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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: (1) 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 froma lysimeter 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.
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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 (8l1). 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
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 (81l). 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
+11% of the average mean evapotranspiration from the same
crop at the same location. Hence, the error of *11% 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 (l14), 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; (1) 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). 1In 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). Micrometeorological 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,
micrometeorological 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. 1In 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. 1In 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

i‘1=—3—(1<x3‘1)+%(xy%3)+i(1< 8qy . ... (1]

9x 9z Z 3z

12
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where g 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 g is assumed to be a
function of x, y, z and t, the total differential can be

represented by

dq _ 3g 3q 99 99
qt = 5t + u Syt v 5y twat [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

99 _ 9 2q
3z (K (3]

at zaz . . . . - . . . . . . . .

Integrating Equation [3] from 0 to Z gives

239 4, - E ayq
/ 5t dz » + K, Sa Tt . [4]

where E/p, is the integration constant proportional to water
vapor flux (E) divided by density of air (p,) at the surface
(6). The quantity of 3q/3t 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

aq

E = -paKZ Nz t ot

[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

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 Zo 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=0.41), and Uy is the
friction velocity which represents the characteristic velocity
in a turbulent boundary layer. The magnitude of Ui is
determined by

u*=[—é~)%..............[71

where 1t 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. p,is the
density of air. Based on the assumption of constancy of
shear stress with height, we can define

3
(.E‘[:)=Km£."...'.....[8]

where K is the transport coefficient for the momentum and
frequently known as eddy diffusivity. Combining Equations [6],
[7] and [8] yields
Kp=kUx (2-d) . . .. . ... ... .1[9]

The effect of aerodynamic roughness on turbulent transfer of
moisture and energy from vegetative surfaces is an important
factor in evapotranspiration. 1In 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. 1In

gradient form it appears as

)

- 8 t9z7
Re=E 22 Lo

(535)

where g is the.acceleration due to gravity, T-temperature,
dT/o Z-temperature gradient and 3U/3Z-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, 3T/3Z negative), the profile of wind, humidity and
temperature remain similar and ratio of Kh/Km, Kw/Km, hence
Kh/Kw remain constant (unity) for Ri ranging from 0.0 to -0.1 (99).

However, for very unstable conditions, Ri is quite dependent
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on the wind profile, i.e., Ri is less than -0.1 as 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, 3T/3Z
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.

very very
unstable unstable neutral stable stable

3T . 3 3T _ 3T . T
37 is negative 5= =10 57 is positive
1
1
1
Kp 1 Kp K
—= > 1.0 I === 70 h
Km ;o P < 1.0
K K
Kn . S bt o8
>
1.0 =
Ky ' ! Ky
1
1
1
1
“— -0.1 0.0 +0.1] —m8M8M8Mm

Ri
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Under conditions of very strong stability, it has been

suggested that turbulence changes character to gravity

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

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

Ri 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 2z=0

R S 2 4 R b1 1

where 1 is the mixing length, 2, is the roughness coefficient

o
and k is the non-dimensional VonKarman constant (k=0.41). 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)™k + + + + + + + -« [12]
where Kp is a function of Ri and B=9. The equivalent form of
this expression proposed by Holzman (40) for unstable cases
is

Kp = kUaZ (1=BRIY A% 2 & oo &8 w0 [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

Ko = kUxZ (1+BRi)~% « « « - . . . . [14]
The equivalent KEYPS equation for an unstable condition is

Kp = kUxZ (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
Ky = kU« (4B[RiD)*D . . . . L. .. [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
(%) 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 Ri from -1.0 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
3
E ==paKpia « « « v« v oo oo . [17]

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

as
_ E
z paKm

|2

v e e e e e e .. (18]

(o34

Substituting for K, from Equation [16] into Equation [18]
gives

_ E
3z pakU,Z (1+B[Ri[) %D

L;)

N N

From Equations [7] and [8] we have

e e e e e e e e e e e e e e [20]

2l
|
T

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

Q

u _ Ux
Z -kZ(1+BlRil)in e o s s e e o o e [21]

Then substituting for Ux in Equation [19], its equi&alence

from Equation [21], we get

99 _ _ E
9z p k?z2(1+B|Ri|)*2n

—

. [22]

[e%]
c

(s3]
N
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or by introducing the definition of Ri as given in
Equation [10] we obtain

39 Ll L, (23]
3z~ T p K7Z

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

A ol (T A B 3 RL P )
3z zZ

and
A1 GRS e SRR S A S IR U i SR 1 L
3z Z

Substituting these relations into Equation [23] gives

L RN (Y . [26]
3z pakZZb
(1+|B8 . 2
T

or

(L TR NS L S IO

3z % T z(aHsz])Fen (271
where

Sl BRI g 5 £ oAl SN S e R e ! e et 11281

b2T

The variable S from hereon is referred to as a stability
parameter. Selecting % for n according to KEYPS, Equation [27]

becomes

CL R (R Ie AR S tE S AN 11 )
iz pak%b 72 (1+[sz2])#
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Integrating Equations [24] and [25] and expressing the changes
of temperature and wind-speed in finite difference notation,

we obtain

=_TL§L= A?L? Sdie o Skt e 130]
mE)  wE)
and
b=L;UL= A; TR SN 3 |
W) )

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

procedure, substituting for b and solving for E we have

o_k2AqAU
E=a—h*-f(s)........[32]
(&)
where
£(8) = 1 @ 3370

V145251 /1+sz,+1|

1n|
VI4SZ41 /145Z;-1

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

n positive), and

£(5) = 1 .. [34)

[2(/1¥52; - /T952;) + 1n|¥Sacl | JLES2041 ),
VI¥SZ1+1  /1+8Z,-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
0ak?AqAU
B e B e R S e o e B35
[ln(%]]2
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 1. 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
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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, 1l 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. 1In the hot, less humid and
windy periods, tensiometers were read at the end of each day.
Five composite, disturbed =oil 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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H
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, 40 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. 1Its 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 = ALY S Sain S e ds gt g 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 -13-250UW-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 1 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 (Eg), bridge supply voltage (V),

strain (e), gage factor (GF), and percent resistance change

in the gages for a four active arm bridge is

_V (ZIAR) , EAR, . IRy | IR
oy = 7 (5, e nse Tarpe irme ) . .. 136]
or
BEg = (S0:GE) B o oot 7]

Equation [3] can be rearranged and expressed as
T S S T SR E R - |

where e = Sp=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(Ep)

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 0.034 mm

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 10-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 +180 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™1), 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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Reservoir I

b

()

D Plexiglass Tubing

Bakelite Radiation Shielding

1 Wet Bulb Thermocouple
2 Dry Bulb Thermocouple
3 Wick

4 Adjustable Water Level
5 Support Screw

Cross sectional (a), and close-up (b) views of a

psychrometer unit.
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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 Psy;ﬂrometric 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 1. 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 greéter 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

43
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recorded for soybeans earlier in the growing season, July 25,
1980. 1In 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 1
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
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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-1 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

Date Measurements Regression Equation r?
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=-0.2716+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=0.1760+0.0101X 0.9016
@
X = time, min.

[
I

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 r? 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. 1In 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-1
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 gquantities 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