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ABSTRACT

SHORT DURATION EVAPOTRANSPIRATION ESTIMATED BY

CLASS A PAN AND METEOROLOGICAL PARAMETERS

BY

Ghassem Asrar

It is generally recognized that climate is one of the

most important factors determining the amount of water loss

by evapotranspiration. Hence, meteorological budgeting

techniques have been used for estimating soil water losses.

However, monthly or weekly values of the climatic elements

frequently mask daily extremes during the course of a season

and thereby bias the final result. Any analysis designed

for greater accuracy of determining soil moisture losses must,

of necessity, be based on daily, hourly or even shorter

measurement periods.

The objectives of this study were to: (l) establish a

relationship for estimating potential evapotranspiration with

a U.S. Class A evaporation pan and correlate these data with

micrometeorological measurements taken over short time inter-

vals, and (2) improve and test an explicit aerodynamic evapor-

ation model based on the concept of turbulent diffusion.

A field study was conducted over a short grass covered

area with a fetch to height ratio of 30:1 at the Michigan

State University Soil Science Research Farm. Soil properties
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measured in this study were: (1) gravimetric moisture content,

(2) soil moisture potential by tensiometers, (3) bulk density,

(4) soil moisture—matric potential by pressure plate, and

(5) profiles of soil temperature.

A U.S. Class A pan was used in conjunction with a moni—

toring system based on a stress-strain concept to measure

water losses from the pan over short periods.

Profiles of air temperature, wind-speed and absolute

humidity were obtained by measuring and recording the values

of these parameters every two minutes at five different eleva-

tions. These data were later smoothed, combined and averaged

for ten—minute periods.

Gravimetrically determined soil moisture and soil moisture

potentials, measured by tensiometer, indicated that the evapo-

transpiration under the irrigated treatments of this study was

at its potential rate during the entire season. The rate of

evapotranspiration under such conditions is controlled primarily

by the weather conditions. However, under non-irrigated treat—

ments and in general, in the absence of adequate soil moisture,

the evaporation rate is controlled either by soil and/or weather.

Cummulative pan evaporation measured over periods of a

day indicated linear, but different, increases with time for

all the periods of this study. Simple correlation coefficients

between the cummulative pan evaporation, pan temperature, air

temperature and wind-speed were positive and highly signifi-

cant at the one percent level of probability. A highly

significant but negative correlation coefficient was obtained

between cummulative pan evaporation and atmospheric humidity.
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Air temperature profiles indicated, at some time, the

presence of an unstable atmospheric condition. This usually

occurred late at night or very early in the morning but

changed to a more stable condition due to an increase in air

temperature during the daylight hours.

Profiles of wind-speed showed the formation of turbulent

boundary layers above the ground surface and an increase in

their thickness with time during the day. A graphical pro—

cedure was used to obtain the aerodynamic parameters related

to these profiles.

Profiles of absolute humidity usually indicated a gradual

decrease in humidity with elevation above the ground. This

relationship was reversed for late evening and early morning

hOurs.

Detailed analyses of temperature, wind—speed and humidity

profiles indicated that the classical equations of heat, momen-

tum and water vapor transport should be modified to better

represent these phenomena under a wide range of atmospheric

conditions.

The profiles of air temperature, wind—speed and absolute

humidity were used to study the effectiveness of a defined

stability parameter, S, and the functions, f(S), in adjusting

for the influence of atmospheric stability upon the transport

of water vapor. The results indicated that the model proposed

in this study, proved to be more accurate than the original

equation of Thornthwaite-Holzman in approximating evapotranspir-

ation fromailysimeter and evaporation from a Class A pan over

short periods.
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INTRODUCTION

Maintaining soil moisture conditions near optimum levels

for a given crop requires reliable estimates of the constantly

changing water demands. Frequent soil moisture measurements

are required if the status of soil moisture conditions are

to be maintained near such levels. Water stored in the soil

and additions of irrigation water can be managed efficiently

only if the expected evapotranspiration and other water losses

are known.

There is a continuing need for improving the methodology

of measuring soil moisture losses. The soil moisture losses

can be obtained by direct measurement or computation of the

water vapor flux to the atmosphere. Generally, measurement

of evapotranspiration rates are obtained as follows: (1) the

direct measurement of water losses from soil and vegetated

surfaces by obtaining differences in soil water content for a

given time period, (2) the transformation of water loss

measurements made for non-vegetated surfaces (i.e., evaporation

pans and tanks), and (3) empirical formulae based on climatic

data. Often because of difficulties in obtaining accurate

direct measurements of soil moisture losses under field

condition, the second and third approaches are preferred above

the first.
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It is generally recognized that climate is one of the

most important factors determining the amount of water loss

by evapotranspiration, particularly when crops are grown

under optimum growth conditions. Hence, meteorological

budgeting techniques have been used, with some degree of

success, for estimating soil water losses. However, monthly

values of the important climatic elements frequently mask

daily extremes during the course of a season and thereby bias

the final result. Any analysis designed for greater accuracy

of determining soil water losses should be based on daily,

hourly, or even shorter, periodical weather observations.

The objectives of this study were to establish a rela-

tionship for estimating potential evapotranspiration from a

U.S. Class A evaporation pan and to correlate these data with

micro-meteorological data on a short-term basis. A final

objective was to modify and test an explicit aerodynamic

evaporation model based on the concept of turbulent diffusion.



'
5
7



LITERATURE REVIEW

Many aspects of water resource planning are not as

critical in humid areas as in the more arid regions. However,

pressures on the currently adequate water resources of humid

areas are increasing. With greater competition for these

resources, there will be greater demand for increasing the

efficiency of their use, particularly as use is related to

water loss. At least 90 percent of water used for irrigation

in the State of Michigan is lost to the atmosphere through

evapotranspiration while consumptive losses for most other

water uses is less than 10 percent (1,57). Evapotranspiration

rates are minimal in areas under water conservation practices

and maximal in areas of wastewater disposal (81). The rates

of evapotranspiration and the factors affecting them have been

the subject of much work and research. Present methods of

measuring or estimating evapotranspiration are in part extensions

or modifications of methods for measuring evaporation since

the two are similar physical processes.

The soil is the source of water for transpiring plants.

Hence, soil moisture measurements are still an important supple-

ment to evapotranspiration studies. Any soil parameter such

as texture, structure, or pore space which affects the conduc—

tivity, hydraulic gradient, vapor pressure, or vapor diffusion



near the soil surface will indirectly affect the rate of

evaporation from the soil surface (69).

The water potential and hydraulic conductivity of the

soil influence the rate at which a plant transpires (87).

If the soil potential is high, the soil can supply water to

the plant roots nearly at the same rate as it is transpired

by the plant. Thus, in a moist soil, the transpiration is

at potential rate and is primarily determined by weather

conditions (73).

The classic definition of potential evapotranspiration

is "evaporation from an extended surface of a short green

crop, actively growing, completely shading the ground, of

uniform height and not short of water." Provided that all

restrictive conditions are fulfilled, the definition suggests

that potential evapotranspiration represents the maximum

possible rate of water loss from a vegetative-covered surface

(94,97).

VanBavel (93) redefines potential evapotranspiration for

any vegetation in terms of appropriate meteorogical variables

and aerodynamic properties of the cover suggesting that "when

the surface is wet and imposes no restriction upon the flow of

water vapor, the potential value of evapotranspiration is

reached." For soil moisture contents equivalent to or greater

than the field capacity, the evaporation is considered as I

. potential evapotranspiration (16,26). As the soil dries out,

the hydraulic conductivity decreases and eventually the soil

cannot supply sufficient water to the plant. Consequently,

the actual transpiration falls below the potential one (69).



Therefore, when the soil is unable to supply sufficient water

to maintain potential evapotranspiration rate under a given

set of atmospheric conditions, the rate of evapotranspiration

is controlled by soil properties (55,77).

The ratio between potential evapotranspiration and actual

evapotranspiration for an area is related to the rate of

moisture supply to the soil surface (81). Soil moisture

measurements are generally adequate for long—time evapotrans-

piration averages, but unfortunately, technical difficulties

prevent the use of soil moisture depletion measurements for

short-time evapotranspiration studies (28,87).

Measured values of evapotranspiration obtained by monitor-

ing soil moisture over a period of years also show considerable

variation in standard error of determination (86). This

investigation shows an average year to year variation of

111% of the average mean evapotranspiration from the same

crop at the same location. Hence, the error of 111% for

predicting future evapotranspiration from soil sampling appears

to be about the same as the error to be expected from estimates

obtained based on other empirical methods.

Tensiometers have proven to be very suitable for monitoring

the soil moisture in coarse textured soils (21). This is true

primarily because of the larger amount of available soils

moisture that is held by the soil in the measurable tension

range of these instruments.

There are two principal factors associated with the

influence of cover crops on evapotranspiration (87). The



first is related to light reflection. Reflection of light

from a bare soil especially when wet, is usually lower than

that from a dense crop canopy. Based on the reflection alone,

evapotranspiration would normally be expected to increase as

the percent of cover decreased. The second factor is associ-

ated with the relative evaporation rates from a bare soil and

a transpiring crop. Evaporation from moist bare soils decreases

rapidly one or two days after irrigation or rainfall; however,

soil water storage usually is sufficient to maintain trans-

piration from the soil for a considerable period of time (26,55).

Consequently, evapotranspiration increases as the percent cover

increases relative to evaporation from a bare soil.

Many empirical formulas relating climatological measure—

ments and evapotranspiration have been developed. These

formulae were based on the empirical relations obtained between

the observed evaporation and climatic data for a specific crOp

and region. Therefore, in order to be able to use them in

another region, they must be tested and adjusted to the condi-

tions of the new area. Empirical methods have the greatest

usefulness when correlated with potential evapotranspiration

(39,85). Empirical methods can be grouped into four classes:

(1) those depending primarily on the relation of evapotranspir-

ation to radiation, (2) temperature methods, (3) humidity

methods, and (4) evaporimeters.

One of the earlier writers on the subject of evapotrans-

piration was Dalton (14), who showed that the rate of evapora-

tion was proportional to the difference between the water

vapor pressure at the evaporating surface and in the

 



atmosphere. This principal, based on the vapor transfer

concept, has been used in all of the evaporation and evapo-

transpiration methods developed since that time.

In 1942, Blaney and Morin (4) published an empirical

formula for estimating monthly pan evaporation or evapotrans-

piration as a function of monthly mean temperatures, monthly

percent of annual daytime hours, and monthly mean relative

humidity. This formula was later modified by Criddle (13),

by omitting the humidity factor and introducing a new constant

of proportionality into the equation. This new formula also

gave an estimate of the monthly mean evapotranspiration rate.

However, Blaney (3) has suggested that this formula can also

be used for estimating pan evaporation with the use of appro—

priate coefficients.

In 1956, Hargreaves (37) proposed an empirical method

of estimating pan evaporation from a study of temperature,

humidity and monthly daytime relations. This model was later

tested by a number of his graduate students (38,63) and was

considered to be fairly good for normal wind velocities under

a wide range of climatic conditions. In 1968, an empirical

method of estimating pan evaporation from climatic data was

proposed by Christiansen (10). Later Christiansen and

Hargreaves (11) developed a series of formulas for converting

pan evaporation directly to potential evapotranspiration and

calculating potential evapotranspiration from climatic data.

The basic deficiencies of any empirical approach are

generally estimates of evapotranspiration over very short

time periods (8).



Evaporimeters measure the drying ability of the air.

Evaporation from a pan or free water surface is a physical

process that depends on the availability of energy to

evaporate the water. The rate of evaporation is, therefore,

largely dependent on climatic parameters such as solar radia-

tion, air temperature, wind velocity and relative humidity

(11,44). Meteorological factors have similar influences on

evaporation from free water, soil surfaces and transpiration

from plant surfaces (31). The major differences between

these forms of water loss are; (l) changing characteristics

of the plant surfaces during growing season, (2) availability

of water for evaporation, and (3) differences in energy absorp-

tion characteristics. Thus, it appears that evaporimeters

could only provide an integrated measurement of complex

meteorological factors affecting evapotranspiration.

Among the pans and tanks tested, the U.S. Weather Bureau

Class A pan provides the best correlation with, and the most

practical and economical method of estimating potential

evapotranspiration (5,71,78). Class A pan evaporation data

provide a useful general reference over a wide range of

climatic circumstances (29). With measurements from a care-

fully sited Class A evaporation pan in a locality, it is

possible to calculate the cumulative evapotranspiration in a

simple way (41). The pan coefficient, Kp, is given by the

ratio ETp/Epan, where ETp is potential evapotranspiration and

Epan is pan evaporation. The coefficient is used in practices

as an "adjusting factor" for pan losses to give an estimate



of potential evapotranspiration (18,31). This ratio was

found to change during the course of the growing season,

primarily during the following two periods: (1) from

planting until 5 to 6 weeks of age, during which evapotrans-

piration is controlled by moisture content of the upper soil

layers, and (2) from the beginning of flowering, evapotrans—

piration increases rapidly as the plant cover the ground,

reaches a maximum at peak flowering, and then decreases until

harvest (8,34). The coefficient Kp also depends on the type,

size and environment of the pan (100). The use of a single

ratio to estimate water requirements using Class A pan data

will introduce only small errors. These generally are lower

than or comparable to the uncertainties in water requirement

values obtained from intensive soil moisture measurements

in gravimetric methods (32). Measurements of Class A pan

evaporation losses from different parts of the United States

suggest a standard deviation of 10% for annual evaporative

losses within regional zones (79).

One of the shortcomings of using pans for estimating

evapotranspiration is the formation of surface films compressed

sufficiently to reduce the evaporation rate. The rather large

reduction of evaporation, up to 20%, by naturally occurring

surface films indicates that their frequency of occurrence

and areal extent may need to be estimated and, if possible,

taken into account when evaluating the evaporation from a pan

in which the surface is assumed to be contaminated (15).

However, the major problem in using the Class A pan is that,
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the time period for which reasonable estimates can be made

is relatively long, particularly in humid regions where

climate is variable (85). In spite of the limitations,

Class A evaporation pans do provide fairly satisfactory

indices of evapotranspiration especially where installation

and operating standards are complied with (11).

Physics of evaporation is complexed by energy exchanges

and transformations, some being controlled by aerodynamic

factors. Both energy exchanges and aerodynamic transfers

are essentially meteorological; thus, the maximum rate of

evaporation is determined primarily by climatological factors

(48,77). Micrometeoroloqical methods provide a measurement

of the flux density of water vapor in the boundary layer of

the atmosphere. Though these methods have limitations as to

where and how they can be used as well as instrumental diffi-

culties, they have important advantages. When applicable,

micrometeoroloqical methods can measure the potential evapo-

transpiration over very short periods (66). Evapotranspiration

correlates best with meteorological elements when the crop is

transpiring at the potential rate. This rate will not be

reached until the crop has attained full ground cover and is

adequately supplied with water (39). Micrometeorological

methods in greatest use are the energy balance method,

aerodynamic method and a combination of the two. In the

energy balance method the principle of conservation of energy

to the surface of the ground gives some basic equation that

can help us to understand evapotranspiration (74). All energy
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arriving at the soil and plant surfaces must be accounted for

in this approach (64). Jensen and Haise (43) developed a

formula for estimating evapotranspiration using solar radia-

tion and climatic data. This model has given fairly good

results where the radiation and heat flux data are available.

The upward flux of water vapor in the surface layer of the

atmosphere is the resultant of turbulent diffusion carried

along a mean gradient of water vapor concentration (23,81).

Therefore, evaporation and hence evapotranspiration can be

estimated based on the vapor flow rate from the evaporating

surface. This may be done by the use of aerodynamic methods,

either implicitly as a bulk aerodynamic method or explicitly

as a profile method. The profile method will be presented

in more detail in the following section. In the combination

method, one energy balance equation and one aerodynamic

equation are combined to produce an equation that can be used

to estimate potential evapotranspiration. In 1948, Penman

(65) was the first to develop a formula based on this concept.

Although his formula is considered to give the best results,

it is seldom used because of its complexity and the availa-

bility of several parameters required in the model.



THEORETICAL MODEL DEVELOPMENT

Recent advances in understanding of boundary layer

phenomena have provided potential means of monitoring evapo-

transpiration by measuring water vapor transfer into the

atmosphere. In the case of air flow over land surface, the

lower atmosphere may be divided into two layers (27). First,

is the laminar layer at the surface. The thickness of this

layer is of the order of several millimeters; and temperature,

humidity and wind velocity vary almost linearly with height.

Transfer of heat, water vapor and momentum through this layer

are essentially molecular processes. Second, is the turbulent

boundary layer with varying thickness depending on the level

of turbulence. In this layer wind velocity, water vapor and

temperature vary, approximately, linearly with logarithm of

height. Transfer of heat, vapor and momentum through this

layer are turbulent processes (74). The capacity for water

movement in the processes of turbulent transfer are more than

100 times greater than the molecular transfer processes (81).

The process of evaporation and diffusion of water vapor into

the earth's turbulent air stream, above or downwind from free

liquid or saturated solid surfaces is practically one of

gaseous diffusion and can be represented by

93=—§—(Kxiq)+%[xy%g)+i[x 3A.) . . . . [1]

3x 82 Z 32

12
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where q is the water vapor concentration, K's are effective

coefficients of diffusion, t the time and dq/dt denotes the

change in vapor concentration with time. If u, v and w are

the components of the velocity and q is assumed to be a

function of x, y, z and t, the total differential can be

represented by

$149.21 .33 ‘23 is
dt 3t+u8x+vay+waz ......[2]

However, according to Sutton (82), evaporation from a saturated

soil or reservoir which is part of a very large homogenous area

depends only on height and time. Equation [1] then reduces to

3_<1=_3_ 3.518t 32 [K2 82) . . . . . . . . . . . . . [3]

Integrating Equation [3] from 0 to Z gives

211 =11. .M
g at dz pa Kz Bz . . . . . . . . . . [4]

where E/pa is the integration constant proportional to water

vapor flux (E) divided by density of air (pa) at the surface

(6). The quantity of aq/at is always limited under actual

conditions. Thus for sufficiently small Z, such as the one

considered in micrometeorogogical studies, the first (integral)

term in Equation [4] is negligibly small when compared with

the remaining two terms in the equation. Therefore, it reduces

to

a
E=-paKz-5-g-..............[5]

The negative sign represents the downgradient flux of water

vapor. Other researchers have used a different approach to

derive the equation of vertical flux of water vapor based on
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the Reynold's formulation of turbulent stress. The final

results are the same as Equation [5]. If eddies of trans—

ferred substances can be measured in their upward movement,

an analysis of the resulting air layer can be considered.

Within the limits of this layer the evaporation is exclusively

determined by the value of turbulent exchange coefficient,

and the vertical gradient of transferred substances (6).

Therefore, the rate of evaporation could be obtained from

data on the humidity profile in the surface air layer, pro-

vided that the value of turbulent exchange coefficient for

water vapor is known. But, since the laws governing the

turbulent motion are extremely complicated, there is no

accurate, theoretical method for determining the turbulent

exchange coefficient in the atmosphere. Hence, many investi-

gators have made extensive use of approximations obtained by

processing various empirical data in a variety of ways in

attempts to model these meteorological phenomena. The substan—

tial variability of the transfer coefficients with landscape

and atmospheric conditions permits the use of such modeling

attempts (70).

The increase in wind speed with height over an extended

uniform surface can be represented by

_ U* Z—d
U — T? 1n 20 . . . . . . . . . . [6]

when the atmosphere is near a state of neutral stability (66).

In Equation [6], U is the wind velocity at height Z above ground

and Z0 is the roughness coefficient. The displacement height,

d, represents the effective raising of the boundary due to
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roughness, k is VonKarman constant (k=0.4l), and U* is the

friction velocity which represents the characteristic velocity

in a turbulent boundary layer. The magnitude of U* is

determined by

2. .. . .. . .. . .. . .[7]

where r is the shear stress, the flux of horizontal momentum

transferred vertically and absorbed by the ground and assumed

to be constant in the lower layer of atmosphere. paiS the

density of air. Based on the assumption of constancy of

shear stress with height, we can define

(3:):ng—‘zi............[81

where Knlis the transport coefficient for the momentum and

frequently known as eddy diffusivity. Combining Equations [6],

[7] and [8] yields

Km=kU*(Z—d) ............[9]

The effect of aerodynamic roughness on turbulent transfer of

moisture and energy from vegetative surfaces is an important

factor in evapotranspiration. In general, evapotranspiration

increases with vegetation height due to increased roughness

and zero-plane displacement (d) at a given windspeed, which

in turn increases the coefficient of turbulent exchange (74,84).

Reducing the turbulent transfer offers some potential for

increasing water use efficiency because it is the linking

mechanism between crop surface and bulk atmosphere (36).

When thermal stratification prevails, the logarithmic

wind profile, Equation [6], no longer holds (83). In this
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case, buoyancy due to temperature gradient in the atmosphere

boundary layer also plays a major role in the transport and

mixing of the air and entities contained therein (74).

Therefore, since turbulence can either be generated thermally

or mechanically, both temperature and wind speed play an

important role in stability of air (59).

Generally, the temperature induced eddies are more

efficient in transport and mixing, than mechanical eddies (61).

A convenient stability parameter for use in this area is the

Richardson number, Ri. It approximates the ratio between the

forces producing thermal and mechanical turbulences. In

gradient form it appears as

(All

Ri=3—-3—z——...........[101

T (53—312

where g is the acceleration due to gravity, T—temperature,

aT/BZ—temperature gradient and aU/aZ-wind velocity gradient.

Under neutral or adiabatic atmospheric conditions (Ri=0), the

transfer mechanisms for heat and water vapor are identical for

freely evaporating surfaces (23,24). Therefore, the eddy

diffusivities for momentum, heat and water vapor are identical

(Km=Kh=Kw) and all could be obtained from Equation [9]. Under

most conditions, however, adiabatic or near neutral conditions

are seldom realized, and predictions of all three fluxes be-

come complex. In an unstable atmospheric condition (i.e.,

lapse, aT/BZ negative), the profile of wind, humidity and

temperature remain similar and ratio of Kh/Km, Kw/Km, hence

Kh/Kw remain constant (unity) for R1 ranging from 0.0 to -0.1 (99).

However, for very unstable conditions, R1 is quite dependent
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on the wind profile, i.e., Ri is less than —0.las the wind

gradient diminishes, and the ratio Kh/Kw will depart smoothly

from unity and becomes greater than one (12,49).

In stable atmospheric conditions (i.e., inversion, aT/az

positive), the eddy diffusion of momentum, heat and water vapor

is also constant up to Ri of +0.1 (47). But, at Richardson

numbers greater than +0.1,Kh/Kw will be less than unity (58,

98). The influence of atmospheric conditions represented

by Richardson numbers are shown schematically below.
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Under conditions of veryistrong stability, it has been
 

suggested that turbulence changes character to gravity

waves (49). At very strong stabilities a value of (Riimax

is reached where turbulent motion ceases entirely. Turbulence

is then replaced by laminar flow governed by molecular rather

than turbulent diffusion (59). Evaporation under stable

condition decreases rapidly with increasing Ri. This decrease

is constant throughout turbulence decay and indicates that

R1 is no longer a useful stability criterion in profile

equations (12). It appears that the largest departure of

Kh/Kw from unity will occur when either temperature or

humidity is passive additive or the temperature gradient is

of opposite sign to the humidity gradient (95). since the

logarithmic law does not fit the wind profile under non—neutral

conditions, various proposals have been made to modify it.

In 1935, Rossby and Montgomery (75) tried to implement

Prantdl's views on the semi—empirical theory of a boundary

layer problem and develop a relation for the coefficient of

turbulent mixing under adiabatic conditions. They assumed

that under adiabatic temperature distribution the mixing

length in the lower layer of the atmosphere varied linearly

with height, reaching a value proportional to the roughness

of underlying surface at 2:0

1 = k (Z + 20) . . . . . . . . . . . . . . [11]

where l is the mixing length, Z0 is the roughness coefficient

and k is the non-dimensional VonKarman constant (k=0.4l). In

the mixing length theory, it has been assumed that a discrete
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mass of fluid with a given property leaves a level and

retains this property for some characteristic vertical

distance before mixing and becomes once again indistinguish-

able from its mean surrounding. Rossby and Montgomery assumed

that the influence of stability on exchange is determined at

a given elevation by the Richardson number and is not depen-

dent on the Ri numbers corresponding to other elevations (75).

Based on this assumption, and for stable atmospheric conditions

they derived the general equation

Km = kU*Z (1+BRi)'% . . . . . . . . [12]

where Km is a function of Ri and B=9. The equivalent form of

this expression proposed by Holzman (40) for unstable cases

is

Km = kU*Z (1—BRi)+% - - - - - - . - [13]

Measurements by Panofsky, Blackadar and McVehil (60) and

observations of temperature fluctuations by Priestly (70)

lead the way to deriving a modified equation which covered a

broader range of stability. Such an equation was first sug-

gested by Ellison (27) and is introduced in the literature

under the name KEYPS (47). The KEYPS relationship for a

stable atmospheric condition is

Km = kU*Z (1+BRi)-% . . . . . . . . [14]

The equivalent KEYPS equation for an unstable condition is

Km = kU*Z (1—BRi)+% . . . . . . . . [15]

where B takes the same value for both stable and unstable

conditions at a given location.
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Morgan et. al. (52) suggest that, for a wide range of

stability, the general form of the equation should be

Km= kUkZ (1+BlRil)in. . . . . . . . [16]

which offers the best mathematical representation of Km(Ri)

relationship. However, for their data obtained at the

University of California at Davis, the authors suggest that

the exponent n apparently needs to be 33% higher than the

(a) power proposed by Ellison as used in KEYPS profile.

On the other hand, the exponent of (%) suggested by Holzman

(40) was too high for their data. The Davis data indicate

one could use a B value significantly smaller than 9.0,

originally proposed by Holzman, to extend the usefulness of

the expression over a range of R1 from —l.0 to +1.0. However,

this is at the expense of errors in Km of up to 10% to 15%

in the zones of Ri around -0.1 to +0.1 (52).



EXTENSION OF THEORETICAL MODEL DEVELOPMENT

A modified version of Equation [5] under thermal

stratification gives

8

E =-paKm-5% o o o o o O o o o o c o [17]

After rearranging the terms, Equation [17] can be presented

as

 

.M=_ E ............um

Substituting for Km from Equation [16] into Equation [18]

 

gives

.29 = _ E -

az pakU*Z(l+B|Ril)in [19]

From Equations [7] and [8] we have

21-21
32 — KIn [20]

Under non-neutral conditions, we can rewrite Equation [20] as

Q
)

 

u_ U)!
72" k2(1+B|Ri])in . . . . . . . . . [21]

Then substituting for U* in Equation [19], its equivalence

from Equation [21], we get

  is = _ E ' 1 22
az pak222(1+B|Ri|)i2n §g_ [ 1

32

21
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or by introducing the definition of Ri as given in

Equation [10] we obtain

 231 = _ i 2 E . 1 . . [23]

az oak Z [HI—Bi . (3%) [1’52“ 3‘;

T "TE—2 1

(37

Equation [23] is very difficult to integrate in its present

form. Therefore, in order to change this equation into a

more suitable form, we assume, as Holzman (40) suggested,

the logarithmic distribution of properties near the ground.

Making this assumption we obtain

21 = s . . . . . . . . . . . . . . . . . [24]

82 Z

and

12.: h [25]

82 Z

Substituting these relations into Equation [23] gives

 is = _ l . E . . . [26]

82 paRZZb g

[1.423 i ”in

(2)2

Z

or

is = _ __l __1.E __ _. . . . . . .

82 pakgg ' Z(1+LSE])i2n [27]

where

= Bea . . . . . . . . - . . . . . . . [28]

5 sz

The variable S from hereon is referred to as a stability

parameter. Selecting a for n according to KEYPS, Equation [2]]

becomes

93:11} ._1.Ah- ...... mm

32 pdkzg Z(1+[SZI)1%
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Integrating Equations [24] and [25] and expressing the changes

of temperature and wind-speed in finite difference notation,

we obtain

=_T2:_:.1_=__A_g._ ........[30]

IHLTZ‘i—J ltd—2%]

and

b-112ih_= AU.........[31] 
’ z z

1n (2%) 1n (if)

Integrating Equation [29], see Appendex C for detail of the

procedure, substituting for b and solving for E we have

 

p kZAqAU

E=_a_z_.f(3)........[32]

lntfifl

where

f(S)= l ..[33]

[1+szfigi. 71+szl+1|
1n]

/1+szz+1 71+szl-1

for unstable atmospheric conditions (Ri and/or 8 negative,

n positive), and

f(S) = 1 . . [34]

[2[/1+322 - /1+szl] + 1n|L1i§§%Fl-- ‘1TEE_+1|]

71+szl+1 /i¥szl—1

for stable atmospheric conditions (Ri and/or S positive,

n negative). When neutral or near adiabatic conditions prevail

in the atmosphere, the function f(S) becomes unity and

Equation [32] becomes

DaszqAU

=T [35]
[11421)]

which is the original expression suggested by Thornthwaite

and Holzman (88).
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MATERIALS AND METHODS

This study was conducted at the Michigan State University

Soil Science Research Farm. The farm is located on the

corner of South Hagadorn Road and Mt. Hope Highway, two

miles southeast of the center of the campus. A small

weather station was established on grass plots in the mid-

section of the northern portion of the farm, Figure l. The

fetch to height ratio for the eight—meter level of measure-

ment was approximately 30:1 in the west to southwest

direction.

The soil type for this study, according to Ingham County

Soil Survey Report (92) and on site inspection by Dr. D. Mokma,

soil survey and classification specialist in the Department

of Crop and Soil Sciences, was Metea loamy sand, hereafter

referred to as MtB. Typically, the surface layer of MtB

series is a dark, loamy sand, 10 cm thick and a B—horizon

about 85 cm thick. The upper part of the B horizon is

yellowish brown to dark brown and very friable, loamy sand.

The lower part is yellowish brown, loose sand. Permeability

is very rapid in the upper part of MtB soil and moderate in

the lower part. The available water holding capacity of

this series is described as moderate.
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Michigan State University is located at East Lansing

in the northwest corner of Ingham County and within the

south central climatic division of Michigan. East Lansing's

inland location substantially reduces the climatic influence

of the Great Lakes. The prevailing local wind is generally

from the southwest averaging about 5 m/s. The average mid-day

relative humidity varies from 51% in May to 78% in December.

Precipitation is well distributed throughout the year; the

growing season, May-October, receives an average of 45 cm or

61% of the average annual total. Summer precipitation is

mainly in the form of afternoon showers and thundershowers.

Potential evapotranspiration, based on Class A pan observa-

tions, exceeds the average precipitation by 90% during the

growing season (90).

Soil Measurements 

Soil properties measured in this study were as follows:

profiles of gravimetric moisture content, soil moisture-matric

potential values, bulk density and the soil temperature pro—

file. Soil samples of known volume were taken early in the

morning and late in the afternoon during days with no rainfall

from 5, 10, 20, 40, and 80 cm depths at three different loca—

tions, using a Veihmeyer tube—type sampler. The sampling sites

were: (1) a "High Yield Corn Study" — treatment 5 (Zea maize,

var. M5922) with 75—cm row spacing and population of 84,000

plants per hectare, (2) a non—irrigated section of an

"Irrigation Management Study for Soybeans" - treatment 1

(Glycine max, var. Gnome with 45-cm row spacing and population



 
 

 

27

of 150,000 plants per hectare, and (3) the same as site 2,

except the plots were irrigated at a matric potential of

less than 50 centibars during the entire growing season.

Additional soil moisture data for non—irrigated corn (Zea

maize var. P—3780), 75—cm—row spacing and population of

60,000 plants per hectare were obtained through an exchange

of information with Mr. V. Braults of Department of

Agricultural Engineering.

Tensiometers were also used to monitor the soil moisture

status and irrigation requirements of the soybean and corn

crops. In the corn plots, ll tensiometers were installed at

depths of 25 cm, between the rows and at 25— and 40—cm depth

in the planted row. In the soybean plots a total of 9 tensio—

meters were used at depths of 25 cm and 40 cm in and between

the planted rows.

Tensiometer data were obtained from all plots in one- or

two—day periods based on the weather conditions. During the

cool, humid and less windy days, the data were obtained once

every two days in the afternoon. In the hot, less humid and

windy periods, tensiometers were read at the end of each day.

Five composite, disturbed soil samples were taken from each

level of all three sites and were analyzed in the laboratory

for soil moisture retention according to Richards (72), see

Figure 2.

Profiles of soil temperature were obtained at the

experimental site by placing 22—gage copper-constantan

thermocouples at 5, 10, 20, 40 and 80 cm below the soil

surface. The soil temperature probe was constructed from a
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Figure 2. Soil moisture content-matric potential relationship for Metea

loamy sand. Each point is the mean of 25 measurements -

five measurements being taken at 5, 10, 20, 4D and 80 cm depths.
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wooden stake, 6x3 cm and 150 cm long. Two small grooves

were cut 5 mm deep, 4 mm wide and about 1 cm apart from.

.each other in the oblong section of the stake. Thermocouple

wires were placed inside the grooves. The assigned

thermocouples were marked on the stake and fastened by

masking tape. The soldered junction of thermocouples were

insulated by an electrical insulating varnish to prevent

any electrical conductance. Then the junctions were turned

180° such that they were lying flat on the taped section of

the stake. Installation was completed by driving the stake

into the ground. This approach had some inherent advantages

over older excavation methods: (1) it eliminated the

possibility of any loose contact between the soil and thermo-

couple, (2) reduced the labor and error of excavating and

disturbing the soil and (3) consumed less time for installa-

tion. The signals, generated by the five thermocouples, were

transmitted through a reference junction board and channel

expander to the data acquisition system.

Evaporation Measurements from Class A Pan
 

A U.S. Class A evaporation pan was automated and used

for monitoring evaporative losses continuously. The U.S.

Class A pan, 121 cm in diameter, 25 cm deep and normally

constructed of galvanized iron, was mounted on an open frame

such that the pan base was 15 cm above the ground. The

water level in the pan was monitored at 5 cm below the rim.

In addition to measuring water losses electronically,
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measurements of the water level were made daily by a fixed

gage (41). Although one-day interval, Class A pan evaporation

measurements have given reasonable estimates of potential

evapotranspiration especially under humid conditions, its

major limitation is the inaccuracy for which reasonable

estimates of evaporation can be made for shorter time periods

(62,85). One objective of this study was to design a

monitoring assembly that when combined with a Class A pan

experiment, would give an accurate, continuous assessment

of water losses over short time periods.

A number of available systems which could be utilized

for this purpose were assessed. All were complicated and

costly (9,68). Some equipment which was applicable to

our needs was insensitive and unstable over the load range

of a Class A pan (7,30). After much deliberation and

searching, a unique combination of the Wheatstone bridge

circuit in conjunction with an elastic stress system was

selected for monitoring the water losses. Considerable

effort was put forth in selecting a set of strain gages

(stress transducer sensors) and an appropriate Wheatstone

bridge that would maximize the desired output. A change in

electrical resistance of the wire gages as a result of a

change in strain is the basic principle upon which this

system works (67).

The selection of wire resistance-strain gages and strain

transducer materials depends on the load, precision and

accuracy required (101). Proper transmission of strain to
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the gage requires the gage wire to be as thin as possible.

However, wire thinness causes a higher gage resistance and

thus a higher voltage output at a given gage current which,

in turn, is limited by the amount of heat generated in the

gage. A higher resistance gage can, of course, also be

obtained with longer wires (53). The transducer materials

should have a small length to radius ratio to ensure freedom

from buckling (67). The precision with which strains can

be measured also depends on hysteresis, creep and fatigue

properties of transducer materials and the environment of

the gage, especially temperature and humidity (54).

A basic device which can be used to measure all classes

of strain is the Wheatstone bridge. Its function is to

determine resistance with the required degree of precision.

The amount by which resistance changes in relation to change

in strain is an index of what is known as strain sensitivity

of wire or "strain gage factor" (51). For a uniform straight

wire this may be expressed as

_ AR/R
GF — ——AL/L . [1]

where GF = strain gage factor

R = resistance

AR = change in resistance

L length

AL = change in length

The higher the gage factor, the more sensitive is the gage

and the greater is its electrical output for indication and

recording purposes (53).
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To automate the Class A evaporation pan, sixteen general

purpose, self-temperature compensated, constantan strain

gages, type CEA -l3-250UW-120, were mounted on four metal

cylinders (arms), these being the strain transducer materials.

The arms were made of aluminum pipe, each 30 cm long, 15 cm

in diameter and 5 mm thick. The low modulus of elasticity

of aluminum (i.e. E1=55-70x109 N/mz), increased the output

voltage of the gages by increasing the strain per unit load

(17). Figure 3-a shows the arrangement of gages on one arm.

More information on surface preparation and application of

strain gages is presented in "Micro-Measurement Catalog and

Technical Data" published by Vishay Intertechnology, Inc. (51).

An important feature of this system was the spatial

arrangement of the strain gages which were inherently temper-

ature compensated. For a tension load applied on each arm,

gages l and 3 were in compression and gages 2 and 4 were in

tension. With the bridge arrangement shown in Figure 3—b,

these effects were additive resulting in a larger output.

To increase the sensitivity of the system and also protect the

gages against the outdoor environment, all gages were covered

with a special combination of three different coating

materials, M-COATS B, D and G, obtained from "Micro-Measurement

Inc." These were applied as follows: After installation of

the gages on the supporting arms, M-COAT B was applied and

cured for 24 hours, followed by a coating with M—COAT D.

Another 24 hours later M-COAT G was applied and cured for a

period of 48 hours. The combination of these three coating
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materials gave a good, short and long term stability to the

gages and also protected them against the outdoor environment.

In order to level the arms under the pan and prevent

any heat conduction between the arms and the pan, the arms

were placed between two pieces of plywood, 120x120 cm and

1.25 cm thick. This enabled the system to meet the Weather

Bureau requirement that the pan base be at least 10 cm above

the ground. A Sanborn dual—channel, carrier amplifier recorder,

Model 321, was used to record the output voltage generated

by the strain gages. A full—bridge arrangement of strain

gages with the recorder is shown in Figure 3—b. The relation—

ship between the bridge output (EB), bridge supply voltage (V),

strain (5), gage factor (CF), and percent resistance change

in the gages for a four active arm bridge is

=.y gAR] ZARZ gARs EAR]
AEB 4 ( 2R1 + 2R2 + 2R3 + 2R” ) . . . [36]

or

AEB =-% [sO.GF).P . . . . . . . . . . . . [37]

Equation [3] can be rearranged and expressed as

AEB = c-GF
V-P 4 . . . . . . . [38]

where s = So=strain per kilogram load on the arm

P = load applied, kilogram

The output of the system was in milivolts (mv) bridge output/

volts bridge supply/kilogram axial load applied. A calibra—

tion curve (see Figure 4) was obtained for the system by adding

and subtracting small aliquots of water (0.375 cm water/area of

pan). Both the eye-fitted line and coefficient of determination
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(r2=0.99) are indicative of linear response of the system

to changes in water levels over a wide range.

The sensitivity of this system was estimated as

 

A(cm of water)

A (EB)

 

Sensitivity = [39]

where

 

A(cm of water)= average quantity of water added

to or subtracted from the pan, cm

A( B) average change in bridge output

for a given quantity of water

added to or subtracted from the

pan, mv.

Based on this relationship and data obtained from the cali-

bration procedure, sensitivity of the system in predicting

water loss was 0.034 mm water/0.1 mv bridge output. Since

0.1 mv was the smallest voltage change detectable, then 0.034nm1

water was the smallest water loss that could be accounted for.

Based on total weight, 1 g in 6000 g was detectable.

Micrometeorological Measurements
 

Two atmospheric profile measurement masts were constructed

from lO-m long, 7.5-cm diameter, aluminum, irrigation pipe,

mounted on a tilt-up base staked to the ground. Arms for

mounting instruments were constructed of 1.25-cm diameter,

galvanized steel pipe and mounted on the masts with saddle-T

risers.

Wind profiles were measured over two-minute intervals

with 3-cup anemometers, Climet Model 011-1, mounted at 50, 100,

200, 400 and 800-cm levels on the first mast and 200- and 400—cm

levels on the second mast. The digital signal from these
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seven light-chopper-type anemometers were transmitted via

wire to a Tachometer 555 circuit to fix the width and height

of pulses, Figure 5. The conditioned pulses were then trans-

mitted through a channel expander to specially modified

channels of the data acquisition system.

Wind directions were measured over two-minute intervals

with a Climet Anemovane. The calibration for this system was

established by adjusting the pointer between zero and 1180 mv

output, corresponding to north and south, respectively. The

range between these limits was divided into 8 equal quadrants

for wind direction analyses. The output of this unit was also

transmitted via the channel expander to the data acquisition

system.

Temperature and humidity profiles were measured over two-

minute periods at the 50—, 100—, 200-, 400—, and 800—cm levels

on the first mast and at 100-, 200—, and 400—cm levels on the

second mast, using aspirated, adjustable water level, radiation

shielded psychrometers. The psychrometers were constructed

out of dual bakelite tubes for radiation shielding (32), a

squirrel cage fan for aspiration (300 cm sec'l), plexiglas

water reservoir and 22-27 gage copper—constantan thermocouple

wires as dry and wet bulb sensing elements (56). Figures 6—a

and 6—b show a schematic and a close-up View of one of these

units. The thermocouples were calibrated in the laboratory by

testing them in the ice and hot water baths at 0°c and 100°C,

respectively. The milivolt analog signals from the psychrometers

were transmitted via thermocouple wires to a 24-point reference
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junction board and channel expander to the data acquisition

system.

Collecting and Analysis of Data
 

The data acquisition system for this study was an

Esterline-Angus Recorder Model D-2020 combined with a Channel

Expander and a FACIT paper tape recorder Model 4070. The

combination of the expander and recorder provided up to 100

channels for recording. Only 54 of these channels were

utilized in this study. All signals processed by the recorder

were transmitted to the paper-tape unit and were recorded on

the standardized, 8-channel, paper tape according to the

American Standard Code for Information Interchange (ASCII),

1968 version, Figure 7.

The data on paper tapes were read using the University

of Michigan computer facilities (MTS). The MERIT computer

network was used to transfer the data from the University of

Michigan computer to the Michigan State University computer

system (CDC). A FORTRAN IV computer program was written to

convert the milivolt analog signals to digital engineering

units, Appendix A. Also, a FORTRAN Psydhrometric Model written

by Mr. Lloyd Lerew of the Department of Agricultural Engineering

(46) was used to compute the atmospheric humidity based on the

wet and dry-bulb temperatures.

A binomial scheme recommended by Bevington (2) involving

three sequential measurements was used to smooth the data.

Then five smoothed data points, each covering a period of
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two minutes, were combined and averaged to obtain a single

reading for a period of ten minutes.





RESULTS AND DISCUSSION

I. Evapotranspiration from Soil

Soil moisture status was monitored daily at four different

locations in the vicinity of the weather station both gravi-

metrically and by tensiometers during the course of the

study, see Figure l. The gravimetric moisture determinations

for the period of this study are presented in Table 1. The

results show changes in soil moisture content with time. The

magnitude of changes are greater in non-irrigated areas than

in the irrigated areas. This general pattern holds for the

entire period of study. Hence, it was not possible to obtain

a meaningful water loss relationship over short time periods

in a given treatment. This difficulty was due to frequent

changes in soil moisture content due to intermittent rainfall

which was received during the course of this study.

The rainfall distribution and changes in soil moisture

potential, measured by tensiometers, for irrigated corn and

soybean treatments are presented in Figure 8. According to

these data, the lowest soil moisture potentials for corn and

soybeans were -44 and -39 centibars, respectively. These

values were obtained in September 8, 1980 late in the growing

season. Another record low potential was -38 centibars
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recorded for soybeans earlier in the growing season, July 25,

1980. In spite of these record lows, tensiometer data do not

show potentials lower than -50 centibars at any time during

the growing season. This limit is considered to be safe for

the crOps growing in medium textured soils used in this study

(21). Hence, during the course of this study the soil

moisture level did not impose any restriction on the rate of

evapotranspiration from the irrigated treatments.

This supposition was supported by measuring the water

holding capacity of the Metea loamy sand at different tension

levels in the laboratory, Table 2. From the data in Table l

and Figure 8, one can conclude that the soil moisture contents

in the irrigated corn and soybean treatments were greater than

the equivalent moisture content held in the soil at -33 centi—

bars. Therefore, evapotranspiration from these treatments

was at its potential rate during the entire season (16,97).

The rate of evapotranspiration under this condition is

determined primarily by the available energy and indicated by

weather parameters (73). However, this was not the case in

non-irrigated treatments. Generally, in these treatments soil

moisture contents varied between the equivalent moisture

potentials held at —33 to -750 centibars, respectively, see

Figure 2. On one occasion (July 24) the soil moisture content

in a soybean area fell below the equivalent moisture content

held at ~1500 centibars, normally considered as the end-point

for moisture availability to plants. Therefore, under

the non-irrigated treatments, evapotranspiration was





T
a
b
l
e

2
.

B
u
l
k

d
e
n
s
i
t
y

a
n
d

m
o
i
s
t
u
r
e

h
o
l
d
i
n
g

c
a
p
a
c
i
t
y

o
f

m
e
t
e
a

l
o
a
m
y

s
a
n
d

a
t

d
i
f
f
e
r
e
n
t

p
o
t
e
n
t
i
a
l

l
e
v
e
l
s

a
n
d

s
a
m
p
l
i
n
g

d
e
p
t
h
s
.

m
e
a
s
u
r
e
m
e
n
t
s
.

E
a
c
h

v
a
l
u
e

i
s

t
h
e

m
e
a
n

o
f

2
5

 

S
o
i
l

D
e
p
t
h

(
c
m
)

B
u
l
k

D
e
n
s
i
t

(
g
r
/
c
m

)
C
B

3
3

M
o
i
s
t
u
r
e

C
o
n
t
e
n
t

(
%
)
 

1
0
0

 

1
0

2
0

4
O

8
0

| X U)

1
.
1
0

1
.
3
0

4
0
.
9
9

3
9
.
4
4

3
9
.
7
6

3
6
.
0
4

3
0
.
6
4

3
7
.
3
7

4
.
1
9

2
0
.
5
3

2
1
.
1
8

1
9
.
9
7

1
9
.
5
3

1
7
.
1
0

1
9
.
6
6

1
.
5
6

1
1
.
3
7

1
1
.
9
1

1
1
.
1
8

1
0
.
7
5

1
0
.
4
1

9
.
6
5

9
.
7
2

 

+

C
B
=

C
e
n
t
i
-
B
a
r

47





48

controlled by the soil, and weather parameters were only

of secondary importance (55,69).



II. Evapotranspiration from Class A Pan

A specially modified U.S. Weather Bureau, Class A,

Evaporation Pan was used to monitor quantities of water loss

from the pan over short time periods. Two-minute intervals

were selected for measuring the amount of water lost from

the pan. However, during smoothing and processing, the data

were combined and averaged over periods of ten minutes. The

final results are presented, as mm of water loss from the

pan in ten-minute intervals, in column 21 of Tables B—l thru

B-7 in Appendix B. These data can also be presented as

linear regression equations for each date of measurement,

Table 3. The good fit of these regression equations is

indicated by the coefficients of determination, r2. The

changes in slopes and intercepts of these equations represent

the variation in cumulative pan evaporation under different

weather conditions on different dates. Generally, if cumula—

tive evaporation started slowly early in the morning and

increased gradually during the day, the regression equations

had a small slope coefficient and a negative intercept (see

regression equations for July 25 and 30). On the other hand,

if cumulative evaporation increased uniformly with time, these

equations had a larger slope coefficient and a positive

intercept (see regression equation for July 24). Similar
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Table 3. Regression equations representing cumulative Pan

evaporation over short periods at different dates.

 

   

 

 

Number of

Dgtg Measurements Regression Equation r2

July 24 21 Y=0.0760+0.0196X@ 0.9964

July 25 59 Y=-0.0252+0.0125X 0.9876

July 30 26 Y=-0.1567+0.0110X 0.9888

August 1 30 Y=-0.2161+0.0114X 0.9976

August 4 50 Y=0.0835+0.0097X 0.9978

August 7 25 Y=-0.27l6+0.0098X 0.9936

August 8 15 Y=-0.2667+0.0110X 0.9826

All Dates,

cumulatively 226 Y=3.3310+0.0100X 0.9962

All Dates,

separately 226 Y=0.l760+0.0101X 0.9016

@

X = time, min.

K
: II

cumulative Pan evaporation, mm
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expressions have been established and reported for seasonal

cumulative pan evaporation based on daily or weekly observa-

tions (8,62). But, due to limited number of measurements

and the variation of weather, the quality of such regression

equations indicated by r2 is not as good as the ones obtained

on the short time basis for daily observations in this study.

This is also indicated by a decrease in the magnitude of r2

when cumulative pan evaporation from all dates in this study

were used to obtain a regression fit, Table 3. In order to

be able to use such equations more reliably in a given region,

similar experiments should be conducted for more than one

growing season to include all possible variations due to

changes in weather (10,11,25,41).

Table 4 represents the simple correlation coefficients

(r), between pan evaporation rates, pan temperature, air

temperature, relative humidity and wind speed on different

dates. All correlation coefficients, with exception of the

one between cumulative pan evaporation and relative humidity

on August 7, were highly significant at the one percent level

of probability. However, the strongest correlation was obtained

between pan evaporation rates and pan temperature. The

correlation coefficients obtained between pan evaporation and

air temperature, measured at 50 cm above the ground surface,

were generally smaller than the ones given for pan temperature.

Hence, water temperature is more representative of water loss

from the pan than air temperature at a given period, Figures

9, 10 and 11. These figures were prepared by choosing the
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starting points of the curves at different hours of different

days. They all show pan temperature increases more than air

and soil temperature over the same period. This is related

to the limited and discontinuous mass of water in the pan

and the low reflection of solar radiation from the water

surface (18). This increase in water temperature contributes

to a greater loss of water from the pan and thereby causes an

overestimation in pan evaporation as compared to potential

evaporation from soil (41,100).

A comparison between profiles of air and soil temperature

indicated that generally air temperature was lower than soil

temperature during the course of this study, see Tables B-l

through B-7. This was caused by the replacement of normal,

warm summer air as indicated by U.S. Weather Service data

for the months of July and August, by a cool air front. For

example, the cooler air temperature on July 24 was caused by

lower than normal air temperature for that time of year. The

data indicated an average July temperature of 21.10°C and the

average temperature for July 24, 1980 was 18.06°C. The

presence of a turfgrass cover acted as an insulating layer,

which helped in maintaining the higher soil temperature (74,87).

The only non-significant correlation coefficient found

between pan evaporation rate and relative humidity, measured

at 50 cm above the ground surface, was for the data of

August 7, 1980. These data were obtained during the night

and early hours of the morning. Small quantities of water

loss and mild changes in atmospheric humidity during these

hours probably contributed to the weak correlation. The
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rest of the coefficients indicate a very strong negative

correlation between pan evaporation rates and relative

humidity.

The coefficients between pan evaporation and wind-

speed are also highly significant. However, the magnitude

of these coefficients are smaller compared to the other

positive relationships in the table. This is probably due to

rapid changes in wind-speed during the day. If these changes

had not been considered and accounted for, probably signifi—

cant correlations would not have been obtained between pan

evaporation and wind—speed (29). Such cases have been reported

in the literature (39,42). In all of these reports, researchers

were not able to establish any significant relationship

between pan evaporation and wind—speed. This study indicates

that the absence of such a relationship was caused by the

use of a single daily averaged value for the wind—speed.

Obviously, this cannot be the representative of the influence

of wind-Speed on pan evaporation over long periods.

In the process of relating pan evaporation (Epan) to

reference evapotranspiration (ETO), the climate and environ-

ment of the pan should be considered. Such considerations

are usually made by introducing a pan coefficient (Kp). This

coefficient is defined as the ratio of potential evapotrans—

piration (ETp) to pan evaporation (Epan). Unfortunately, it

was not possible to establish a reliable pan coefficient for

this study because of the uncertainties in the soil moisture

data. However, values of this coefficient were obtained
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based on the wind—speed and relative humidity data and the

recommended relations suggested by Doorenbos and Pruitt (81).

These relations with minor modification in the unit of wind

speed are given in Table 5. The measured pan losses and

selected pan coefficients were multiplied to give computed

reference evapotranspiration for different dates as shown in

Table 6.

To obtain actual crop evapotranspiration, reference

evapotranspiration values must be multiplied by a crop

coefficient, KC. This coefficient is dependent on the type

of the crop and the stages of growth (19). Stages of growth

is a primary variable that must be considered in computation

of actual evapotranspiration. It is obvious that plants in

rapid growth stages use water at a greater rate than early

seedling stage. The relationship between crop coefficient

and percent of growing season for three main crops under

consideration in this study, namely corn, soybeans and turf—

grass, are given in Figures 12, 13 and 14, respectively.

These crop coefficients are presently recommended for the

State of Michigan (96). The appropriate KC values selected

from Figures 11, 12 and 13 for the periods of interest give

actual evapotranspiration when multiplied by the reference

evapotranspiration. These are shown in Table 7. Generally,

the variations in actual evapotranspiration throughout the

growing season is greater for annual crops such as corn and

soybeans than for perennial crops such as turfgrass (89,91).
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III. Evaporation Estimated by Aerodynamic Models

The data reported herein were collected during the months

of July and August, 1980. Data collection was conducted for

seven days and was limited to days and times when the sky was

clear and cloudless and wind movement was mostly out of the

south to southwest. Because of the large volume of the data

collected, only three days of data were selected for presen-

tation in this section. Originally, measurements were taken

and recorded every two minutes, but during smoothing and

processing they were combined and averaged to represent ten

minute periods (see Tables B-l to B-7 in Appendix B).

The air temperature profiles, representative of three-

hour intervals on July 25, August 4 and 7, are presented in

Figures 15, 16 and 17, respectively. These figures show the

variation of each profile with elevation from the ground

surface and also the change in slope of the profiles with

time for a given date. Generally, all three figures indicate

at one time or another the presence of an unstable atmospheric

condition (aT/az negative) particularly late at night and

very early in the morning. This changes gradually to a more

stable condition (aT/az positive) with an increase in air

temperature. The absence of stable temperature profiles

(i.e. inversion), in Figure 17 for 2400 and 200 hr, was due

to high soil temperatures. This resulted in a reversal of
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Figure 15. Air temperature profiles at different hours above a short
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are the average values for the entire profile.
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the heat gradient causing heat to flow from the soil to the

air layer above it, see Figure 11. This phenomenon was

further intensified by exceptionally high wind speeds recorded

during these specific hours, see Figure 20.

The changes in temperature gradient provide a thermal

stratification in the atmosphere. The buoyancy caused by

this gradient induces thermal turbulence and plays an impor-

tant role in the mixing and transport of water vapor (58,59,

74). To include this phenomena in our theoretical develop-

ment, we introduced the variable 5 in the definition of

stability parameter, S (see Equations [24] and [28]). The

sign and magnitude of 3 determine the role of the temperature

’gradient on the atmospheric stability and the extent of its

departure from neutrality. The computed values of 5 and

Richardson number for temperature profiles are presented in

Figures 15, 16 and 17. A comparison between these two para-

meters helps to understand the role of each in predicting

the condition of the atmosphere. The parameter 5 illustrates

the influence of changes in air temperature on atmospheric

stability. Richardson number is indicative of the combined

influence of air temperature and wind speed on the stability

of atmosphere.

The profiles of wind speed for July 25, August 4 and 7

are presented in Figures l8, l9 and 20, respectively. These

figures show the formation of mechanically induced turbulent

boundary layers (profiles) above the ground surface and also

their changes with time for a given date. All three figures
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indicate that the thickness of the boundary layers gradually

increases, starting early in the morning until mid-day and

then decreasing in the latter hours of the day. To include

these changes in our theoretical developments, we introduced

a variable, 3, into the definition of stability parameter S

(see Equations [25] and [28]). The parameter S does not

have any influence on the sign of S. This is due to positive

wind speed gradient above the ground surface at all times

and also the squaring of b in Equation [28]. However, 5

strongly affects the magnitude of S. The computed E values

and Richardson numbers are shown in Figures 18, 19 and 20.

As indicated by Equation [31], the parameter B only illustrates

the influence of mechanical forces of wind on the formation of

a turbulent boundary layer and its stability under certain

atmospheric condition. But, Richardson number represents the

combined influence of mechanical forces of wind speed plus

the buoyancy effects due to thermal gradient on atmospheric

conditions. However, the changes in both of these parameters

also represents the variation of the turbulent boundary layer

(wind speed profiles). Under extremes of atmospheric condi-

tions (i.e. very stable and/or very unstable), the logarithmic

law applied to wind speed profiles needs to be modified to

include the effects of air temperature (47,99).

A graphical procedure was used to obtain aerodynamic

parameters such as displacement height(d), roughness coeffi-

cient(Zo), frictional velocity(U*) and shear stress(r) from

the wind speed profiles (61,74). The results are given in
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Table 8. According to these data, the magnitude of aero-

dynamic roughness coefficients and displacement height

values were not large enough to significantly influence Km,

the coefficient of turbulent exchange, see Equations [6] and

[9]. From Equation [17] the corresponding influence of Km

on E, the rate of water vapor transport, is readily apparent.

The data obtained for these parameters fall within the

range of values previously reported for short, green grass

crops (76,80,81).

Profiles of absolute humidity for July 25, August 4 and

7 are presented in Figures 21, 22 and 23, respectively. The

profiles in all three figures show a gradual decrease in

humidity with elevation from the ground surface in a given

day. However, this relation is reversed for late evening

and early morning hours. For profiles with Richardson

numbers of less than -0.1 (very unstable atmosphere), the

ratio of heat to water vapor diffusivity coefficients (Kh/Kw)

will depart smoothly from unity and become greater than one

(12,49). This ratio also departs from unity for the

Richardson numbers greater than +0.1 (very stable atmosphere)

and becomes less than one (98). The Richardson numbers at

2100 and 2400 hours on August 7 reach their absolute maximum

and minimum values, respectively. In these cases the turbu-

lence has vanished and the main mechanism for water vapor

transport is probably molecular diffusion (59). This is

supported by the fact that no air motion was detected at

these hours (see Figure 20).
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Previous discussion of temperature, wind speed and

humidity profiles support the idea that equations of heat,

momentum and water vapor transport should be modified such

that they are representative of these phenomena under a

wide range of atmospheric conditions (12,23,40,50). This

suggestion prompted the derivation of a new equation describing

the transport of water vapor in this study. The equation

is an extension of an evaporation equation of Thornthwaite

and Holzman (88). Their equation was modified for all

conditions of atmospheric stability by introducing the

stability parameter S, Equation [28]. This introduces a

correction factor to the original equation of Thornthwaite-

Holzman for the cases of unstable and stable atmospheric

conditions as given in Equations [33] and [34]. Temperature,

wind speed and humidity data of Appendix B were used to

investigate the feasibility of S as a function of Richardson

number. The results are shown in Figure 24. The linear,

functional relationship between these two parameters show

that S like the Richardson number can account for all the

possible changes in temperature and wind speed profiles under

a wide range of atmospheric conditions. It was not possible

to use and manipulate the Richardson number in its defined

form, Equation [10], as a stability criterion in the proposed

analytical development. This difficulty was resolved by

the use of the stability parameter S.

Table 9 shows a comparison between the evaporation rates

measured by the automated Class A pan, the computed rates
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obtained from the original equation of Thornthwaite-Holzman,

Equation [35], hereon referred to as TH, and the modified

version, Equation [31], hereon referred to as MTH. The

computed evaporation rates from both the TH and MTH equations

are smaller than the measured pan evaporation rates.

However, in general the MTH equation estimates pan losses

better than the TH equation, see Table 9. The MTH equation

approximates pan evaporation best under unstable atmospheric

conditions when S and Richardson number are negative. Under

these conditions the accuracy of approximation increases as

the magnitude of S or Ri increases. The computed evaporation

rate for July 25 is representative of this case. Detailed

analysis of the profile data indicate that unstable atmos-

pheric conditions prevailed most of the time during this

date (see Ri values in Table B—2).

Under stable conditions, the MTH equation approximates

pan evaporation best when S and Richardson number are positive

in Sign and small in magnitude; however, the degree of

improvement in approximating pan evaporation under these

conditions is not as good as under unstable atmospheric condi-

tions. This may be observed by referring to computed evapora—

tion rates for July 24 and 30, in Table 9. Detailed analysis

of the profile data indicate that stable atmospheric conditions

prevailed most of the time on these dates (see Ri values in

Tables B-1 and B—3). Sample calculations for both stable and

unstable atmospheric conditions are presented in Appendix D.

When a combination of both stable and unstable atmospheric

conditions prevailed, the degree of improvement in
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approximating pan evaporation based on MTH equation was about

7 to 12 percent better than the original TH equation. The

data for August 1 and 4 indicate that both stable and unstable

conditions prevailed on these dates (see Ri values in

Tables B—4 and B-5). This improvement in calculating the

pan evaporation from meteorological profile data is a

definite advantage for the equation proposed in this study.

To illustrate the accuracy of the proposed model in

estimating evapotranspiration rates, there was a need for

measuring soil water losses over short periods. Generally,

weighing lysimeters are used for this purpose. Since such

a device was not available in the vicinity of the experimen-

tal site, the data of Morgan et. a1. (52) were selected and

used for analysis. Six days of data were selected randomly.

These data included evapotranspiration rates measured by a

6.1-meter lysimeter, air temperature, wind speed and absolute

humidity profiles recorded over 30 minute periods in 1966

at the University of California, Davis. Table 10 presents

the evapotranspiration rates recorded by the lysimeter and

rates computed according to the TH and MTH equations. The

meteorological profile data selected for this analyses were

obtained between 700 and 1900 hr at the 25 and 50 cm levels

above a short grass cover.

Generally, both TH and MTH underestimated the evapo-

transpiration losses from the lysimeter when unstable

atmospheric conditions prevailed. The error of estimate by

MTH was about 4 to 17 percent smaller than TH for days with
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unstable atmospheric conditions. The one exception,

September 29 was for stable atmospheric conditions. For

the profile data of September 29 both TH and MTH equations

overestimated evapotranspiration losses recorded by the

lysimeter.

The results of estimating evapotranspiration from a

lysimeter and evaporation from a Class A pan using the MTH

equation illustrate the degree of effectiveness of the S

parameter and its related functions f(S) in adjusting for

the influence of the changing atmospheric conditions in trans—

port of water vapor. Based on these results it was found

that the proposed MTH equation performed better in estimating

water losses from a lysimeter than a Class A pan. This was

probably due to less variation in meteorological conditions

at Davis as compared to the conditions found in Michigan.

However, in both cases the MTH equation performed the best

under unstable atmospheric conditions.



CONCLUSIONS

The following conclusions have been drawn from this

investigation:

(1)

(2)

(3)

(4)

(5)

Under optimum soil moisture conditions evapo—

transpiration reaches its potential rate. As

such, it is controlled primarily by weather

parameters.

Cumulative pan evaporation measured over short

periods increased linearly with time during each

measurement period but changed significantly from

one day to the next during the period of study.

Cumulative pan evaporation measured over short

periods correlates best with pan temperature

followed by air temperature and wind speed.

Simple correlation coefficient between cumulative

pan evaporation and atmospheric humidity indicated

a very significant negative correlation between

these two parameters.

Detailed analysis of air temperature, wind speed

and absolute humidity profiles obtained over short

periods, indicated a need for the modification of

heat, momentum and water vapor transfer equations

to better represent these processes under a wide

range of atmospheric conditions.

86



(6)

(7)

(8)

87

A proposed stability parameter S proved to be

more effective than Richardson number in taking

into account all possible changes in atmospheric

conditions, but unlike Richardson number S is

very easy to use in the analytical development of

the proposed evaporation model.

The modified version of the Thornthwaite-Holzman

equation proposed in this study proved to be more

effective than the original form in estimating

evapotranspiration rates from a lysimeter and

evaporation rates from a Class A pan over short

periods.

The proposed model developed in this study will

work for all conditions of atmospheric stability,

but it approximates evapotranspiration from

lysimeter and pan evaporation best under unstable

atmospheric conditions.



APPENDICES



APPENDIX A

FORTRAN IV PROGRAM FOR DATA PROCESSING AND DATA CONVERSION'
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The following FORTRAN IV program was used to read the

analog, digitized data from paper tapes and convert it to

digital forms with appropriate engineering units by means

of specified calibration curves and/or functional relation-

ships. The program consisted of the main program GAWTHR;

subroutines PAUXCYBER, GETDAT and SMOOTH; and function FNR.

The main program in addition to converting the analog

data into useful digital numbers also computed certain

parameters such as water vapor flux, Richardson numbers and

stability functions based on the atmospheric profile data.

Subroutine PAUXCYBER was written by Mr. Lloyd Lerew

of the Department of Agricultural Engineering at Michigan

State University (46). This subroutine was called in the

main program to compute the moisture concentration in the

air from dry and wet-bulb temperatures.

Subroutine GETDAT read the converted digitized data

into common blocks. This subroutine also checked for bad

or missing data points during processing.

Subroutine SMOOTH used a binomial distribution procedure

(2), to smooth the data over 2 data points. The magnitude

of n could vary between 3 to 9.

Function FNR converted the wet and dry bulb air tempera-

tures from degrees Centigrade to degrees Fahrenheit for use

in subroutine PAUXCYBER.
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PROGRAM GAUTHR(OUTPUT.TAPE2=I182vRLPORToTAPEb=REPORT|TAPEIu

9REPDT2DTAPE7zREPRT2)

ANDERS G JOHANSON AUGUST 1980

FOR C1050 GHASEM ASRAR

T0 REA” ANALOG DIGITIZEO TAPE 0UTPUT(INPUT TO THIS PROGRAM)

AUG PRODUCE CUSTOM REPORT AND POSSIBLY CONVERTED DATA FILE OUTPUT

counon IRKESS/ PATH

COMMON /°RESET/ xMD.STAR

COMMJN /TnEDATA/ JDATEtz).JTTMET2T.CHDL(100).IE0F

COMMON /R£SULTS/NUIND.TEMP(10).HUH(5).UINDV(5)oEVAPF.SOILT(5)9PANT

DIMENSION IHTNDV(5)91TEMP(10)

o .HGT(5).RU(5)'EAERO(4).PSOILT(5)

'DTMEMSIDN PTEMP(10)9PUINDV(5)

DIHENSION IEPRX(6)

REAL KAT

DATA IERRX/Uv'O.‘000c‘0o~0/

DATA ITEMP /5.6.7.8.9.12.13.14.25o2él. NTEMP/lO/

DATA leuov /Too.1.2.3.20/. NUINUV /5/

DATA IEOF /0/.uTNDv/scogo.9/.s0TLT/5-99.90/.PsoILT/5:99.99/

DATA MLIHES /90/.HUM/Sfi999.0/.TEMP/10t999oql

DATA HGT /50..1oo..2no..qcc..qoo./

DATA XMO/9.9999/. STAR/H.5888/oIS“OOTH/1H /

DATA PATAnv/Sau99.9/.PTEMP/10.999.9/.PANT/99.99/

DATA PPANT/99.97/.EVAPF/999.9/.PEVAPF/999.9l

JDATE(1) : MDMTH. (2) : DAY

JTIHE (1) = HOUR. (2) : MINUTE

CHNL (I) CONTAINS VALUE FOR CHANNEL 1. 1:1.q9 1:0 As 100

IEOF : 1 HHLW END-FILE READ TTL THE» ZERO

INITIALIZE

CALL SYSTEMC(739IERRX)

NVALS 2 NUMBER OF POIUNTS TO USE IN SHOOTHING

NVALSZ 5

"PM"4 = 14.696

MUST [GNORE Oiitttltttttt

HHAT : 1.0

fi-O- FOR SPECIAL IOHIN AVG DATA FILE

IFOF = 1

N'I'ALS =4

ISMODTH = 2HNO

GO TO 890

100 CALI GETDAT

C

IF (IEOF.E0.1) 00 T0 900

PROCESS WIND VELOCITY

00 250 ' = I‘NUINDV

J = IUINUV (I)

IF (CHNL(J).LT.O) GO TO 230

IF (CHNL(J).GT.50) GO TO 220

VALUE 3 (CHNL(J) - (0.01 fi CHNL(J) - 2.27)) t 19.51 ~ 42.26

00 T0 240

) 50

220 VALUE = PHINUV (I)

GO TO 240

C < 0

230 VALUE 2 0

240 UINDV (I) = VALUE

250 CONTINUE

C EVAPORATION



90

C CHANNEL 11

E VAPO = ABS((CHNL(11) - (0.01 ' CHML(11) - 2.27))) i 0.35 - 0.08

PF 2 PEVAPF - EVAPO

C UIND DIRECTION CHANNELL 10

CHNL(10) = CHVLth) . 100.

IVALUE = 2HN .

IF (CHNL(10).LT.22.5 .ANo. CHNL(10).GT.-22.5) GO To 300

TVALUE = 2HNU |

IF (CHNL(10).LT.67.5 .AND. CHNL(10).GE.622.5) GO To 300

IVALUE = 2H0

IF (CHULTID).LT.102.5 .AND. CHNL(10).GE.+67.5) so To 300

IVALUE = 2Hsu

IF ICHALIIO).LT.157.5 .AND. CH~L(10).5E.+102.5) so To 300

IVALUE : ens

IF (CH1L(10).GE.157.S .OR. CHNL(10).LT.-157.5) Go To 300

[VALUE = 2HNE

IF (CHML(10).LE.-22.5 .AND. CHNL(10).GT.-67.5) GO TO 300

IVALUE : ZHE

IF (CHHL(10).LE.-67.S .AND. CHNL(10).GT.-102.5) so To 500

IVALUE : 2HSE .

NMINL : IVALUE ‘300

C TEMPERATURE

330

340

00 350 I = lvNTEMP

J = ITFWP(I)

IF (CHUL(J).LT.0) GO TO 350

IF (CHML(J).E0.STAR) GO TO 350

IF (A03(CHNL(J)).GE.2.99) GO TO 330

VALUE = -0.0951 0 26.0544 * CHNL(J) - 0.6801 I (CHNL(J)OCHNL(J))

GO TO 340

VALuE = ”TEMP(I)

TF"P(I) = VALUE

CONTINUE550

C HUMIDITY

450

N = NTEHP / 2

DD 450 I = ION

J I 2 ' I - 1

: FNR(TEMP(J))

HR = FNR(TEHP(J§I))

PV 2 PVOBUB(DH.UB)

HUH(I) = (HAPV(PV) I 0.001157) ‘ 1000000.

IF(LEGVAR(HUH(I)).NE.0)HUH(I) = 0.0

CONTINUE

C SOIL TEMP - CHANNELS 45 - 49

480

490

500

00 500 I=1u5

J=I . 44

IF(CHNL(J).LT.0)GO TO 480

IF(CHNL(J).E0.STAR)GO TO 480

IF(ARS(CHLL(J)).GE.2.99)GO TO 480

VALUE = -0.0951 9 26.0544 i CHNL(J) - 0.6801 ' (CHNL(J)'CHNL(J))

GO TO 490

VALUE 2 HSOILT(I)

SOILT(I) = VALUE

CONTINUE

C PAN TEWP CHANNEL 52

x1“

IF(CHUL(5?).LI.0)GO T0 510

IF(CHML'63).EQ.§TAR)GO TO 510

IF(\YSICWTL152)).GC.?.99)GO TO 510

VOL”: 2 -U.““H1 * 26.0544 t CHNL(52) - 0.0001 F

0(CIIL( 'I---FTL(5_))

5) VI W'd

I: In" -' ..I
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520 PANT = VALUE

C ABOVE READS RAH DATA

P
0

5 CONTINUE

ENTER HERE ”HEN READINGC PROCESSING SMOOTHED DATA

AS FOLLOWING PERFORMS ALL CALCULATIONS AND PRINTS RESULTS

F
I
O
O
F
)
O
U
I
O

RICHARDSON NUHBER

RT = 1

DO 550 I = 194

C 546 DELOH FOR ABS TENP

X1 : 1960. I ((TEHP(KI)*TEHP(KI02)) 6 596.)

DELI = TEMP(KI‘2) - TEMP(KI)

DELU 2 (UINDV(I91) - HINDV(I))

DELI = HGTIIOI) - HGT(I)

RN(I) = (XI'DELT/DELZ) / ((OELU'DELU)/(DELZ*DELZ))

KI = KI * 2

550 CONTINUE

 

C EAERO

KI = 1

DO 590 121.4

KI — K1 0 2

DELI = TEHPIKI+2) - TEMP(KI)

OCLU 7 (UINDV(IOI) - UINDV(1))

AYE = DELI / ALOG(HGT(IOl)/HGT(I))

BEE = DELU / ALOG(HGT(I‘I)/HGT(I))

TAVG = (TEMP(KI) * TEHP(KI*2)) / 2.0

IF (ASS(JEE).LT.0.00001) GO TO 560

ESS = (19.0-931.0-AVE) / (DEE-DEEITAVG)

IF (ESS.EO.C) GO TO 560

IF (ESS.GT.0) GO TO 535

SUHI ' SGRT(1.0-(ESS I HGT(161)))-I.0

3012 = SORI(1.0-(ESS * HGTII¢1)))+1.0

SUNS = SORT(1.0-(ESS 0 HGT(I)))-l.0

SUMA = SQRT(I.0-(ESS I HGT(1)))01.G

GO TO 550

555 CONTINUE

SUMI SORT(I.00(ESS HGTII¢1)))-1.0: .

SUHZ = SGRT(1.0*(ESS * HGI(I'1)))91.0

SUNS = SORT(I.0*(ESS ' HGT(1)))-l.0

SUN“ 2 SORT(1.00(ESS t HGTII)))01.0

559 CONTINUE

COEFF = ALOG(ABS((SUH1/SUM2) ' (SUMB/SUM4)))

IF (ESS.GT.0) COEFF = _

O 2.0 ' ALOG(ABS((SUH101.0)/(SUM5*1.0))) 9 COEFF

COEFF = 1.0 / COEFF

GO TO 570

560 COEFE = 1.0

570 DELO = HUH(I) - HUM(IOI)

C ADJUST FOR HUM-1000000

C OELO = DELQ / 1000000.

RHO = 0.0012

KAY = 0.41

EAERO(IZ=((RHO * (KAY-'2.0) * OELQ I DELU)/ALOG(HGT(I01)/HGT(I)))

* ' COEFF

00 T0 590

580 EAE°0(I) = 0.99999

C SET TO PHONY VALUE IF RN‘I) ILLEGAL

590 CONTINUE
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IF(ISMOOTH .NE. 1H )60 TO 605

C

C SET TO PREVIOUS VALUES

C

PEVAPF = EVAPO

DO 600 I = loNTEHP

600 PTEMP(I) = TEHPCI)

DO 601 I = IQNUINOV

601 PUINDV(I) = UINDVII)

PPANT=PANT

DO 602 1:195

PSOILTII) = SOILT(I)

602 CONTINUE

C URITE OUT CONVERTED DATA

c _

UPITEI202) JDATEoJTIHEoNUINOoTEHPoHUHoUINOVoEVAPFQSOILTQPANT

2 FORMAT(012.A2.10F5.105F10.305F6.19F6.2.5F6.20F6.3)

c .

C OUTPUT

605 IF(JDATE(2).NE.LOATE)NLINES=90

LOATE=JDATE(2)

C

IF (NLINES.LT.50) GO TO 650

NLINES = 0

URIIEI6¢20)ISHOOTH

20 FORMAT(1H19A10)

URITEI698)

8 FORWATt1X.”TI“E"912X9'TEHPERATURE”.32X9'ABSOLUIE HUMIDITY'DSSXQ

*"UIND SPEED")

URIIEIGDQ)

9 FORMAT(IBX."DEGREES C'930X9'GRAHS PER CUBIC CMt10-i6'929X.

+"C1 PER SEC")

URITE(6910)JDATE '

10 FORMAT(1X.12.1H/.I2.4X.'50 100 200 400 800'.10X.

0'50 100 200 400 800'96Xo

‘”50 100 200 400 800')

URITE(I..11)

11 FORMAT(1H 9132("-“))

URITE(6.19)

19 F!)|I‘1AT(1H )

URITE(7020)ISHOOTH

URITE(7.13) _ .

13 FORMAT¢6X."RICHAROSON NUMBER'.9X.'EVAPORATION".12X.”EAERO filoti6'

0918!. “SOIL TEMPERATURE".18X9'PAN'95X0'HINO')

URITEITQIQ)

14 FORMAT(9X."FOR INTERVALS'.33X.'FOR INTERVALS”.21X9"DEGREES C".

9 ?1X."TFMP".4X.“DIR")

URITE(7915)

15 FORMATI‘K."50-100 100-200 200-400 400-800".13X9

*"50‘100 100-200 200-400 400-800“05X0

O."5 10 20 40 80“.6X"OEG C")

URIIEI7916)

l6 FORMAT(1H 9132(”-"))

URITE(7018)

18 FORMATIIH )

C OOOBELOU TO ELIMINATE BAD DATA AT START OF A PARTICULAR TAPE

C "* DATE 6 TIME MUST CHANGE FOR EACH TAPE PROCESSED

650 IF (JDATE(1).EO.7 .ANO. JOATE(2).EO.24 .AND. JTIHE(1).EO.16

0 .AND. JTIMEIZ).LT.11) GO TO 655

NLINES 2 NLINES 0 1

URITEIhoh) JTIME.(TFMP(I).I=1.9.2).HHV.UINDV
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6 FDRHAT(1XQI291H:QIZoZQZXQSIFSoZQZX)91X95(F10o391X’91X.

*5IF5.IQ?X))

URITEI7917)(RN(I)9I2104)QEVAPFOEAERDQSOILTQPANTvNUIND

l7 FORMATI1X94F803QF80203X94F895g5F3o2g2X9F602g

o 3X9A2)

655 CONTINUE

IF (IEOF.E0.0) GO TO 100

C IoEo IF RAH DATA GO BACK AND READ NEXT RAU OBS

C ELSE SMOOTH NEXT DATA ELEMENT FIRST

890 CALL SMOOTH(NVALS)

IF (IEDFoEQoZ) GO TO 990

GO TO 525

C THEN GO TO CALC & PRINT ROUTINES

C

C HERE WHEN RAH DATA AT EOF

C

900 URITE(6.7)

URITEt7.7)

7 FURNAT(1H1)

ENCODE (10'9OIoISMO0TH) NVALS

901 FORMAT(8HSMO0THED.IZ)

NLTNES = 90

C RESET FOR PAGE HEADINGS TO START SHOOTHING

REUINO 2

REUIND 6

REUIND 7

63 TO 890

990 CONTINUE

IF (NVALS.GT.3) GO TO 995

RFUIND S

NVALS = 5

00 T0 000

995 CONTI”VJE

HPITFIGQ7)

UHITE(707)

END

SUHROUTINE GETDAT

C READS DIGITIZED DATA TAPE INTO COMMON BLOCK

CDMPON IPRESET/ XHDgSTAR

COMMON /THEDATA/ JDATE(2)9JTIHE(2)oCHNL(100)9IEOF

DIMENSION INI4)QIN2(5)QITIHEIZIQIDATEIZI

DATA IFIRST/O/ ‘ .

DATA TCT/O/oKCT/O/ '

DO 10 1': 10100

10 CHNL(I) = XMD

JDATE (I) = -1

KCT : KCT 0 1

C IF (KCT.GT.100) GO TO 900

IF (IFIRSToEQoI) GO TO 100.

IF (IFIRSToEQoZ) GO TO 900

IFIRST L 1

C ONLY FIRST TIME CALLED

C ELSE SKIP READ A3 DATA ALREADY IN

50 READ(IQI) IN

I FDRHATISRIOAB)

IF (EOF11)) 7909100

100 [CT 2 ICT + I

C IF (ICToCTo1000) GO TO 900

IF (INI1)050919C) GO TO 200

C IGNORE DATA LINES WITH SPACE AT BEGINNING
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C CHK TO MAKE SURE UE HAVE HR RECORD

K = IN(4).AND.77770000008

C ASSUMES 1 DIGIT MONTH

K : SHIFTIKv-IBI

IF (KoEQo2RHR) GO TO 55

PRINT SIOKCTQICTIIN

51 FORMAT(' BAD RECORO'oZISo' REC-'vSRloAa)

GO TO so . .

55 CONTINUE

c

c

C MUST BE TIME MDDHH:MMHR

C SET FOR 1 OIGIT MONTH ONLY

IDATE (1) = IN(1) - 338

IDATE (2) = (IN(2)-338)*10 9 (IN(3)-338)

DECODE(5910591N(4)) IN2

105 FORMAT(5PI)

' ITIME (I) = ((IN2II)-53B)*10) 0 (IN2(2)-338)

ITIME (2) = ((IN2(4)-338)t10) 0 (IN2(5)-338I

C ITIME(2) NE JTIME(2) CAUSES ALL 3 OBS FOR SAME TIME PER

C TO BE ACCEPTED AS ONE 083

IFIJDATE(1).NEo-loAND.ITIME(2).NE.JTIME(2))RETURN

JTIME(1) 2 ITIMEII)

JTIMEI2) = ITIMEIZ)

dDATEIl) = IDATE(1)

JDATEIZ) = IDATE(2)

GO TO 50

200 IF (JDATE(1).EQ.-1) GO TO 780

C CHANNFL DATA. CONVERT

ICHNL = (IN(2)-358)*10 9 (IN(3)-338)

IF (ICHNL.EQ.0) ICHNL = 100 V

IF (ICHNl.LT.l .OR. ICHNL.GT.100) GO TO 770

K : SHIFT¢IN(4)¢6).AND.77B '

IF (K.EO.1Rt) GO TO 290

IF (K.EO.lR-) GO TO 260

C POSITIVE VALUE

DECODE(S.245.IN(4)) VALUE

245 FORMATIF5.0)

GO TO 500

C NEGATIVE VALUE

260 DECOOE(6026191N(4)) VALUE

261 FORMAT(F6.0)

GO TO 500

290 VALUE = STAR

500 CHNL(ICHNL) = VALUE

GO TO 50

C

770 PRINT 771'KCTgICTvIN

771 FORMAT¢9160”0 ILLEGAL CHANNEL-'OSRIQAIO)

GO TO 50

780 PRINT THIQKCTQICTQIN

781 FORMATI2I6¢"1 N0 DATE YET-”c3RloA10)

GO TO 50

790 IFIRST : 2

C EOF HAS OCCURRED. SET IFIRST INDICATOR

C THEN CHECK IF ANY OATA PRESENT

IF (IDATEII).EO.-l) GO TO 900

C YES . SEND DATA BEFORE EOF INDICATON

RE TURN

C

900 1L0? ; 1
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RETURN

END

FUNCTION FNRIT)

C CONVERT FROM CEL TO FAREN REL

FN = 108 . T 0 320

FNR 2 FN . 459.67

RETURN .

END .

SUBROUTINE SMOOTHINVALS)

COMMON /THEDATA/JDATE(2)QJTIME(2)9CHNL(100)QIEOF

COMMON lRESULTS/NHINDoTEMPIIOIoHUMISIoHINDV(SIQEVAPFQSOILTISJQPANT

C REAL FLG ONLI TO FAKE COMPILER INTO NOT CONVERTING FROM REAL'INTEG

0
0
0
0

101

102

104

C ADD

0 Q

'
n
r
u
n
I
W
r
u
w

u
r
I
n
n
u
r
o

003

004

END

O
O
O
O
U
Q
O
O
O
H

REAL JDATEvJTIMEoNUIND

DIMENSION SMDATI7132)

DATA IFIRST/O/QISET/3/

FIRST TIME ONLY TO SET.BEGINNING ARRAY CONFIGURATION

TO BEGIN, READ THE FIRST RECORD OF DATA '

IF (NVALsoNE.10) GO TO 104

READIZoIOO) JDATEoJTIMEoNUINDoTEMPoHUMoUINDV9EVAPFQSOILTgPANT

IF (EOF(2)) 101.102

IEOF = 2

RETURN

CONTINUE

IFIIFIRST .NE. 0160 TO 4

IFIRST = 1

1 T0 ISET AS THIS VALUE‘GETS SHIFTED DOUN

ISET = ISET 9 1

READ(2¢130)(SMDAT(19J)9J=10321

FORMAT(4I29A2¢10F5.195F10.395F6o1gF6.496F6.1)

DUPLICATE THE FIRST OBSERVATION IN THE CORRECT NUMBER OF

LINES OF THE ARRAY *1 SO AS TO ALLOU THE MAIN LOOP T0

SHIFT AND READ ON THE FIRST PASS

DO 3 I=2.ISET

DO 2 J=lo32

SMDATIIoJ) = SMDAT(1vJ)

CONTINUE

CONTINUE

FILL THE REMAINING nous or THE ARRAY WITH THE NEXT

K = NVALS - ISET

IF (K.LE.0) GO TO 1004

ISET = ISET + l

READ (29100) (SMDATIISETQJ)9J=1932)

GO TO 1003 ‘

ISETs= (NVALSOII / 2

INITIALIZATION. BEGIN REGULAR PROCESSING

CONTINUE

MAIN LOOP BEGINS HERE

FIRST SHIFT 2v 4' OR 6 ROHS OF THE ARRAY

TO MAKE ROOM FOR A NEH OBSERVATION

NLINES : NVALS - 1

DO 6 IIIHJLINES
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DO 5 J=1o32

K=Iol

SHOAT(I.J) = SMDATIKUJ’

CONTINUE

CONTINUE

NOU READ IN THE NEXT OBSERVATION POINT

INTO THE CORRECT ROU OF THE ARRAY USING NVALS

CHECK FOR END OF FILE‘AT THIS POINT

REAOCZQIOO)(SMDATINVALSQJ)9J=1932D

IF(EOF(2) .NE. 0160 TO 25

THIS NEXT PART SMOOTHS THE DATA

IF(NVALS .EO. 5160 TO 10

IF(NVALS oEQ. 7160 TO 14

THIS IS FOR NVALS = 3

DO 7 J=6o32

SMDATIIQJ) = (0.25'SMDATI19J))§(0.5*SMDAT(2QJ1)0

* (0.25'SMDAT(30J))

CONTINUE

GO TO 17

NOU FOR NVALS = 5

CONTINUE

oo 11 J-s.32 f ,

SMOATIlod) = I0.0625asnoAI(1.JII+Io.25csnoAII2.J)Io

+ I0.375‘SMDATIScJ))+(0.25tSMDAT(4od))+

. (0.0625*SMDAT(SgJ))

CONTINUE

GO TO 17

LAST FOR NVALS = 7

CONTINUE

DO 15 J36032

SMDATIIQJ’ 2 (”-"‘--"".-.‘)§

9 ( )0

0 . .

o

15 CONTINUE

16 CONTINUE

CONTINUE

NOU MOVE THE DATE AND TIME INTO THE

FIRST ROU OF THE ARRAY UITH THE SMOOTHED VALUES

THE FIRST ROU IS USED AS IT IS SHIFTED OUT ON THE

NEXT PASS

DO 9 K2195

SHDATIIoK) = SMDAT(ISET9K)

CONTINUE

LAST. REPLACE THE SMOOTHED DATA IN THE

COMMON BLOCK ARRAYS AND RETURN TO THE MAIN
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C ROUTINE

C

DO 18 1:1.2

0 = I 0 2

JDATEII) = SHDAT(1.I)

JTIMEIII : SHDAT(1.J)

18 CONTINUE

NUIND = SMDAT11.51

EVAPF = SHOATI1.26)

PANT = SMDAT11.32)

DO 19 121.5

J = I 6 15

K = I o 20

L = I + 26

HUM(II = SMDAT(1.J)

HINDVII) = SMDATIIQK)

SOILTII) = SMDATI1.L)

19 CONTINUE

DO 20 I=1.10

J = I o 5

TFMPII) = SMOAT(1.J)

20 CONTINUE

RETURN

C

C LAST NVALS/7 POINTS ARE LOST AND NOT SMOOTHED

C IF THIS IS NOT DESIREooMUST CHANGE

C

25 IEOF = 2

RETURN

END

PROGRAM CNVRTITAPEI.TAPE2=/182.0UTPUT)

C AGJ 12/80 FOR 1050 GoA.

C TO CONVERT KEYED 10 MIN AVG DATA T0 PROGRAM FORMAT

DIMENSION IN(4).XN(27)

DATA ICT /0/

REUIND 1

PEUIND a

10 READ(101) INoXNoIUIND

1 FORMAT!11.1X912.1X.I2.1X012.1X.5(F5.2.F1.0).FS.2.4F6.2.F7.2/

.° FP.3.JF7.?OF50205F60POF60201X0A3’

IFIEDFIII) 99.20

20 ICT 2 ICT 0 1

DD 25 I 2 11915

25 XN(I) = XNII) I 3.0

IFIINI11.NE.0) GO TO 50

IN(1)=IMDN

1N1?) = IOAY

30 URITEIQQZ) INQIUIND'XN

2 FORMATI412.A2.10F5.1.5F10.3.5F6.1.F6.2.5F6.2.F6.3)

IDAY~= INIZ)

IMON = 1N(1)

GO TO 10

99 PRINT 100.1CT

100 FORMATI" RECS CONVERTED = “'16)

END





APPENDIX B

SMOOTHED AND AVERAGED FIELD DATA
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The raw data which were gathered over two-minute periods

during this field study were processed and smoothed by

computer into ten-minute mean values. The results are pre-

sented in Tables B-l to B-9 in the following pages. Each

table contains 32 columns which are printed on two separate

pages. The first column on the first page shows the sampling

time. The next five columns present the dry-bulb air tem-

peratures, expressed in degrees Centigrade and measured at

five different elevations above the ground surface. These

elevations are .5, l, 2, 4 and 8 m. Absolute humidities,

expressed in grams moisture per cubic centimeter of dry air

based on the measured dry and wet-bulb temperatures at five

elevations are presented in columns 6 to 10. Wind speeds

at five indicated elevations are given in columns 11 to 16.

Richardson numbers were computed for four different elevation

intervals based on measured dry air temperature and wind speeds.

Computed Richardson numbers are giVen in columns 17 to 20

starting on the second page of each table. The water loss

from the automated Class A pan is presented as millimeters

of water per ten minute period in column 21. Columns 22 to

25 of these tables show the computed water vapor flux based

on the modified version of Thornthwaite-Holzman equation for

four different elevation intervals. These fluxes have the

dimensions of gram per square centimeter per second. Soil
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temperatures were measured in degrees Centigrade and are

presented in columns 26 to 30. Column 31 shows the water

temperature for the Class A pan in degrees Centigrade.

Recorded wind directions are presented in the last column

of each table.
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APPENDIX C

INTEGRATION OF EQUATION [29]
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The integration of Equation [29] was performed by the

following steps. First, consider the case of an unstable

atmospheric condition. The exponent n in Equation [29] is

positive and the equation becomes

341- 1 , 1

32"Emfi ffiqefifi‘ -'-’--”“

Separating variables gives

aq = --53%23 - 2T1:q%§%rfpg . . . . . . . [02] i

Writing the partial differentials as total differentials

and integrating between the corresponding limits of ql to

q2 and Z1 to 22 we have

2

qum z{W ..[c31

The integration of the left—hand side is straightforward

and gives

Z2

dz C4]
z(1+|sz|)+3§ ' ' [

To integrate the right-hand side term we use formula 192.11

E

QI-qz = - aziza

of Dwight (22) and obtain

1’

_ _ E (1+322)2—1 (1+sz])%—1

qZ'Q1 ‘ pakzb { 1“ I (1+szz)%+1 ["1“] (1+szl)z+1 } ' ° [05]

for a=l and (1+SZ)>0.

According to logarithmic properties, Equation [C5] can be

rearranged as

E I/1+szz—1 V1+Szl+1 I } [C6]

qz-Q1 = - 5—‘2‘ { n I ‘ ' ' ' ' ‘

ak b «I:§2;+1 /EI§E§L1
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or

q _q = + E { n /1+szz:1_ /1+sz;+1 I} [07]

1 2 pakzb /I$§ZE+1 /Il§2f—1

From Equation [31] we have

= H2_:_21 = AU . . . . . . . . . . . . . , [C8] 

52 E2
1n(21) 1n(zl)

Substituting for b in Equation [C7] and solving for E gives

 E = pak2( ‘ )(U ‘U ) . «r_’""‘l . . . [c9]

Z2 1+822-1 V1+szl+1

1n(Zl) {lni/l+SZ2+1 ' 1+SZI' I}

Rewriting Equation [C9] by expressing the changes in humidity

and wind speed in finite difference notation results in

2= pak AgAU . f(S)
Z . . . . . [C10]

ln§%)
1

where

f(S) = 1 . . . . . . . . [011]

{1n|1li§22:1 . ili§§lill}

/I+322+l /1+SZ1-1

Equation [C10] and [Gil] are Equations [32] and [33],

respectively.

Second, we consider the stable atmospheric conditions

when n is negative and Equation [29] becomes

§3_=__ l . E

32 WWWWW[C12]

or

§3 - E . Slii§§ili§ . . . . . . . . 1 . [c131
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Separating the terms and writing the integrals as total

differentials we obtain

1i
E Z 1+SZ

{1:12dq=_m [leLHl dz ........[c14]

The solution of the left-hand side integral is the same as the

previous case. To integrate the right—hand side term, we

use Formula 194.11 of Dwight (22) and obtain

E 9a $5 Z dz
- =——2— 21+sz —1+sz +7r2

The solution of the integral term on the right—hand side

is the same as the one obtained for the unstable case.

Rearranging Equation [C15], substituting for b and solving

for E, we obtain

2

E=E§€fl.f(s)..................[c16]

lug?)

1

where

f(S): 1 -s[Cl7]
 

{2[(/1+SZz)—(/1+SZ1)]+lnl_____']'+SZ7——]’ .____’1+SZ1+1|}

/1+szl+1 W4

and the function needed in Equations [32] and [34].



 

APPENDIX D

ILLUSTRATIVE EXAMPLES FOR COMPUTING EVAPORATION

RATES FROM EQUATIONS [32] and [35]
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The following examples illustrate computational

procedures used in calculating evaporation rates from

TH and MTH equations under the same atmospheric conditions.

Both stable and unstable atmospheric conditions are con-

sidered.

First, we consider a case of stable atmospheric

conditions. For this case we use data obtained for the

50 and lOO-cm elevations at 1930 hr on July 24, 1980 (see

Table B-l). To evaluate the parameter S from Equation [28],

we must first compute 5 and B from Equations [30] and [31].

 

 

Thus,

AT Tz—Tl 290.6—290.5
_ = = = + .

a = hail) mil) 1:16—00) 0 14
21 21 50

—- = AU = UZ—Ul = 120.2—117.5 2
b lncgl) lncéZ) lncigg +3.90

21 21 50

Tavg. = TJZ+T2 = 290.6:290.5 = 290.55

Assuming a value of 18 for B, (52), 981 cm sec"2 for g and

compute S to find

8 = %§% _ (18)(981)(0.14) = +0.56

‘ (3.9)(3.9)(29o.55)

For this value of S and from Equation [34] we find f(S) to

be 0.225.
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To evaluate the evaporation rate from Equation [35],

the TH equation, assume a value of 0.41 for k, 0.0012 g cm-3

for 0a and Table data for q, U and Z to get

E = pakZAgAU

[mg—>12
1

= pak2(q]-gz) (Uz-U1)

[huge]?-
1

(O.41)(0.4l)(0.12)(2.7)

[la—13370)?

= 1.13 x 10_'+ g CID—2 sec 1

 

= 1.13 x 10—L’ cm sec-1

Since all data are based on 10 minute intervals, we multiply

by 6000 (600 sec equal 10 min and 10 mm equal 1 cm) to obtain

0.068mm/10 min. Then the corresponding evaporation rate

from MTH was computed according to Equation [32] as

= ———9—pak2é‘AU . f(S)

[ln(§f)]

_ (0.4l)(0.4l)(0.12)(2.70)

— 100 . (0.225)

In (E)

= 0.177 X 10‘” g (:m—2 sec—1

: 0.177 x 10'” cm sec-1

= 0.0llmm/10 min

A similar procedure is used to compute the evaporation

rates from these equations under unstable atmospheric condi-

tions. For this case, we consider the data obtained for the

50 and lOO-cm elevations at 1650 hr on July 25, 1980 (see
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Table B-2). The a, b and S parameters for this date are

-0.29, 29.58 and —0.02, respectively. Using the value

calculated for S and Equation [33], we find f(S) to be 0.448.

The next step is to compute evaporation rates from

Equations [32] and [35]. The computed rates according to

these equations are 0.002 and 0.005mm/10 min, respectively.
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