Data, 1979 . 

.---.. 
,-... ~ 
~ <0 ~ 
<0 -0 <0 
-0 ........ -0 
.---.. ........ N ........ 
 en 

~ N E N .---.. :r: .--. 
<0 en E u E til en (Y') 
-0 :r: u ........ u s... :r: E 
........ ........ r- ........ 
 :l ........ 
or- l.L E r- <0 r- U 0 en
E 0 S E <0 U <0 0 ..c ~ E

QJ U U ........ N ......... 

+-> til ..0 :z:: I 

<0 'r- <0 <0 -0 Vl s:: s:: E ........ ......I X s:: :r: 

Cl 3: I- QJ QJ a::: a::: 0.::: s:: 0 QJ QJ c( 

722 80 76 22.98 18.38 590 514 374 1.82 0.59 15.07 29.97 16.36 22.28 
723 82 78 24.55 17.55 643 545 409 1. 93 0.72 15.03 34.04 16.36 23.84 
725 81 73 20.78 17 .45 420 354 265 1. 67 0.41 14.97 26.16 15.27 20.34 

, 
........ 
N726 57 72 20.09 13.76 599 491 357 1. 62 0.80 14.93 27.18 13.72 19.65 ..j:::o,727 76 70 18.77 14.83 282 228 165 1. 53 0.17 14.90 25.37 12.78 18.44 

728 36 68 17.23 12.49 486 395 260 1. 02 0.53 14.85 24.56 11. 07 11.92 
801 37 70 18.77 14.64 372 305 228 1. 53 0.31 14.70 23.75 13.72 18.44 
802 42 74 21.14 15.01 471 381 266 1. 70 0.74 14.67 28.96 14.22 20.70 
805 52 75 22.23 16.67 590 482 339 1.77 0.79 14.53 30.73 14.73 21.66 
806 85 73 20.44 15.64 583 473 324 1. 65 0.97 14.50 27.94 13.72 20.00 
807 140 79 25.37 20.17 514 411 307 1. 98 0.64 14.45 37.34 15.80 24.52 
808 42 78 24.15 15.70 419 330 236 1. 90 0.50 14.42 32.77 16.36 23.44 
811 59 62 13.97 10.06 445 351 223 1.18 0.43 14.27 20.09 8.86 13.97 
812 46 66 16.36 11. 21 622 494 323 1. 36 0.85 14.23 22.23 11.07 16.21 
813 124 67 16.65 12.32 278 215 153 1. 38 0.26 14.18 22.26 12.78 16.50 
814 122 61 13.49 10.52 460 356 244 1.14 0.52 14.15 22.23 8.53 13.47 
815 59 56 11.27 8.17 581 454 296 0.98 0.81 14.10 19.43 7.06 11.42 
816 71 60 13.25 9.47 565 442 288 1.13 0.87 14.03 16.36 9.19 13.31 
819 33 71 19.10 16.14 421 330 239 1. 55 0.45 13.92 17.53 13.26 18.77 



Appendi x 4. Data. 1979. (Cont. ) 

>, ......... 
>, rtl >,
rtl -a rtl -a -a' ......... 
 N'- tTl>, ......... N E N '- ......... 

rtl tTl tTl E u E II) 
::t: 

(V)-a ::t: ::t: U U'- ~ E r-- .........
'- '- '- ::::J ~ ...... lJ... E r-- ' rtl U 0 
Q.I 

E 0 E ~ rtl U rtl 0 ...c::: E 
tTl

U U '- N 
~ II) .Cl z: I......rtl rtl rtl -a II) c:: c:: E .-I c:: ::t:'- ><Cl 3: I- Q.I W cc: cc: cc: c Cl Q.I W ct: 

824 97 59 12,56 10.93 136 102 94 1. 07 0.00 13.67 25.37 9.90 12.60 
825 60 56 11.27 9.58 170 130 63 0.98 0.20 13.62 14.73 8.53 11.42 
826 42 67 16.65 11.82 563 447 315 1.38 0.98 13.57 13.71 10.67 16. 50 ~ 
830 76 71 19.10 14.04 534 432 307 1. 55 0.95 13.38 23.75 11.07 18.77 N 

U1 

902 82 72 19.76 14.92 394 308 171 1. 59 0.69 13.22 29.97 13.26 19.32 I 

903 71 62 13.97 11. 73 473 369 261 1.18 0.93 13.17 27.18 8.53 13.97 
904 77 64 15.26 10.91 498 393 262 1.28 0.97 13.12 20.78 9.90 15.19 
907 111 54 10.48 8.12 504 394 311 0.91 0.94 12.97 21. 49 6.30 10.59 
908 58 53 10.29 7.71 404 316 195 0.90 0.56 12.92 15.80 7.34 10.46 
909 127 61 13.73 10.37 432 339 225 1.16 0.59 12.87 13.26 8.53 13.72 
910 105 69 17.84 14.72 223 174 77 1.46 0.40 12.82 20.09 11.89 17.60 
911 150 67 16.65 14.57 177 138 78 1. 38 0.07 12.75 24.56 11.89 16.50 
914 81 53 10.28 7.56 403 318 148 0.90 0.70 12.62 21.49 7.06 10.46 
916 57 63 14.73 9.72 492 395 208 1. 24 0.99 12.50 11.43 7.92 14.65 
917 133 68 17.53 11. 72 493 395 194 1.42 1.00 12.45 24.56 11.89 17.00 
918 102 68 17.53 11.66 476 380 155 1.44 1.00 12.40 24.56 9.91 17.30 
919 67 53 10.28 8.22 469 375 182 0.90 1.00 12.35 16.36 5.82 10.46 



Appendix 5, Data, 1980. 

~ 
~ <0 ~ 
<0 -0 <0 
-0 ......... -0 

......... N ......... CJ) 


~ N E N ::I: 
<0 CJ) CJ) E u CJ)E III M
-0 ::I: ::I: U ......... U ~ ::I: 
 E ......... ......... ......... ~ ~ 
 ......... 

'r- lL.. E r- <0 U E0 EE 0 E ~ <0 U <0 0 .c E CJ)

Q) u u ......... N
+> III ..0 Z I 
<0 'r- <0 <0 -0 III C c E ......... -.J X C ::I:


Cl 3: J-- Q) Q) a:: a:: a:: c Cl Q) Q) ~ 

616 72 56 11.48 8.38 656 510 340 0.99 0.75 15.60 16.94 7.06 11.56 
617 51 65 15.80 9.95 694 540 358 1. 31 0.96 15.60 20.09 11.07 15.65 I 

I--'618 84 70 18.77 13.61 657 515 378 1. 53 0.94 15.62 26.16 12.34 18.44 N 

620 48 61 13.71 9.68 754 595 255 1.16 1. 00 15.62 20.09 8.53 13.72 (7) 
I 

622 58 74 21.49 15.70 670 523 396 1. 72 0.86 15.62 31. 75 13.23 20.93 
623 31 75 22.23 16.89 550 424 304 1. 76 0.69 15.62 30.73 14.22 21.54 
626 62 79 25.37 19.15 674 515 413 1. 98 0.86 15.60 37.34 15.27 24.52 
703 23 68 17.53 11.84 737 564 397 1.44 0.87 15.53 25.37 10.67 17.30 
706 84 67 16.94 13.39 660 497 352 1. 39 0.92 15.48 22.23 11.48 16.70 
707 123 75 22.23 18.34 589 446 338 1. 76 0.90 15.47 29.97 14.73 21.54 
709 50 73 20.78 14.52 558 422 299 1. 67 0.75 15.43 28.96 13.71 20.34 
719 81 72 20.09 15.37 475 368 268 1. 62 0.83 15.17 28.96 12.78 19.65 
721 69 70 18.77 15.77 314 238 163 1. 53 0.48 15.10 24.56 13.26 18.44 
722 101 69 18.14 13.16 500 383 278 1.49 0.75 15.07 26.16 11.07 17.91 
723 60 65 15.80 11. 16 552 418 301 1. 31 0.99 15.03 22.99 9.91 15.65 
724 72 73 20.78 13.61 675 515 355 1. 67 1. 00 15.00 28.96 13.26 20.34 
727 46 64 15.27 10.54 714 535 381 1. 28 0.97 14.90 21.49 9.91 15.19 
730 90 76 22.99 14.61 648 483 357 1.82 0.97 14.78 30.73 15.27 22.28 
731 77 74 21.49 16.97 527 387 287 1. 72 0.71 14.73 30.73 13.72 20.93 
801 69 73 20.78 14.02 552 403 280 1. 67 0.85 14.70 29.97 12.78 20.34 
803 48 69 18.14 13.16 520 376 257 1.49 0.84 14.63 27.94 10.67 17.91 



Appendix 5, Data, 1980. (Cont.) 

>, 
>, co >, 
co "D co 
"D ........ "D
,....., ........ N ........ 0'1
..-..,>, N E N ::r: co 0'1 0'1 E u E VI en (Y) 

-0 ::r: ::r: u ........ u ~ ::r: E 
........ ........ ......... ........ ::s ~ ........ 

'r- I.J.... co ..- u 0 E
E 0 ~ ~ co u co 0 .s;;;: ~ 0'1 

OJ U U ........ N 

.tJ Vl .D z: I 
co 'r- co co -0 Vl C c E ........ ---l X C ::r: 

a :3: t- OJ QJ 0:: 0:: 0:: C a OJ OJ c.:( 

806 91 70 18.77 13.89 615 449 328 1. 53 0.99 14.50 27.18 11.89 18.44 
809 76 71 19.43 13.79 462 334 176 1. 58 0.76 14.37 27.18 12.34 19.10 

I810 39 68 17.53 14.02 235 162 29 1.44 0.26 14.33 20.78 13.26 17.30 ....... 

N812 59 66 16.36 12.27 508 367 180 1. 36 0.71 14.23 22.99 10.67 16.21 ....... 

I815 61 67 16.94 13.31 573 419 199 1. 39 0.98 14.10 24.56 10.29 16.70 

816 147 68 17.53 11.38 611 450 249 1.44 0.89 14.03 23.75 11.89 17.30 
820 80 78 24.56 18.67 523 390 222 1. 93 0.82 13.87 32.77 16.94 23.84 
822 137 68 17.53 12.27 589 433 204 1.44 1. 00 13.77 25.37 10.67 17.30 
823 116 73 20.78 14.86 578 430 199 1. 67 1. 00 13.72 28.96 13.26 20.34 
825 114 75 22.23 17.78 350 252 84 1. 76 0.64. 13.62 27.18 16.94 21. 66 
829 80 68 17.53 15.16 236 166 37 1.44 0.37 13.42 22.23 12.78 17.30 
831 61 63 14.73 10.46 429 314 95 1. 24 0.75 13.33 20.78 9.55 14.65 
902 94 63 14.73 14.22 312 227 41 1. 24 0.60 13.22 19.43 10.29 14.65 



Appendix 6. Measured and Calculated Values, 1978. (Units are mm/day) 

,.... 
~ .w 0 ,....0 cu ~ 

.,...j ~ ctI ""~ l.w .w cu '0 3; cu C\1 
W ctI .w '0 cu Ul r;--. 

l-< .,...j .,...j .,...j.w I,.... ,....0 ~ ctI Ul (f) ctI :>. cu (.l. cu 3; U 'M I ~::r:: 
.w ctI > ..c I ,!G ,!G c:: I cu 
cu > c:: ctI .w ~ ctI c:: .,...j cu c:: J.J 
E W ctI ~ c:: cu '0 c:: .,...j Ul ..c cu Ul 

'M c:: ctI 0 U cu 
--' 

cu l-< ,!G Ul (.l. Ul I 

W Ul c:: a c:: 0 ctI 0- S ,!G ctI cu c:: l-< .,...j 
N,....ctI ~ ctI cu ctI ..c ~ ctI ctI ctI .w cu :J l-< cop... p... r;--. p... (f) p...CI ......:I > ~ ::r:: ::i: t!l I-j r;--. I 

628 5.26 7.42 5.79 7.88 4.68 5.93 2.94 4.63 4.96 6.45 4.07 7.49 5.75 6.96 
629 3.53 5.13 2.87 6.28 5.22 6.73 3.10 5.19 4.08 5.28 4.08 6.54 4.86 5.65 
705 4.45 5.03 2.08 5.66 4.66 5.90 2.56 4.58 3.19 4.20 3.06 4.88 3.88 4.58 
710 5.54 6.55 2.96 6.29 3.33 4.11 2.52 3.21 3.31 4.56 2.80 4.38 3.88 4.82 
712 5.54 7.65 4.59 8.18 4.22 5.29 2.20 4.02 3.97 5.27 3.67 5.82 3.69 5.75 
714 5.97 6.68 5.11 7.69 4.21 5.28 2.70 4.08 4.71 6.18 4.30 6.82 5.43 6.66 
715 6.20 5.66 3.60 6.60 4.98 6.40 4.31 4.91 4.11 5.32 4.05 6.49 4.88 5.69 
716 6.12 7.14 4.80 7.12 5.12 6.59 4.18 4.97 4.51 5.83 4.50 7.21 5.32 6.26 
717 7.06 8.00 5.93 8.25 5.63 7.40 5.16 5.61 5.11 6.54 5.32 8.56 6.00 6.98 
720 7.24 8.66 4.56 7.47 4.80 6.14 5.70 4.65 4.06 5.27 3.96 6.33 4.82 5.52 
721 2.01 2.21 -1. 36 2.32 3.64 4.52 1.42 3.42 1. 54 2.17 1.41 2.22 2.09 1.99 
724 6.20 6.65 5.06 7.43 4.12 5.17 3.12 3.84 4.86 6.41 4.46 7.07 5.62 6.40 
726 5.69 6.25 3.19 7.02 5.52 7.26 5.41 5.48 4.05 5.18 4.21 6.78 4.84 5.45 
727 8.86 11.15 5.04 8.78 4.48 5.68 4.45 4.16 4 .. 63 6.06 4.42 7.04 5.42 6.11 
728 4.39 4.88 1. 96 4.93 3.83 4.78 2.36 3.53 3.19 4.28 2.88 4.56 3.83 4.19 
729 4.92 5.33 2.15 5.72 4.71 6.02 3.62 4.41 2.75 3.63 2.73 4.36 3.44 3.64 



Appendix 6. Measured and Calculated Values, 1978. (Units are mm/day) (Cont.) 

).,. 
~ .w 0
0 (]J ).,. M 

•.-1 M (1j :>,
(]J.w .w "U 3 .(]J (1j

f.Ll (1j .w "U (]J Ul E-l 
).,. -.-I .w'.-1 -.-I I 

).,. 0 M (1j ).,. Ul (/} (1j :>, 
(]J 0.. (]J 3 U -.-I I ::r:: M .w (1j :::- .c f .!G ~ I (]J 

~ 
~ 

~ .w(]J :::- ~ (1j .w :>, (1j .,-1 (]J 

E f.Ll (1j j:Q ~ (]J "U ~ -.-I Ul .c (]J Ul 
(lJ -.-I E H ~ (1j 0 .!G Ul 0.. Ul 0 (]J 

.w Ul ~ ~ ~ 0 (1j 0.. E .!G (1j (]J ~ ).,. -.-I 

(1j >. (1j (]J (1j .c M (1j (1j (1j H .w (]J :J ).,.
....,Cl .....:I Po< Po< :::- E-l j:Q Po< ::r:: ~ C!l (/} E-l P.. 

730 4.17 4.77 0.13 3.71 3.07 3.80 2.68 2.85 2.28 3.21 1.93 3.01 2.80 3.05 
803 6.27 --' 

I
7.16 2.21 5.42 3.16 3.91 3.19 2.95 3.17 4.35 2.67 4.17 3.71 4.12

804 5.23 6.63 1.02.86 5.70 2.79 3.45 2.29 2.60 3.46 4.83 2.79 4.33 3.96 4.52 
N 

805 6.29 8.20 4.73 7.70 3.62 4.51 3.03 3.32 4.48 5.96 3.94 6.22 5.14 5.86 
I 

806 6.91 7.82 5.03 7.94 4.60 5.89 4.30 4.22 4.61 5.98 4.49 7.18 5.41 6.08
810 5.44 6.53 3.95 6.36 3.69 4.61 3.22 3.29 4.32 5.76 3.87 6.12 5.01 5.73
811 5.94 7.80 4.55 7.15 4.16 5.26 3.17 3.77 4.41 5.76 4.13 6.58 5.14 5.75 
312 6.65 7.80 4.80 7.50 4.64 5.96 3.62 4.26 4.46 5.76 4.39 7.02 5.24 5.84
813 7.06 8.43 4.91 7.90 5.25 6.89 4.31 4.86 4.45 5.71 4.64 7.47 5.29 5.82 
814 8.31 10.29 5.27 8.78 5.36 7.08 4.41 4.98 4.35 5.57 4.59 7.39 5.19 5.67 
817 6.71 6.43 4.60 7.76 4.08 5.16 3.65 3.57 4.38 5.76 4.13 6.58 5.14 5.80
820 6.60 6.73 3.98 6.40 3.23 3.99 2.85 2.83 4.11 5.53 3.52 5.54 4.71 5.02
821 6.91 9.93 4.56 7.53 3.79 4.76 3.61 3.31 4.13 5.44 3.78 5.99 4.82 5.14 
825 1. 98 2.41 -1.13 2.89 3.86 4.86 2.90 3.26 2.01 2.73 1.93 3.07 2.63 2.48
826 1.47 2.11 -1.30 2.72 4.54 5.86 3.80 3.94 1.74 2.35 1.81 2.90 2.38 2.14 
901 3.66 5.28 2.28 5.21 3.53 4.42 3.02 2.90 2.98 3.98 2.72 4.31 3.61 3.75
902 5.77 8.51 3.62 6.80 3.74 4.71 4.50 3.07 3.33 4.43 3.13 4.98 4.03 4.35 
903 5.20 6.48 3.57 6.07 4.06 5.18 4.88 3.37 3.67 4.81 3.56 5.69 4.41 4.89
904 5.36 6.10 3.83 5.91 4.28 5.50 4.68 3.62 3.77 4.89 3.72 5.95 4.51 5.00 



Appendix 7. Measured and Calculated Values, 1979. (Units are mm/day.) 

J..I 
~ w 0 
0 OJ J..I r-I 

•.-1 r-I <U ;>.. 
W W OJ '"d 3 OJ <U 
W <U W '"d OJ (J) E-i 

J..I •.-1 •.-1 W •.-1 I 
J..I 0 r-I <U J..I (J) (J) <U ;>.. 
OJ n.. OJ 3 U •.-1 I ::r: r-I 
W <U ;> .c I ~ ~ ~ I OJ 
OJ ;> ~ <U W ;>.. <U ~ •.-1 OJ ~ W 
E W <U r:Cl ~ OJ '"d ~ •.-1 (J) .c OJ (J) 

(J) (J)OJ •.-1 E J..I ~ <U 0 ~ n.. u OJ 
w (J) ~ ~ ~ 0 <U n.. E ~ <U OJ ~ J..I •.-1 

<U ;>.. <U OJ <U .c r-I <U <U <U J..I W OJ ;::1 J..I
....,Q ~ A.. A.. ;> E-i r:Cl A.. ::r: ::E l!) (J) E-i A.. 

--'722 5.79 6.86 6.14 5.35 5.05 6.51 3.35 4.91 4.36 5.63 4.35 6.96 5.16 4.32 
I 

w
723 6.71 8.89 6.71 6.71 5.30 I6.89 4.35 5.22 4.84 6.20 4.91 7.89 5.68 5.18 0 

725 3.71 4.83 4.12 4.03 4.62 5.89 2.68 4.42 3.00 3.94 2.92 4.66 3.68 3.22726 5.46 5.77 5.16 5.40 4.48 5.69 3.31 4.25 4.29 5.59 4.08 6.50 5.04 4.31727 2.62 4.01 3.02 2.90 4.22 5.31 3.10 3.97 1. 92 2.60 1. 84 2.92 2.52 1. 96728 3.99 4.83 3.86 3.38 3.95 4.95 3.32 2.55 2.93 4.44 3.04 4.81 3.98 2.68801 3.84 3.56 3.47 3.19 4.16 5.24 2.47 3.87 2.57 3.43 2.43 3.86 3.21 2.70802 3.73 4.45 3.89 4.01 4.66 5.96 3.62 4.32 3.39 4.44 3.34 5.33 4.12 3.25805 5.66 5.99 5.20 5.02 4.74 6.09 3.94 4.44 4.33 5.60 4.26 6.82 5.11 4.19806 6.35 7.16 4.72 5.15 4.48 5.70 3.50 4.08 4.19 5.47 4.05 6.46 4.96 3.93807 5.51 6.60 5.40 5.81 5.22 6.82 5.30 4.97 3.87 4.98 4.00 6.43 4.66 3.91808 5.72 6.10 4.10 3.93 5.08 6.61 4.03 4.73 3.10 4.04 3.20 5.14 3.84 2.97811 4.39 5.03 3.55 3.29 3.08 3.81 2.76 2.76 2.83 3.93 2.41 3.77 3.39 2.43812 4.98 6.32 4.51 4.51 3.55 4.41 2.74 3.18 4.22 5.62 3.71 5.86 4.87 3.69813 3.07 3.81 3.02 3.56 3.66 4.56 1.80 3.22 1.83 2.52 1.69 2.68 2.41 1. 76814 6.65 7.16 3.56 4.01 2.94 3.63 2.68 2.62 2.90 4.04 2.43 3.78 3.43 2.62815 4.24 5.13 3.45 3.77 2.36 2.94 2.29 2.20 3.47 4.95 2.66 4.09 3.86 3.00816 3.71 5.87 3.59 4.12 2.80 3.46 2.05 2.54 3.57 4.93 2.90 4.51 4.07 3.09819 3.12 3.97 3.38 3.16 4.06 5.13 2.98 3.53 2.94 3.91 2.81 4.47 3.62 2.85824 2.97 3.05 1. 37 1.61 2.62 3.24 1 .19 2.28 0.75 1. 18 0.68 1.05 1.21 0.99 



Appendix 7. Measured and Calculated Values, 1979. (Ullits are mm!day.) (Cant.) 
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~ 

0 Q) ~ M
'M M III :>-..u .u Q) '"0 3 Q) III

r.x.:l III .u '"0 Q) (/) H 
~ 'M 'M .u 'M I 

~ 0 M III ~ (/) (j) III :>-.
Q) Q)0.. 3 U 'M I ::r: M 
.u III > .c I ~ ~ t:: I Q) 
Q) > t:: III .u :>-. III t:: 'M Q) t:: .u
E r.x.:l III ~ t:: Q) '"0 t:: 'M (/) .c Q) (/) 


Q) 'M ~ t:: III 0 ~ (/) 0.. (/) u Q) 

.u Ul t:: a t:: a III 0.. E ~ III Q) t:: ~ 'M

III :>-. III Q) III .c M III III III ~ .u Q) ;::l ~..,Cl ,....l p.. p.. > H j:Q p.. ::r: ::E: <..:> (j) H p.. 

--'825 2.13 1.85 1.14 1.06 2.28 2.83 1.27 2.06 0.93 1.45 0.78 1.20 1.35 0.64 
I 

w
826 4.24 3.73 3.66 4.31 3.50 4.36 3.22 2.95 3.82 5.11 3.44 5.44 4.50 3.62 --' 

830 6.32 7.11 4.08 4.86 3.90 4.93 4.65 3.26 3.76 4.96 3.56 5.66 4.49 3.66 
I 

902 4.57 5.36 3.18 3.26 3.97 5.04 3.42 3.28 2.76 3.68 2.68 4.27 3.45 2.05 
903 5.23 5.59 2.52 3.44 2.85 3.52 3.01 2.35 3.02 4.17 2.56 If.OO 3. 58 2.84 
904 3.81 4.32 3.14 4.12 3.05 3.78 2.85 2.54 3.28 4.45 2.83 4.45 3.86 2.93 
907 5.33 6.17 2.62 4.21 1. 97 2.47 2.34 1. 73 2.90 4.24 2.17 3.31 3.23 3.06 
908 2.59 3.43 2.41 2.57 1.86 2.34 1.45 1.69 2.29 3.38 1.68 2.55 2.58 1.91 
909 2.62 4.34 3.38 4.04 2.68 3.31 2.84 2.20 2.73 3.79 2.28 3.55 3.25 2.43 
910 1.93 2.41 1.90 1.96 3.52 4.42 3.12 2.81 1.47 2.05 1.42 2.26 2.05 0.90 
911 2.52 3.73 1. 98 1.94 3.29 4.10 2.36 2.60 1.12 1.61 1. 08 1.711.670.90 
914 3.30 4.01 2.29 2.42 1.81 2.29 1.07 1. 62 2.29 3.37 1.68 2.55 2.58 1.45 
916 3.43 4.32 2.98 3.34 2.81 3.47 4.09 2.20 3.20 4.37 2.73 4.28 3.77 2.30 
917 3.56 7.26 3.96 4.79 3.31 4.15 3.12 2.56 3.37 4.50 3.08 4.88 4.03 2.25 
918 4.65 7.18 3.51 3.76 3.30 4.13 4.43 2.58 3.26 4.35 2.97 4.71 3.91 1.80 
919 2.84 3.68 1. 53 1.62 1. 78 2.24 2.59 1. 55 0.46 3.92 1.95 2.97 2.95 0.37 

http:1.711.670.90


Appendix 8. Measured and Calculated Values, 1980. (Units are mm/day.) 

H 
~ .u 0
0 Q.) H ...-I 

-..-I ...-I C'(j :>...u .u <lJ '"0 :l <lJ C'(j
r..l C'(j .u '"0 Q.) III E4H -..-I -..-I .u -..-I IH 0 ...-I C'(j IIIH en C'(j :>..
<lJ 0.. <lJ ~ U -..-I I ::r: ...-I

C'(j.u :> ..c:: I ~ ~ ~ I Q.)

<lJ :> ~ C'(j .u :>.. C'(j ~ -..-I Q.) ~ .u
e r..l C'(j I:Q ~ <lJ '"0 ~ -..-I III ..c:: Q.) III 


<lJ -..-I e H ~ C'(j 0 ~ III 0.. III U Q.) 

~J III ~ r:: ~ 0 C'(j 0.. e ~ C'(j <lJ ~ H -..-I

C'(j >, C'(j Q.) C'(j ..c:: ...-I C'(j C'(j C'(j H .u Q.) ;:l H
p... p...Q .....l :> E4 I:Q p... ::r: :L: t) en 'J E4 p... 

I 
--' 

616 6.25 6.43 4.26 4.40 2.61 3.25 2.43 2.73 3.95 5.59 3.00 4.62 4.35 3.46 w 
I617 5.87 6.71 4.80 5.09 3.76 4.67 2.22 3.69 4.66 6.23 4.05 6.37 5.32 4.04 

N 

618 7.42 7.95 5.13 5.85 4.42 5.57 3.40 4.36 4.63 6.07 4.29 6.81 5.37 4.48 
620 7.14 5.87 4.98 3.50 3.25 4.01 2.84 3.25 4.86 6.61 3.98 6.20 5.41 2.76 
622 7.95 5.99 5.56 5.84 4.96 6.34 4.55 4.95 4.89 6.32 4.75 7.59 5.70 4.86 
623 6.35 6.10 4.51 4.23 5.10 6.54 4.06 5.10 4.02 5.22 3.97 6.36 4.79 3.75 
626 9.42 7.95 5.95 6.28 5.63 7.37 5.43 5.79 5.12 6.53 5.25 8.43 5.98 5.26 
701 7.67 6.60 5.25 5.06 4.14 5.17 3.62 4.05 5.11 6.73 4.61 7.29 5.85 4.62 
706 7.92 7.98 4.56 5.06 3.99 4.98 2.64 3.88 4.51 5.99 4.03 6.37 5.21 4.05 
707 7.34 7.11 4.83 5.54 5.05 6.48 3.75 5.00 4.32 5.59 4.26 6.81 5.10 4.17 
709 7.52 7.06 4.43 4.58 4.77 6.07 3.75 4.70 4.02 5.24 3.88 6.18 4.77 3.64 
719 6.78 6.48 3.65 4.39 4.56 5.78 3.98 4.39 3.38 4.43 3.23 5.15 4.07 3.23 
721 4.06 3.05 2.37 2.58 4.28 5.38 2.78 4.08 2.15 2.90 2.05 3.26 2.77 1.93 
722 6.99 6.91 4.00 4.88 4.14 5.19 3.71 3.95 3.47 4.59 3.19 5.07 4.13 3.27 
723 5.94 6.50 3.34 4.38 3.62 4.50 3.22 3.43 3.68 4.95 3.22 5.07 4.30 3.40 
724 7.29 6.55 5.29 5.85 4.63 5.90 3.86 4.44 4.89 6.34 4.69 7.48 5.68 4.32 
727 6.96 6.73 4.55 5.05 3.47 4.30 2.85 3.27 4.76 6.37 4.06 6.38 5.39 4.27 
730 8.08 7.90 5.46 6.54 4.95 6.38 3.80 4.72 4.81 6.18 4.77 7.65 5.62 4.45 
731 6.73 5.99 4.18 4.53 4.68 5.98 4.18 4.41 3.82 4.97 3.73 5.97 4.57 3.52 



Appendix 8. Measured and Calculated Values, 1980. (Units are mm/day.) (Cont.) 

H 
~ .w 0 
0 QJ H .--I 

'M .--I co :;.... 
.w .w QJ "(j ~ QJ co 
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H 'M 'M .w 'M I 
H 0 .--I ttl H II) CI) ttl :;.... 
QJ 0.. ()) ~ U 'M I ::r: .--I 
.w qj :> ..c I ~ ~ ~ I QJ 
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QJ 'M E H ~ ttl 0 til 0.. II) U QJ
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ttl ;>, co QJ ttl ..c .--I ttl ttl ttl H .w QJ ;::1 H 
CI ..-l p.. p.. :> E-< I::Q p.. ::r: ::E: (!l CI) 'J E-< p.. 

801 8.64 8.38 4.19 4.78 4.54 5.78 4.23 4.26 3.98 5.18 3.83 6.12 4.72 3.41 -' 
w 
I 

803 6.35 5.82 3.34 3.79 4.02 5.04 4.25 3.72 3.61 4.77 3.32 5.27 4.28 3.02 w 
I

806 9.25 7.24 4.26 5.29 4.11 5.17 3.76 3.76 4.33 5.68 4.01 6.38 5.05 3.89 
809 5.64 5.77 3.39 3.42 4.19 5.30 3.65 3.83 3.25 4.29 3.08 4.90 3.93 2.11 
810 2.57 3.00 1. 76 0.78 3.82 4.77 1. 85 3.45 1. 55 2.15 1.47 2.33 2.12 0.34 
912 5.92 5.51 3.35 2.88 3.55 4.42 3.03 3.18 3.42 4.59 3.03 4.78 4.04 2.06 
815 6.30 6.22 3.42 3.04 3.64 4.53 3.51 3.22 3.90 5.20 3.50 5.53 4.57 2.29 
816 8.76 9.14 5.03 5.84 3.74 4.67 2.91 3.30 4.22 5.58 3.82 6.05 4.91 2.90 
820 6.48 5.94 4.45 4.06 4.89 6.36 3.89 4.45 3.92 5.04 4.00 6.42 4.69 2.81 
822 10.21 7.42 4.33 4.72 3.67 4.59 3.62 3.18 4.06 5.38 3.68 5.83 4.75 2.37 
823 8.86 7.32 4.53 4.44 4.24 5.40 3.86 3.71 4.17 5.42 4.01 6.41 4.92 2.42 
825 5.59 4.57 2.90 2.47 4.44 5.70 2.52 3.90 2.52 3.32 2.53 4.05 3.19 1.04 
829 2.16 1. 52 1.60 1.05 3.57 4.47 2.32 3.02 1.56 2.15 1.47 2.34 2.12 0.43 
831 4.39 4.85 2.57 1. 99 2.99 3.70 2.76 2.53 2.78 3.81 2.38 3.73 3.33 1.05 
902 3.43 3.56 1.41 0.63 2.97 3.67 2.25 2.48 1. 99 2.77 1.73 2.72 2.52 0.45 
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