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INTROBUCT ION

Research irn the physics of evaporation and transpiration has been
the subject of interest to a large number of scienticsts, but especialiy
to those of us concerned with the frequent drought preoblems in the

\
Great Plains Region. Within the last few years the fallacious idea that
water is an inexhausiible free commodity has been disspelled and replaced b
the realization that gocd water is an important natural rescurce that
must be properly managed and conserved in order to assure adequate
amounts in the future.

Abouvt 70% of the water that falls on the Continental United States
is utilized, not as most of us would expect, by drainage intc our vast
rivers and lakes, but by direct evaporation from our soil surface or by
transpiration from plants. It is estimated that three thousand billion
gallons of water per day are returned to the atmosphere irom the soil
and plants in the United States (Conaway and Van Bavel, 1967).

As weather modification and water management become more practical
in the Great Plains Region, it is going to be more and more important
and necessary for us to be able to predict rapidly and accurately tie
wéter, nutritional, and thermal properties of soil and plants.

Presently the only feasible methods for determining the phyeical
conditions of soils and plants require ground truth observations.
Determining the conditioas over a large area is difficult if not

impossible without large numbers of people and equipment utilizing much

tine and expense.



With recent developments and improvements in aircraft and satellite
capabilities, it is now possible to view remote sensing imagery taken from
many different spectral passbands, representing large land areas. In
order for imagery to be of practial importance, adequate information for
analyzing and interpreting the imagery is necessary. During the growing
season radiation in the infrared spectrum does not penetrate dgeply into
a crop canopy, therefore, imagery in this spectral’passband is imagery
of the crop canopy. To properly interpret canopy imagery, knowledge of
the interaction between the crop and its environment must be known. I
assert that the status of crop transpiration rate and viability, which are
closely associated with soil water, nutrition, and meteorological conditions,
can be determined as a function of the deviaticn of the crop canopy
temperature from the ambient air temperature.

In order to determine the manner in which the crop canopy temperature
responds to meteorological conditions, a study was initiated with the
following objectives:

1. Evaluate the departure of surface temperature from ambient

temperature for various soil, plant, and weather conditions.

2, Test the applications of surface temperature-evapotranspiration

equations against other well-known evapotranspiraticn equations.

3. Develop a reiiable evapotranspiration equation based on the

temperature of the evaporating surface.



LITERATURE REVIEW .

For many vesrs tha study of evaporation from the soil surface and
transpiration thrcugh the plant canopy has been the subject of interest
to researchers ceoncerned with meisture utilization and conservation,
and several equations purporting to predict evapotranspiration have
been developed. These equations can be classified into five types,
each representing a different approach. A brief description of each
type will follow.

The first type equation is based upon mass transport of heat zand

water, Dzlton's type equation can be expresscd as folicws (Slatver et.

v

ET = f£((ESC - ER),WSPD) (@)
where
, o
£l = evapotranspiration (gm cal ¢cm © min = gm )
ESC = saturation vapor pressure at the surface (mb)
8B = actual vapor pressuve at height ZB above the surfoce {mb)

WSPD = wind speed function.

The second type of eguation is the Aerodynamic approach. The
bacis for the cerodypnamic method is the idea that the flux of heat and
water vapor opesate by similar mechanisws of trarnsfer. The following

two egquatlions express this idea:

J » ‘ ' > dl‘ {72

TLH = - {DEAIR) {SPHT) {(K®) Y (23
where

FLH = fiux of sensibtle heat



DEAIR = density of air (gm / cmj)

SPHT = epecific heat of air (cal gmmlchhl)

KH = eddy diffusivity or transfer coefficient for heat

g% = partial of temperature with respect to height.

FLW = -(DEAIR) (RV) 3—;1 : (3>
where

FLW = filux of water vapor

KV = eddy diffusivity or transfer coefficient for water vapor

g% = partial of specific humidity with respect to height,

The third type is the Energy Budget method. This method is based on
the equation:
RNET = RSOL - ROUT = SFLX + AELX + M + ET + P (4)
where
RNET = net radiation (all units gm cal cm_2 min“l gm-l)
RSOL = incoming radiation
ROUT = cutgoing radiation
SFI.LX = s0il heat flux
AFLX = zir heat flux
M = miscellaneous term
ET = evapotranspiration
P = photosynthesis.
Since P and M terms are usually less than the experimental error
obtaiped in the measurement of the other major parameters, they cap be

left out without any servious error (Roscuberg et. al., 1968). This

gives



RNET = SFLX + AFLX + ET. (5)
Bowen (1926) postulated that the heat flux into the soil was
absorbing only a small fraction of the net radiation. He combined this
idea with the aerodynamic approach to give:
de

ET = FLW = -(DEAIR) (KV) (L) (WMOL) dZ (6)

where
_ 3 b,
L = latent heat of vaporization (cal gm = C 7)

PR = atmospheric pressure (mb)

de
dz partial vapor pressure with respect to height.

This equation differs from equation (3) in that it uses vapor

pressure rather than specific humidity.

AFLX = FLH = -(DEAIR) (SPHT) (KH) %% (7)
AFLX _ FLH _ (PR) (SPHT) (T)
B = ET FLW (L) (WMOL) (q) (8)
where
B = Bowen ratio
T = temperature gradient
q = vapor pressure gradient.

Combining equations (8) and (6) we get

RNET - SFLX
ET = 1+ 3B 9)

The fourth type is the bookkeeping method. This method takes
the form of a balance sheet. Total water into the system is determined
by addition of precipitation and irrigation. Total water out of the
system is determined by the addition of surfacg runoff, tile drainage
and ET. Deep percolation nas usually been assumed to be negligible,

but recent studies have indicated that this assumption may be erroneous



(LaRue et. al., 1968).

The fifth type to be considered is the combination of two or more
of the first four methods. The objective of the cowbination method is
to utilize the most valuable parts of other methods in order to oktain an
improved equation. Two of the combination equations that I consider of
importance are Van BEavel's Equation and Bartheolic's Equation. Van Bavel
(1966) combined surface energy balance, water wvapor transfer and
sensible heat transfer from the aerodynamic approach to obtainm the

following:

(SEVT) (HENG) + (LA) (TFC) (EVAD)
SEBT + 1

(10)

ETVB
where

LTVE = potential evapotranspiration by Vam Bavel (gm cal
-2 mi =jil. —l)

cm nin 7 gm
SEVT = slope of the saturation vapor pressure curve (mb/°C)

divided by the psychrometric cénstant (0.65 mb/OC)
HENG = the sum of the energy imputs exclusive of sensible

. -] x|
heat and evapotranspiration {gm cal cm 2 min > gm )

LA = latent heat of vaporization constant (586 cal/gm)

TFC = turbulent tramsfer coefficient that accounts for wind
. . -2 -1 -1
in the equation (gm ecm © min = mb ™)

EVAD = saturation vapor pressure deficit of the atmosphere
above the crop surface (mb).

Bartholic (1970) derived a combination equation for potential
evapotranspiration using essentially an ecergy balance approach and a

modified Bowen ratic in which the actual surface temperature was Used.
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RFRI + SFLX (11)

ETBA =
(TDBE - TSF)/(ESB - ESC)
where
ETBA = potential evapotranspiration by Barthclic (gm cal
em™? min! gmml)
RFRI = pet radiation from Fritechen net radiometer (gm cal
=) =3 =)
en”? min™? gm l) .
. ~2 . - -1
SFLX = soil heat flux (gm c¢al ecm “~ min = gm )
TDBB = temperature dry bulb above the surface 43
TSI = surface temperature (OC)

ESB = saturation vapor pressure at tecmperature TDBA (mb)
ESC = saturation vapoer pressure at temperature TSF (mb).

In evapotranspiraticn research in recent years, a great amount of
work has been done estimating evapotranspiration for specific small
microclimates. The idea of point evapotranspiratiom has overshadowad
the concept of regional evapotranspiration. Morton (1969) developed an
interesting regicnal potential evapotranspiratien concept. le states
that many conditions are the result ot the dynamic moisture supply
within a region as opposed to moisture conditions of a region being the
result of the atmospheric climatclogy. This argument relating cause
and effect may scund trival and would probably be considered a waste of
time but for the consequences that this reversal of thinking brings out.
It leads tc a very healthy and important conrribution te the definition
of potential evapotranspiratiocn.

Morton {1969) defines potential evaporation as evaporation from a

continuously moist surface which is subjected to regional radiation



absorption, vapof transfer, and heat transfer characteristics. It
comprises an area so small that the transfer of heat and water vapor
have no significant effect on the evaporability of the overpassing air.

This definition is in disagreement with the idea that potential
evaporation is evaporation that would occur from a continuously moist
infinite surface. Based on this idea, the evaporability of the air
would decrease as the air passes over the surface and the air's vapér
pressure is increased. This idea is further complicated in that potential
evaporation is usually measured with a lysimeter, which is far too small
to meet the specifications of the definition.

In evapotranspiration research the plant is the principal vehicle
for the transpiraticn of water. I assert that insufficient attention is
given to the plant by scientists working on the physical aspects of
evapotranspiration and even less attention is given to the phyeical
environment by scientists working on the physiological aspects.

It is a fairly well understood principle that plant roots rarely
meet the transpirational demand upon the plant during periods of the day
with high incoming energy. However, they usually recover fully at
night (Gardner, 1960). This becomes much more significant when we
realize that a plant may transpire two to five times its own water
holding capacity in a single day (Millington, 1970). The plant-soil
system is a dynamic system which seldom reaches a stable equilibrium.
The soil is a moisture sink and the plant acts as a pump attempting to
drain the sink in respcnse to atmespheric demand.

Water moves from the plant roots to the transpiring leaves along

pressure gradients which are referred to as gradients of diffusion



deficit., With an increase in evaporative demand, there is also a rise
in the diffusion pressure deficit which causes a decrease in turgor
pressure but an increase in water absorption pressure at the root. The
decrease in turgor pressure is evident by a decrease in leaf water
potential. These pressure decreases result in a decrease in the
permeability of the plant to water flow. Consequentiy, there is a
reduction in the rate of transpiration (Denmead et. al., 1962).

Monteith (1965) discussed the effect of different weather
parameters upon the evapotranspiration of a crop surface. lle stated
that, assuming leaf resistance to water flow remains constant,
evaporation increases (1) linearly with radiatiom, (2) linearly with
saturation vapor pressure (3) with temperature,if radiation ard
saturaticn vapor pressure deficit remain constant (along the slope of
the saturation vapor pressure curve implied but not actuazliy statead),
and (4) with convective forces as a function of changes in surface
tenperature and rate of exchange. If the heat supply is positive, an
increase in wind speed decreases leaf temperature. Cooliug of the leat
tende to decrease losses of sensible and latent heat but this effect is
compensated for by an increase in the rate of exchange. When the rate
of exchange more than compensates for the decrease in temperature, the
loss of sensible heat is increased at the expense of latent heat end
transpiration rates decrease with an increase in wind speed

Dennead and Shaw (1962) reported that under conditions of a high
atmospheric potential evapotranspiration rate, the actual transpiration
rate may be well below the potential rate even if the soil water content

is above what is considered to be an ample supply. Under periods of low
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potential evapotranspiration, the actual evapotranspiration may equal
the potential evapotranspiration rate even though soil moisture is
limiting.

Idso et. al., (1966) reported that different plant species vary
greatly in their reflecting and absorbing properties. Not only are
the spectral properties of the canopy of various_crobs different, but
the stage of growth for many species has a great deal of influence on
how their spectral properties behave. For example, an increase in
the rate of chlorophyll development has been related to a decrease in
reflective properties,

One of the major limiting factors in the study of the physical
sepects of evapotranspiration has been the inability to make an
accurate measurement of the actual canopy temperature of the crop being
studied. Recent availability of the radiation thewrmometer has made
possible accurate determinations of canopy temperatures. By using a
bandpass outside the principal water vapor and carbon dioxide emission
bands, it is possible to view a selected surface area and to determine
its temperzture remotely and accurately., Tigure 2.1 shows emissive
properties of air at different wave bands.

The determination of temperature is based upon the Stephan-
Boltzicann electromagnetic radiation equation that will be discussed later.

Fuchs and Tauaner (1966) and Conaway and Van Bavel (1967) have
indicaved that accuracies of i_O.ZOC way be obtained if the emitctance
of the surface under study is kanown.

There has been controversy over the accuracy obtaired 1f the

ewisgivity of the plant is assumed to be cne, There have becen arguments



ABSORPTION

WAVELENGTH (MICRONS)
=7 B8 1. 992 OO
=2 J
W FTIDETAE T |
D= Ll J Ur 2ag 2 CH
5 bl et ) A e
uJu—lJ | |
&)
ey O
‘.’ 0 \ JL g
I 2 l ”\\
e |
E‘:O J_A/A/
g I
@D) \ '
EJIO f\f\/.\j\\z/' U H\J H20
I L M ‘I g
|
0 /\J\A \J L\j Aot M
@.] lO 30
WAV E LENG.H \MICRO'\:o)
Figure 2.1. Absorption spectra for H,0, CO,, 0y, NyO, Chg, and the atmosphere

from Fleagle et. al. (19%

1T



12

by Monteith andlsgeicz (1962), and Gates (1963) that the error due to
not correcting for emissivities would only amount to 0.2°C. However,
Fuchs and Tanner {(19€6) have pointed out that 1f the thermal radiation
from theisky and surroundings were W/mz, corresponding to an apparent
temperature of - 4°C, and if the real surface temperature were ZSOC, the
change in emissivity from 0.95 to 0.98 would cause a measurement error
of 2.27C! '

The ability to determine plant canopy temperature with the
radiation thermometer has opened up new avenues of plant enviroument
research. /

Horton et. al. (1970) reported that the temperature depression,
TSF-TDBB, when TSF is the canopy temperature of cotton and TDRBR is air
temperature at height ZB above the crop canopy, ceculd reach 3° co 4%
under non-irrigated semi-arid conditions, and could easily be 1 Eod 50
for well watered irrigated plants. They inferred that these differeaces
were due primarily to differences in plant water stress. They aiso
concluded that plant canopy resistance increases with increasing soil
water deficits, assuming similar atmospheric coanditions.

In order to know how radiation can be utilized in the determination
of canopy temperature, it is first necessary to have an understanding of
radiation. Radiation that is of importance to us scans the spectrum of

8 . . o -
microns, from comnunications radiation to

- 10 . o

from 10 micrens to 10

cosmic ray radiaition. This spectrum can be seen in Figure 2.2,
fundamental radiation laws are importani to the understanding of

radiation thermometry.

Some of the basic units and conversions of radiation plivsics vsed



Cosmic-rayv photons

- Gamma
roys
s ><.-..

e Q}’S

Ut~

——V\i0let
radiation —
zNisibloZ iahl 27 e
: 4
A f e o0 A N e SR S
—— radiation
—-Microwaves, Radar
rﬂkﬂevhﬂon,Fﬂw Radio
Short-wave
ey ~
A M RadiQ ~———-

—NMaritime
conwwum”ohér

269615 .
SOUTH DAXYOTA STATE UNIVERSITY

1
10
104

107

LIBRARY

a3

- =
Ml .

oo
¢} g
micye

to 10

micrens

iC



in this paper are:

1 gm cal ok b gm_1 = 4.19x10~7 erg em™2 min~l =

6.97x10"2 watu/cmzz 1 A(angstrom) = 10‘-1 mu(millimicron) =

'10”4 u(micron) = e 10-10 m

The most important law in thermal radiometry is the Stefan-
Boltzmann Law for a black body (Shortley et. al., 1958)
W= sT4

where

W = emissive power or energy (watt/mz)

s = a universal constant (5.669 x 10“8 watt m2 0k-a)

T absolute temperature (OK).

For the general case the Stefan-Boltzmann law becomes

4
Wl- esT

where
e = emissivity.

Kirchhoff's law states:

e = £(1T)

a

a = absorbtivity

1 = wave length (m)

For a black body

e=a=1

and p = t= o

where
p = reflectivity -
’t = transmittance. ‘

14

(12)

(13)

(14)

(15)

(16)
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The next important equation is Planck's Equation for the shape of

the wavelength versus energy curve

...9 2
I 2n(10 ) (h)(c )
1” Cexpl () (€) /(1) (R) (T) 1-1)

W

1 (17)

where

=) s
wl = epergy in Watt m mu .

C = speed of light (2.99793 x 10° m/sec)

1

]

K = Boltzman's constant (1.3804 x‘lO—z3 joule / oK)

h

i

Planck's constant (6.625 x 10-34 joule sec).

From Planck's displacement law we see that f(1T) vanishes as
1 approaches o and when 1 = 0.

Wien's Displacement Law is essential in the determination of

maximum emittance as a function of wave length (Sulton, 1953)

lmax T = 2940 (18
where

1max = maximum enecrgy wave length of emittance at temperature T.

From this equation we can determine the wave length at which the

. maximum energy intensity can be found. From Figure 2.5, which is a
graphic representativn of Planck's black body function for the sum's
absolute temperature aud the earth's absolute temperature, we can see
that the sun emits its maximum enargy intensity at about 0.5u and almost
all of tle radiation from the sun falls between G.15u and 4.0u, The
earth, with a temperature of about 3000K, has its maximum intensity
emitting wave length at about 1Cu with practical limits of 'output between

3u and 80u.
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As mentioned earlier, Figure 2.1 shows absorption properties of
different wavelength bands of radiation. In order to be able to
measure gbsolute temperatures using the Stephan-Boltzmann Lquaticn we must
find a '"window'" in the atmosphere. A window is defined as a range of
wave length in which little radiation 1s absorbed by the atmosphere.

After studying Figure 2.1, it becomes apparent'that twc nearly
transparent windows exist, one between 0.3u and @.8u and one from 8u
to l2u. Because of the intensity of terrestrial radiation as discussed
earlier, the 0.3u to 0.8u range is comnsidered to be of questional value
(Rese 1965). Therefore, the 8u to 12u range is considered to be the
most accurate range for determinaticn of surface temperature because

of its low absorption and high intensity.
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INSTRUMENTATION, MATERIALS AND METHODS

Canopy Temperature

Canopy temperature was determined with a Barnes Infrared
Thermometer (radiometer) Model IT--3. The Barnes radiometer is functional
for determination of temperatures from -45°C. to 204 °C. It measures the
spectral passband from 8 to 14 microns.

The Barnes radiometer was mounted on a trolley as shown in
Figure 3.2 and 3.3, which was positioned 3 meters above the ground
surface. The trolley traversed a span of 7 meters in a time period
of 13.5 minutes, which is a speed of 0.52 meters per minute. Styrofoam
insulation was placed over the signal preamplifier and the sensing
head in oxder to insure that no error was obtained from instrument
heating as discuésed by Jackson and Idso (1969). Calibration was
obtained by using an aluminum plate painted with Paréons Black paintc,
and embedded thermocouples. The plate was placed at a height of one
meter above the soil surface and located over a sorghum row. In this
manner, it served as a point for calibration and for reference. Plate
temperatures were recorded every ten minutes throughout the duration of
the experiment, thus insuring accuracy of the Barnes radiometer and its
proper calibration. The calibration curve can be found in Figure 3.4.

Emissivites were determined with a black box as has been described
by Buettner and Kein (1965). The box used in this study is shown in
Figure 3.5. The box used was square with an open bottom. The four
vertical interior sides vere covered with mirrors. The top consisted

of two layers. The first layer was 0.64 cm aluminun plate painted on



Figure 3.1.

Sargent recorder model MR.
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Figure 3.3. Darnes radiometer and scannev in operation.
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Figure 3.5. Emissivity box in open position.
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top and bottom with Parsons Black paint. Embedded into the aluminum
plate were two thermocouples. In the middle of the plate there was a
hole large enough to accommodate the Barnes radiometer head. The

" layer beneath the aluminum plate coansisted of two mirrors, each covering
half of the box. There was a semicircle cut intc the side of each mirror
so that when they were joined in the middle_they formed a hole the same
gize as the hole in the aluminum plate. When the top mirrors were
pulledvout as they are in Figure 3.5, the surface viewed by the radiometer
was similar to the view as seen without the box. When the mirrors were
pushed in, the chamber was essentially a perfect reflector and the
radiometer viewed the surface as a black body. Calculated emissivites
for the calibrator plate and the plant canopy were found to be within

.01 of each other. Therefore, the calibration regression was alrcady

correcting for emissivites.

Humidity

The humidity data used in this thesis has not been recorded as
humidity data in tabular form, but has been used in the various
equations for the determination of evapotranspiration iﬁ which humidity
parameters are reguired.

Humidity was determined with Honeywell SSP129 Dew Probe sensors.
The dew probe is an electrically heated self regulating dew point
hygrometer. It consists of two wire electrodes wound around a cloth
sleeve which is impregnated with lithium chloride. The lithium chloride

absorbs moisture causing the impregnated cloth to become a conductor

-
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which results in electrode heating. This causes evaporation until an
equilibrium point is obtained. The equilibrium temperature is

wonitored by means of a thermocouple inside the cloth sleeve. This
temperature is porportional to tlie dew point temperature. Aspiration
ever the probe was provided in order to assure proper sampling. Humidity
equipment was calibrated with two Bendix mercury thermometer wet and

dry bulb psychrometers.

Radiation

Short wave or solar radiation from the sun has a predominant
wavelength from 0.3 to 3 microns. Roughly half of this radiation falls
within the visible spectrum, 0.4 to Q.7 microns. This is distinguished
from emitted long wave radiation which is greater than 3 microns in
wavelengih (Rose, 1960). Solar radiation was determined with an Eppley
180° pyrlheiljometer. It consists of thermal junctions placed in two
rings. The inner ring is blackened with Parsons Black and the outer
ring is smoked with white magnesium oxide. These two surfaces provide a
temperature difference which generates an output preoportional to the
incident radiation. A hermeticslly sealed glass bulb limits the response
to the wavelengths greater than (.3 and less than 3.5 microms.

Outgeing radiation was measured with a Kipp Model G1l8 solarimeter.
The sensing element consists of two blackened junctions. The cold
junction is in thermal countact with the brass case. The thernopile is

covered with two concenftric glass hemispherical domes. The response of

e
(9]
Sde

th astrument is also limited to 0.3 to 3.5 micrens. (Platt and

Net radiation was recorded with a Fritschen minature net radicmeter.
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The radicmeter output is a tcmperature compensated thermal transducer.
The transducer is bullt with a 22 junction thermopile and a compensating
thermistor embedded in epoxy resin. The thermopile is painted with
Parsons Black. This unit measures radiation within the wavelength of
0.3 to 50 microns. The wavelength range is limited by its 2 mil
polyethylene windows (Fritschen, 1965). The radiomeger is shown in
Figure 3.6.

Calibration of radiation equipment was done by assuming the
calibration of a recently factory calibrated Eppley pyrheliometer to

be correct.

Temperature

Temperature profiles were determined with 24 gauge copper-
constantan thermocouples coastructed with welded junctions. Aspiration
was provided to insure representative sampling. Air temperature
profiles were obtained within both irrigated sorghum and non-~irrigated
sorghum canopies. The thermocouples were mounted in an insulated air
tower as shown in Figure 3.7 with sampling perts at 206, 4G, 80, 160,
240 and 320 cm from the scil surface. Soil temperature profiles in
irrigated and non-irrigated regions were taken by placing thermocouples
at 2, 4 and 8 cm depths.

Leaf temperatures were determined with the:mocouples constructed
with 30 gauge wire. Six measurements were made, three of irrigated
leaves and three of pon-irrigated leaves. The thermocouples were
taped to the leaves at the tip, the wmiddle, andﬁc]ose to the stem of

the sorghum plant.
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Figure 3.6. Fritchen net radiometer in field.



Figure 3.7.

Temperature air tower in nonirrigated sorghum.
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The thermocouples were referenced with a Joseph Kaye Model
2700 consisting of 24 points whose reference temperature was 65.6°C.
This system operates within an ambient temperature range of from ~-30%
to 55°C. It has an ambient temperature sensitivity of less than + 19,
over this temperature range. Calibration was accomplished with the use
of boiling water and an ice bath. Any thermocouples/not in agreement

with standard published output were thrown out.

Data Logging

All data except Barnes radiometer and wind data were recorded on
a Howell H2812 data logging system as shown in Figure 3.8. The data
logging system consists of a digital voltmeter, a scanner, a punch
cenverter, and a paper—tape punch. The system was operated most of the
time with a 10-minute interval between scans. The data logger presently
has 50 channels with a maximum scan rate of about 3 seconds per channel.
The system is capable of accepting sensor outputs in the range from
-10 to + 30 millivolts.

The Barnes radiometer data was recorded with a Sargent Model MR
recorder as shown in Figure 3.1. The Sargent recorder is a multivoltage

recorder with variable chart speed.

Wind Systea

Wind profile data were obtained with a 6-unit Thornthwaite Model
106 wind profile system. This system has a starting speed of 8.94 cm/
sec and a maximum speed of 1450 cm/sec. The system consists of a mast
with anemometers located at heights of 20, 40, 80, 160, 240 and 320 cm

from the soil surface. The anemomater cups are seven gram conicail



1
)

Figure 3.8.

Howell data logging system model H2812,
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plastic, 5 cm diémeter cups with aluminum rings for support.

The output from the anemometers is obtuined using a light beam
focused on a photo cell. The beam is broken with each revolutjon of
the anemémeter. This generates a signal that is recorded on a digital

counter. The counier is manually read every half hour.

Soil Heat Flux - -

1 ' The soil heat flux plates used consisted of a glass plate with
constantan windings around it. Hlalf of the windings were copper plated.
This creates a thermopile which measures the temperature difference normal
to the plate. .Calibration was obtained with the use of a constant

temperature bex whose thermal properties were kncwn.

Data Collection Sites and Periods

In an attempt to determine cannpy temperature and other microclimate
parameters necescary for the calculation of evapotranspiration under
actual field conditions data were taken at the James Valley Research
and IExtension Center.

To do this data were taken on Juane 23, July 13, 14, 15, 16, 20, 21,
28, 29, Augusi 5, 6, 7, and 3G.

The South Dakota State Undversity James Valley Research and
Extension Center is located five miles east of Redfield, Scuth Dakota,
and one mile north of Highway 212, Irrigation water for the farm is
obtained from the James River which is located one-hkalf mile north of

| the Research Center. Irrigation is accomplished with the use of furrow
: . o . g £ - Ih oy T f < 3+
Irrigation. Irrigation and rainfzll data-for the duration of the study

* can be found in Figure 2.9,
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.. The soil at the site of the study was Great Bend Silt Loam. The
Great Bend Silt Loam is a well-drained friable silty soil that occurs
extensively over the Glacial Lake Dakota Plain. The parent material
is lake laid silts. This soil is usually permeable and may have
slightly to moderately ‘saline parent material. The soil is fertile
and of good tilth (Westin et. ali., 1954).

The plots shown in Figure 3.10 occupy a total of 3.67 hectares.
The field is located in the northeast corner of the irrigation farm.:
The fallow is a 0.35 hectare plot, the nonirrigated section is a 0.92
hectare plot and the irrigated section is 2.40 hectare.

The instrument trailer used to house the equipment is located in
the southwest corner of the fallow. The instruments are placed in the
field between 30 and 50 meters from the trailer. Although this does

not meet instrument placement requirements, the fact that the

33

instrument site is enclosed on three sides with sorghum in the direction

of prevailing winds helps to alleviate this problem.

The seed bed was prepared in a conventional manner. Fertilizer
was applied at a rate of 182 Kilograms per hectarec of nitrogen and
32 Kilograms per hectare of phosphorus. The variety of sorghum was
Sokota 503. The sorghum was planted in 54 cm rows at a population of

250,000 plants per hectare.

Data were taken mostly over the irrigated sorghum, but the scanner

was set up in a manner such that it scanned both irrigated and non-

irrigated crop.

Placement of instruments can be seen in Figure 3.11.



Figure 3.10.

Experimental plots, P
on August 16, 1971, w
The irrigated shows u
jrrigated is yellow,

icture taken at 2000 feet
ith color infrared film.
p darkest red, the non-
and the fallow is green.
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Data Collection and Processing

Data were collected with the Howell data logging system mentioned
earlier, which records on paper tape. The paper tape is converted
automatically tec coumputer cards at the South Dakota State University
Computer Center. The Computer Center utilizes an IBM 360 computer.

The cards are then separated by the computer according te channel and
another set of separated cards is punched. The particular channels
desired are then manually separated according to the desired parameters
nceded. The program in Appendix I is an example of the several programs
written and utillized for this project. The program in Appendix I ié

a very complete program. It takes the raw data from purely a milliveolt
output through the different equations necessary to determine
evapotranspiraticn by feur different methods. Tt prints the output‘of
ali major parameters and has a plot printout comparing on the same
graph the four dififerent evapotranspiration equatiods as a function of
time. It alsc plots separately radiation values as a function of time.

The plot subroutine program was obtained through Share, an organization

which distributes programs. Lt is an extremely useful. research tooi,
but quite inexpensive to utilize. I would estimate that it adds only

30 seconds of running time to a program similar to the one in Appendix

I for several) hundred sets of data.



RESULTS AND DISCUSSION

Eight sets of temperature data, cellected during the period
July 15 through August 7, were used ia the anazlysis. Many more times
were attempted but due‘to weather conditions or mechanical failure the
data were not uscful.

Some generalities can be drawn from the experimental data. Looking
at the difference betwcen the irrigated and nonirrigated sorghum cancpy
temperatures, as shown in ¥Figures 4.1, 4.3, 4.5, aud 4.7, we can
conclude that the irrigated sorghum was sigunificantly cooler than the
nonirrigated sorghum. This is true forxr the actively growing portion of
the day, prebably frowm 0800 heurs to 2100 hours. Tie difference is
usually between 1°C and ZOC; however, differences up to 5°¢ were
recorded on several occasions. When evening ccomes, this air temperaturs
minusg crop canopy temperature trend is reversed.

Another important generality noticed was that in the growth
period tefore heading the air temperature was usually greater than the

crop temperature. Between 1800 bours and 2100 hourz on days befors

i

heading that had an average anount of incoming radiaticn, the air
temperature was 6°C to 9°C greater than was the crop temperature.
Between C600 hours and 0900 hours in the morning, the ajir temperature
was usually 2°C'to 3°¢ higher than the crop canopy temperature.

The plant should be thought cf as a system absorbing radiant

encrgy from the sun and emitting encrgy itself. Im its early stages of

growth the rapidly developing plant is transpiring a large amount of
rion rate results in the consumption of the

transpirat

Water. This rapid
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plant's thermal energy. The plant temperature is then reduced. The
plant, in its continuing attempt to fulfill its physiological needs
and maintain a viable temperature, pumps water which evaporates
resulting in the plant cooling. As the afterncon draws to a close and
evening apprecaches, the amount of energy coming into the crop system
decreases. The air and the crop decrease in temperature but the crop
starts its decrease before the air does. This is probably the most
important result of this study. In the past it has been thought that tte
crep behaves much like a heat sink and responds slowly to atmospheric
microclimatic changes. Contrary to what has usually been thought and
in agreement with Morton's (1969) theory, the atmospheric microclimate
around the crop is responding to changes that are occurring in the
crop. This is exemplified by Figures 4.2, 4.4, 4.6 and 4.8, but
especially the night data of July 15 and 16 in Figures 4.2 and 4.4.
For every peak or valley in the crop temperature profile there is a
peak or valley in the air data but the air data lags behind the crop
data. This occurs in both heating and cooling trends. When an energy
equilibrium is established at the crop surface a constant temperature
for the air and the crop are created. This remains constant until
some force causes the equilibrium of the system to be broken. There

are macro-atmospheric conditions that do play a role in the plant-

atmosphere system. It can't be argued that weather fronts don't affect

the atmospheric conditions of an area, but after the front becomes
Stationary the above argument comes into play and the environment

is affected more by microclimate than by macroclimate.
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An interesting and unique set of data was taken on July 15-16.
On these two dates, data were recorded continuously from 1000 hours on
July 15 to 1400 hours on July 16. - Because initial processing gave us
the indication that night data showed no significant phenomenon we
discontinued on all other runs the taking of data after about 2200
hours in the evening or before 0800 hours in the morﬁing, During the
daytime hours of July 15, as shown in Figure 4.2 the mid-afternoon
ambient air temperature remained about 33°C. Figure 4.3 shows that
the irrigated crop was the usual 1°C cooler than the nonirrigated crop.
At about 2230 hours there was a definite reversal of this trend. The
nonirrigated sorghum became cooler than the irrigated sorghum. The
approximately 1°C cooler nonirrigated temperature remains throughout
the night until about 0800 hours of July 16. Figure 4.3 shows that a
reversal to the daytime normal trend appears and continue;. One
possible explanation of these temperature differences lies in the idea that
during the daytime the irrigated plant is at a higher water potential.
More water requiring less energy is available for the irrigated plant to
transpire. It, therefore, remains cooler because the transpiration of
greater amounts of water absorbs more energy. As evening approaches
the stomata of the plantsclose, eliminating the transpiration, which
was responsible for much of the daytime phenomena. The irrigated
crop and soil have a total higher water content which results in the
irrigated system having a higher specific heat. 1It, therefore, cools

off slower than the nonirrigated sorghum.

The July 15 and 16 data show interesting-deviations of the air

temperature from the crop canopy temperature.(When the term, crop
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canopy, is used and neither irrigated or nonirrigated is specified, it
implies that we are looking at the trend of both surfaces. They

follow relatively closely to one another and considering them as a
single line when comparing them to air is not incomsisteat.) From 1000
hours to 2100 hours, as shown in Figure 4.1, the difference between the
ambhient air temperature and the canopy temperature rose from 1°C to 9°c.
At 2100 hours the curve seems to peak at point A. It then begins a
decreasing trend until 2400 hours. In Figure 4.3 of July 16 we see

that the curve maintains stability in valley B until about 0300 hours.
Here the temperature difference increases until about 04390 hours when it
reaches a peak at point C. Proceeding in time we see the difference
curves dropping into valley D at about 0630 hours. From there, one
more peak, E, is reached before the curve settles down to a rather
stable predictable line with about 4°C difference, which was usually

the temperature difference between the crop and the air at this time

of the day.

Still looking at Figures 4.1 and 4.3, we don't find forthright
explanations for all of the peaks and valleys. Peak A'is understandable
and predictable. It is the culmination of the upward trend of the
temperature differences between the air and the plant canopy that is
noticeable from the start of the data taking period. Comparing
Figures 4.1 and 4.2 it is determinable that peak A, the difference
between air temperature and crop canopy temperature,occurs well after

the afternoon peaks of the actual crop temperature. Looking at the

actual temperature graph, Figure 4.2, we can see that the crop canopy

temperature maximum occurred at about 1700 hour§. The air temperature
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lags behind and doesn't reach a peak until about 2000 hours which again
substantiates the theory that the crop reacts to energy imputs, and
the atmosphere reacts to the crop. At 1700 hours there was a substantial
decrease in incoming radiation. This created a deficit in the cancpy
sensible heat flux in its equilibrium with latent heat, emitted radiation,
reflected radiation, and inceming radiation. This probably resulted
from the lack of a sufficient decrease in transpiration; therefore, the
latent heat part of the equation assumed arlarger percentage of the
total. From Figure 4.2 it is reasonable to assume that the reason for
the flattening out of the actual crop temperature curve at 2150 hours
is because the stomata closed due to insufficient radiatiom, the
temperature gradient became large creating more heat conduction, and
the deposition of dew which resulted from the plant remaining at a
lower temperature than the air while both the air and the crop
concurrently decreased in temperature.

Valley B in Figure 4.3 is a continuation of the bcttom of peak A.
This level valley is the result of an equilibrium between the plant and
its envircnment. The crop temperature associated with this valley could
be at the dew point temperature of the vapor pressure for the air at this
point in time. This would be an explanation for the stability of
valley B. At 0300 hours on July 16, shown in Figures 4.3 and 4.4, we
observed the beginning of a decrease in the crop temperature which is
accompanied by peak C, a representation of the air temperature, minus
crup temperature, depression, wihich occurs at 0500 hours. Speculaticn

. . ir msetunal temper and increase in
aS to the cause of this decrease ir actual temperature, ana 1i e

gystem moving in bringing
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turbulence and air with a lower.vapor pressure.. This would allow -
evaporation, causing plant cooling, provide the mechanism for
exchange, turbulence, and allow for a lower dew point temperatufe.
Valley D occurs very close to sunrise. At this time of day
there is seldom much turbulence. An increase in incoming energy is
also likely. This would cause the increase in cangpy temperature
between 0500 hours and 0630 hours as seen in Figure 4.4. Peak E
probably is the result of turbulence and incoming radiation, evaporating
the dew that was known to be present on this particular morning.
Throughout the growing season the air temperature minus a plant
temperature function tended to show downward to the right movement, and
a decrease in slope. This indicates that as the plant becomes older it
tends to more closely reach an equilibrium with the environment around
it. In the later stages of the plant's physiological growth, (headirg
was observed on July 28) the plant temperature was frequently warmer
than the ambient air temperature. This is noticeable on the very cold
morning of July 28, as shown in Figure 4.8. At 0800 hours on July 28
the ambient air temperature between 14°C and 15°C. The plants maintained

a temperature of about 22°C thus showing a large difference between

ambient air and plant temperature. Throughout the day of July 28 the

o]
maximum ambient air temperature was about 20°C. The air temperature

’ o
was always below the canopy temperature by a difference of at least 2 "C.

On this particular day the energy imput into the canopy was very low.

There are several points in the explanation as to why these results were

obtained, First, with such an unusually low temperature the plants'

resistance to water flow was probably very high. The high resistance



51

would cause reduced transpiration and a larger portion of the total
incoming radiation would go to the sensible heat flux of the canopy.
Secondly, with the air at such a low temperature, a large temperature
gradient would exist with the sojl acting as a heat source.

The last aspect of canopy temperature which I wish to discuss
is illustrated in Figure 4.9. This graph shows fluctuation that can
and does occur in the canopy temperature with no significant change
in ambient air temperature, if radiation conditlions are changed
appreciably. This experiment was run on a relatively clear day with
one small, but heavy cloud in the sky. The Barnes radiometer was kept
stationary and in a position above an irrigated sorghum row. Incoming
radiation, air temperature, and crop canopy temperature data were
continuously recorded. The results of this experiment indicate a very
definite response of the canopy to changes in incoming radiation. They
indicate that the piant is very responsive to its environment and
responds much more rapidly than the air does to changes in radiation.

In the discussion of evapotranspiration and its determination
using meterological parameters, it is first necessary to discuss some of
the problems encountered in measurement of parameters.

The accurate measurement of humidity has been a problem to the
research worker in the area of climatology for a long period of time.

The reason is that a very small change in the actual water content of

the air is responsible for az rather large change in relative humidity.

In an attempt to determine the vapor pressure depression between

the air layer above the crop and the layer at the crop canopy we

utilized two systems. A set of diode psychrometers and a set of dewprobe
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psychrometers. After several sets of data were collected we realized-
. that the diode psychrometers were in very poor agreement with the two
Bendix manually operated, wet and dry bulb mercury thermometer
psychrométers that we used as standards. The dewprobe psychrometers
were in better agreement but there were times when they showed a
slight disagreement with the Bendix psychrometer.. To improve future
data, we designed a thermopiie psychrometer set that is specificall& '
made for taking Bowen Ratios. The wiring diagram and design information
can be found in Appendix II.

Evapotranspiration was determined with four equations, the Energy
Budget, Var Bavel's, Bartholic's and one which I developed, equation 30.
As shown in Figure 4.10, good agreement was obtained. There is seldem a
time period in which they deviate more than 0.2 gnm cal cm-2 mi':l-l gm_l
from each other. Integration of the resultant daily curves of the four
equations would give values that are not greatly dissimilar.

Looking at Van Bavel's equation (Van Bavel, 1966)

(SEVT) (HENG) + (LA) (TFC) (EVAD)

ETVB = SEVT + 1 (19)
where
_ . -2 =Bk
ETVB = potential evapotranspiration (gm cal cm =~ gm ~ min )
SEVT = slope of the saturation vapor pressure curve (mb/°C)
divided by the psychrometric constant (0.65 mb/°C)
HENG = the sum of energy imputs exclusive of sensible heat and

. -2 -1 . —1)
evapotranspiration (gm cal cm ©~ gm min

LA = latent heat of vaporization constant (586 cal/cm)

1FC = turbulent transfer ccefficient that takes wind into
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..1)

account for the equation (gm cm_2 min_1 mb
EVAD = saturation vapor pressure deficit of the air above
the crop (mb)
We see that Van Bavel uses all of the predominant microclimatic
parameters --- radiation, humidity, temperature and turbulence.
However, the humidity data that has been used is a vapor pressure
deficit at height B above the surface. If there is an error in humidity
measurement, it is probably not of a very large relative magnitude
because the vapor pressure deficit between saturated vapor pressure and
actual vapor pressure is a large difference. In his equation Van Bavel
takes into consideration absolute temperature as related to the air's
ability to hold mcisture by using the slope of the saturation vapor
pressure termn.
When looking at the data as shown in Figure 4.10, we find that
Van Bavel usually has a higher estimation of evapotranspiration than
does Bartholic. This is especially true in the early morning period
and late evening.

The next equation that I wish to discuss is Bartholic's (1970)

equation
ETBA = RFRI + SFLX (20)
(TDBB - TSF) / (ESBb - ESC)
where
ETBA = potential evapotranspiration by Bartholic
(gm cal.cm—2 min~1 gm_l)
RFRI = net radiation from Fritschen net radiometer

- , - -1

(gm cal cm 2 min 1 gm ")
-2 . -1 —l)
soil heat flux (gm cal cm = min  gm

n

SFLX
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TDBB = temperature dry bulb above the surface (°C)

TSF = surface temperature as taken with Barnes radiometer (°C)
ESP = saturation vapor pressure at temperature TDBB (mb)
ESC = saturation vapor pressure at temperature TSF {(mb).

Barthoiic's potential evapecration equation is interesting in that
basically he uses ambient air temperature, surface temperature, net. -
radiation, and scil heat f{lux. Below a canopy, e0il heat flux is
essentially zerc and could be neglected. With this assumption,
Bartholic has developed an apparently accurate method of determining
evapotranspiration with remote sensing parameteres,

The deta that I have seems to indicate a very good relationship
between Bartholic's equation and Van Bavel's although Bartholic's is
seldom a higher value than Van Bavel's. Even during pericds of little
stability Bartholic's equation and Van Bavel's equation follow each

other quite closely.

The third equation used was the Energy Balance Equation:

ETRN = PIRI - SFLX . (21)
1L+ B
w146 £DBA = TUED & (22)

LA - EB 760

where
ETRN = evapotranspiration by energy balance approach

"2 . _1 R _'l\
( gm cal em © min & oga )

RFRY net radiation from Fritschen net radiometer

( gm cal (:m"2 mdn gm_l)
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-1 -1

SFLX = soil heat flux (gm cal cm-2 midm’ “Fgm- )

B = Bowen ratio (no units)

TDBA

n

temperature dry bulb at crop surface height A (°C)

TDBB temperature dry bulb above crop surface height B (OC)

b

EA = vapor pressure at height B (mb)
EB = vapor pressure at height B (mb)

P = atmospheric pressure (mb).

The Energy Balance Equation was the least predictable and least
stable of the equations used during the period of comparison. Other
scientists have observed similar behavior of the Energy BRalance Equation.
The results may relate to several reasons. First of all, the measurement

of vapor pressure difference between two heights is difficult. A slight error

- in the measurement of absolute humidity could result in a large error

in difference. This is why in our psychrometer design, Appendix II, we
utilize the measurements of differences rather than calculating absolute

values and then determining differences. Secondly, even if the

.determination of vapor pressure is correct, it is questionable whether

or not this is the value that should be utilized for ﬁowen's ratio.
Bowen (1926) doesn't define his boundaries, but the most accuracy can
probably be obtained by utilizing the surface of the crop and a height
high enough above the crop canopy so that littie change occurs with an
increase in height. The upper beoundary isn't difficult to define or

measure but it is just about impossible to determine vapor pressure

right at the crop surface.

In our analysis of the physics of evaporation there are several

factors that we realize to be important. In order for water to change
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states, from a liquid to a vapor, three physical conditions must be met.
There nust be sufficient energy available, a negative vapor pressure
gradient must exist, and water must be available to be evaporated. In
an attempt to derive a werkable evapotranspiration equaticn, these
factors must provide the theoretical bhasis.

Under irrigated field conditions water is seldom a limiting

factor. This leaves two conditions te be satisfied. They can be
expressed in the following equatiomn:

ET

E(RNET,ES) (23)
where

ET = evapotranspiration (gm cal cm"2 min_l gm—l)

RNET = net radiation ( gm cal cm~2 min—l gm'l)

ES = vapor pressure gradient (mb).

Another assumption that I have made is that when a crop has no
water deficit and is rapidly transpiring, the air in contact with the
crop canopy is at its saturation vapor pressure. The air in the
vicinity of the crop is also close to being saturated; therefore, both
the vapor pressure of the crop and the vapor pressure of the air can be
j€ . determined by their respective temperatures. The vapor pressure
gradient then hecomes a function of the temperature differences of the
air and the crop. This would make the determination c¢f evapotranspiration
by parameters of remote senmsing possible.

In an attempt to determine a realistic approximation of evapotranspiratiocr
using remote seneing parameters, I tried many methods of analysis and
derivation. 7The equation which 1 finally considered to be the most

Physically scund resulited from the combination of two existing rather



59

sound equations. The first is Sheppard's (1958) Equation.

(WMOL) (DENA) (CVK) (HTCON) (EB -~ EA) (586)
(P) (Ln((CVK) (HTCON) (zB)/(D))) (24)

ET

where
’ : : -2 =1 i
ET = evapotranspiration by Sheppard (gm cal cm min = gm )

WMOL = ratio of molecular weight of water to molecular weight

of air (0.622)
3

DENA = density of air (1.168 x 10 gm/cm3)

CVK = Van Karman's constant (41)

HTCON = frictioa velocity constant

EB = vapor pressure above the surface (mb)

EA = vapor pressure at the surface of the crop (mb)

P = air pressure (mb)

ZB = height above crop surface (cm)

D = diffusivity of water vapor in air (0.25 cm2/sec).

The second equation is the Energy Budget Equation:

RNET SFLX + A + ET + PH + M (25)

where

-2
RNET = net radiation (all units in gm cal cm = min = gm

SFLX soil heat flux

A = canopy heat flux and air heat flux
El = evapotranspiration
PH = energy consumed in photosynthesis

M miscellaneous term.

For a canopy surface it is consistent to assume SFLX, PH, and M

to be insignificant. These terms will usually amount to less than the



60

error found in measuring RNET. We can, therefore, conclude that:
RNET = A + ET, (26)
Bowen's ratio states:

4 TDBB - TSF (P)

A
ET = (6.05)(10 ') [ EA = EB ) (27)

B =
The Bowen ratio is changed slightly from the way it first
appears. The original equation used the term TDBA rather than TSF.
TSF is a more realistic and exact estimate of the parameter measured.
The reason TSF has not been used in the past is because of the
difficulty in trying to measure it. Until thermal radiometers came
into use it was practically impossible.

By rearranging terms we get:

6.05 x 10 (TDBB - TSF) (P)
EA - EB = RNET/ET - 1 (28)

Substitution of (28) into (24) gives:
(29)

(WMOL)(DENA)(CVK)(HTCON)(586)(6.05)(10_4)(TDBB - TSF)
ET = RNET (CVK) (HTCON) (ZB)
ET -1 1n D

ET = RNET - (WMOL) (DENA) (CVK) (HTCON) (586) (6.05 x 10~%) (TDBB - TSF)
1n ((CVK) (HICON) (2B) /D)

Upon looking at the data, Figure 4.10, we find that this equation

gives results that are at times 0.1 to 0.2 gm cal cm  min gm  higher
than Van Bavel's or Bartholic's. The reason for this, I belive, lies in

the convection constant, HTCON. An increase in the HTICON constant

would decrease ET. The greatest decrease would come on windy days.

-
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Theoretically

CVK (WSPDB - WSFDA) (31)
In (ZB/Z2A

HTCON =

where
WSPDA = wind speed at heights ZA
WSPB = wind speed at height ZB.

Because of the logavrithmic nature of wind profiles HTCON will
usually remaia relatively constant for one particular ground surface.
For our work 1 chose 0.008 which, from the results, seems tc be too
small. More work is being done to determine what an accurate estimation

of this fipgure would be for different crop surfaces.
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SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FUTURE WORK

During the growing season there are definite trends and patterns
that are followed by the plant in its reaction to climatological
conditions. In our work, air temperature minus sorghum temperature was
usually positive during the early part of the growing season. After
heading, the sorghum tended to be warmer than the air in the eafly
morning and on cold days. I have speculated that this was either the
result of physiclogical changes in the plant or a greater ambient air
temperature fluctuation that occurred as the plants approached maturity.
More work is needed to determine the cause of this change in the plant
canopy, temperature pattern. The phenomena observed by taking night
temperature data were interesting and deserve more study.

Thermal imagery has many possibilities for remote sensing of
ground conditions. In order to obtain valid results, climatological
parameters that affect the crop must be considered. It is possible that
the crop canopy temperature is a function of both soil, and
physiological conditions which would include water content, nutrient
status, insect infestations, and disease. However, i£ is also a functioca
of the total daily integrated potential evapotramspiration that has
occurred on that particular day up to the time being considered. This
hypothesis is substantiated to a limited extent by my thesis work and is
further exemplified by the work of Cary and Wright (1971) who have

stated that plant water potentials are generally more closely correlated

to potential evapotranspiration than to soil water content. The last

-

two statements are not meant to imply that soil water, nutrient status,

and physiological ccnditions of the plant can not be determined with
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remote sensing techniques. However, the applications of remote sensing
are dependent upon an understanding of the interactions of soil, plant,
and nieteorological conditions near the earth's surface. If we
understand these interactions, we can eliminate the effect of meteoro-
logical conditions and 6brain useful scil and plant data.

In determination of evapotranspiration under field conditions, more
work is needed in evaluation of the accuracy of presently used and
accepted equaiions and in extending theix application to a regional
basis. 1 believe that regional evapotramspiration from irrxigated
crop land can be accurately determined with remote sensing parameters.
Because of complications, more information is necded to determine if
evapotranspiration frem dry land conditi-né, can be determined by
remote sensing.

This work, although utilizing ground based remote sensors has
its most far reaching applications in aerial remote sensing. We
found from observations of the plant, that its emitted thermal spectrum
showed changes and varistion related to changes in the eavircument.
From these observations, I suggest that the same type‘of response might
occur in other spectral imegery. In the future, it is imperative that

. : - " e Bre<
tie plant be thought of as frhe dynamic system which it is, reacting

rapidly and responsively to its environment.
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CP=1CG13.

CP=A1R PRt SSURE

wHOL=.614334

WMUL=RATIC CF MOLECLLAR WY WATER TO MGLECULAR YT AIR

UEATK=1l.160k-3

LEAIR=AIR CENSITY=1.168E-3

Cvk=ql

CYVK=VUNKARMAN CONSTANT=.4

HTCUMN=.CO08

HICEN = HEIGHT CCNSTANT FGR DIFFERENT KEIGHYT CROPS
213=80.

2u:ELLVATIUN ABOVE SURFALE

LC 18 Ll=1,M
TSFUI)==1.342296%1SFA(]I)-.0079999272TSFA(1)%*2+77.37787
TSF = TEMPFRATURE BT SURFACE DEGREE C BARNES

ATIMECI) 2 XHUUMLT I B 00+ AMINT( L)

TOBA(I)=2=o627#(2.%1PHAA(I )R 22422.379% 2. %TDHAAL] )+65,.45

TUBA = TENMPLRATURE 0RY BULB AT SURFACE

TOBE (1) == .€278(2.3TORRALTI)I®=2422 377922, 2TCBBA{)*465.45

TUER = TeMPOWATUR{D PRY RLLB ABOVE SURFACE

TCPALI)=LTITPARF(L)=-32.02%5./9.

TUPA = TEMPLRATURL BLw PUINT AT SURFACE

TEPS ()= RF(L)=-32,.)%5./9,

Tevy = TEMPERATURL Dia PUINT ABCVE SURFACE

R30LUI)=.C2%KRSOLAC(I)/1.98

RSCL = SOLAR RADIATION

KLUT (T )=.022CUTALT)/Z8.57

2LUT = CUT GUING RAVIATIUN

CLEBII)=RLUTLII/ZRSCLOL)

ALEB = AlBLOQ

SFLXLII=0G28SFLXA(TY /2,20

SELX = S@IL MEAT L
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0062
CCe2
(ST
0063
oCe6

COol
coee

0069

001¢”

gart

Qo072

0ec?3

aC 74
ce?s
€C6

ccr7

o

©

(2N o)

o

RFR{(I)=,02#RERIALI)/2.7

RFR]1 = MET RAD!ATICN FRCM FRITCHEN

ROCT (Y =RSCLLLY-ROUTLIT)

RILET = NET RACIATION

TUMAR(I Y =273, 16+TLIBALT)

TEURR ([)=2273.04+T100BRLL)

TUOPAK({T)=273.16430PALTY

TOPEKLLY=E73.16+1L0LLT)

TSFRKII)=TSFLL)e272.106

TSPXR=SURFACE TEMPERATURE DEGREES K

K OSLELX IABICATYS CLGrLE KELVIN
EALD)=EXP(LL-T7.9C291) % (TS/TOPAK(L)~1.)
1405.028081%ALG10LTSZ10PARIT))

2-11.3010E =108 01U e 11.344)2(Ll.~TOPAX(1)ZTS))~L )
34(EL1S2B8E=3)%0(10)2%((-3,49149)*(TS/TOPAK(I)=~1,00-1,)
4eALCTLI00ILL13.240))

5¢(2.3025u6%))

EA = VAPUR PReSSURE AT SURFACE

EHCEY=EXP (L (=T.90298)2(TS/TOHPUR(L=1.1}

14(5.02000) #ALUGLOLTSZIDPEKIT))
2-C13BL6L=-7)%{(10)2#(111,344)8(1.~-TOPBKIT)/TS)) -1,
(@, 13200-3)%(L10)*&({=3.49149)2(T1S/TCPBK(I)-14))-1a)
GIALLGLDIUL YL 266))

SN 120003 0 28RS )

Ed = VAPLR PRESSURE AHCVE SURFACKE
ESALTI=EXP L (=T7.90298)=(TS/(0BAKLTI)-14)
14(5.02008)1%ALLGLO(TS/ZICEAK(T))
2-11.38160=-T7)2((10)*#*((11.344)%(1.~-TDBAK{I)/TS))-1.)
30(8.18240L-3)4#({1G)I &2 ((=3.4G149)*(TS/TLHAK(T)-1.)2=1,)
HHALCCLI0L013.260)0

9% (2.302%8%))

LS4 = SATURATED vAPOR AT SURFACE

ESOED) =X (=7.910298) 1 IS/TLBRK(I)=14)
1405.026Un ) *ALLGIOITSZTORBROTD)
2=-11.38loL-/)*(i10)*%(111.344)¢(1.-TO3BK(L)/TS))-1.)
3e06.1328E=3)20(10)eX((=23,49149)¥(TS/TLOBK(T}-1.))=-1.)
G4ALTGL001C13.246))

5% (2.3025%8%))

ESH = SATURAITLD VAPOR RRESSURE ABOVE SURFACE

CSCHI) 2 XPLE(=7.9020u % (TS/TSERRIT)=1,)
14(5.02808 )2 ALLGLOITSZISFRKET))

=130l bE=7) ¢ L (I ODSELN g 944 L Fe=-TSFKKUEV/TSI)=1ed
FelB. 180t =310 10108 {{=3. 4 LI IS/TSFRK(Ti~1s))=14)
HeALLCLCTIINL R 2496))
S&3 3wy gnai

LSC-SATURATION VAPCR PRESSURE AT TSF
RAeACLI=bA (D) /ZESALT)*100.

RHA = RELATIVE HUMIDIIY AT SURFACE
RUBCT)=EB L) 7SO TY*100.

Rb8 = RELATIVE HUMIUEIY ALOVE SURFACE
EvAC(Li=ES80L)-ta(li

EVAL=VAPCR PRESSURE DEFICIVE

B =468 LITUBALL)=TOEBII)I/ZTEALT)=EB(1)))1*tP/T760.)
b o= LUafN RATIG
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[Wox At}
0079
ceso
o8l
ocs2
0043

0C84

CC39
GC90
GCal
CG3I2
¢C33
CCI%
Q04>

Cove
wany
(DL}
CO Yy
clco
Glot
cro2

103
0104
ciod
viIchH
U107
olus
clcs
vllce
Orll
Gile
oil3
Olte
Qlis
Cll6
aLe
Ollg

18
5
8

16

30

32

14

195

24

25

3:

[

29

35

1

TEVIIIalTSTLLIaTOLRI{T)/2.)

TEVI=(SUKFACSE TEMPHALIR TEMP AT 281/2

WOPDB(i)=aSPIBALL) *44.T704

WOPUUamIND SPEED AT HEIGHT 8

HIP(I) = (DEATRA*ICVESZ2 ) 2WSPOBOT))/ZLALOGLELAC-DISPLTY I FZ0U1)))%%2
HIP = TRAMSPORT CUEFFICIENT FUR HEAT AND WATER VAPUR

TECIU) = (e ATR#aMOLECYRASPOBI LI )/ LCPL(ALOG(2B/2CI L)) e22)
THC=TRANSFER COLPFICTENT Y VANBAVEL
SEvICI)==.031A0T281TevI(1)+.0C3572485%TEVI(I)2¢241,295031
SILVT=OLLTAZGAMMA AT TOMP TEVT

SLOPE(1)Y=SENVT(1)2CPSY

SLOPE = SLCPE U SATURATION VAPOR CURVE VERSUS TEMP [N MO/DEGREE C
He NG I =RAFTOT)#SFLACT)

PUNGESUNM LF ERERUY IMPUES FOR VANBAVEL

ETVOOED StV i) st G LASTFCET ) #LVADCT D)/ CLSLVIGE) #1 L))

EIVB=LT BY VANBAVEL METHGU

FTRACTI) 2 (RERICL)ASFLX(ED) /(146521 (FCEB(I)-TSFCI})/LESBLIN-ESCLY)

11))

ClH4a = E7 CALCULATEDL Y nARTHOLICS Mt THOD
ETCI)=RFRICID=9HO e * (wMOLEDENASCVKIHTCCN*6.05E-a%(TSFLT)-TDBB(I))

1/ALCGICVROHTCON®ZB/429))

EIRNCI) = (RERICI)=SPLXET) ) /700 aest)))

LTRN = bT DETERMIMLE oY ENERGY BALANCE EQUATION

BlURtdeTa( Lot o7 11 Sl gl haiaixl)

FLRVATOIM 7019 1X0F5.2,22))

FURMAT (LM o 7(I5¢1X9F9e292X))

FURMATELH o PCISy 1A9FS.402X))

FURMATLLM o 2015,18,F5.2,2%))

WRITE(L2,14)NDATE

FCRMAT(1HUy»31i0ATA CULLECTED AT RECFIELD ON GRAIN SURGHUM STARTING
v15)

WRITE(LZ2,18)

FURMAT (LU, 30MYAPLR PRESSURE AT FIRST HEIGHT)

WATTECL2 0 1O CNTINECT) pEAC ), I=1,14)

WRITE(LZvo)

FORMAT(1HO,3I1HVAPLR PRESSURE AT SECCND HEIGHT)
ARTTr (L1239 INVIMECL) oEBUL) T=1oM)

WRITELL2,24)

FORMAT(LHGs 36HSATURATIGN YAPUR PRESSURE AT SURFACE)

WAITECL2,B) (N IME D) L ENA0 1) 0 [214M)

WRITE(LZ202%)

FORYALCINC, 3YHSATURATLOUN VAPUR PRESSURE ABUVE SUHFACE)D

WRITE(12,3) (NTIME(L)ESB(L)y =L, M)

WRITE (L) 330

FUPMATULHO,26HA IR YEMPERATURE AT SURFACE)}

WA ITE L2 8) INTIMELL) 1 EBALL) yi=1, M)

WRITE(L2,29)

FCRMAT (110, 38HALR TEMPERATURE ABUVE SURFACL O%GREE C)

WRITECL2 ) INTIMECL) 2 ICRBET) o E=14 1)

WRITE(L2y 3%)

FOREATELIHD ) SLMDEAPCINT TEMPERATURE Al SURFACL)

WKITE(L2s 60 (NTIMECL) 2 1CPACTL) g 121, M}

WRITE(12:39)

FORMAT(THO, 34HDEWPUINT TEMPERATURE ABGVE SURFACE!
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0125 ARITCUL20 8 INTIRE 1) 9 RHBET ) 1=y M)
uleo wRITHOLE, 31)
0127 31 FLRMATILIhS . ELH3OREN RATIN

Glee : ARTTECL20 320 INTEMELT) BT )y =0 4M)
cl24 wWRITE(L12,27)

ctLic 2T FORMATLING 261 INCOYING SCLAR RACIATION)
0131 WRITE L2 6V INTINMECDY ,RSDLIT Y D=1 ,M)
@l D2 e l1FLL2,21)

Cli3 21 FORFATLLIHO 6HALBLTU)

0l3n MRITELLZ2 OV INTINMECL]WALEB (L) I=14M)
¢115 ARTTE {12,26)

C136 26 FLRYATLLRG,23FHEAT FLUX INTO THE SCIL)
G137 A Te L2 ) CHTIMECT ) o SFLXUTD) g l=lyM)
o138 WRiTE(LZy23)

Cc139 23 FCRMAVT{LHO.191HEY BY ENFRGY BUDGET)
ClaG WRITL(L2y WY INTINMELT) JETRNETLD g 1= oM)
Olsl hWRITE(L2 500

cla2 36 FORMAT(11:0, 14MET HY VANBAVEL)

Cla3 WRITEAL 9y 3G) INTIMECLYSETVE(T) o 1214M)
0144 nRITELLE3T)

Gl49 37 FLRMAT(LnO, LYHET BY BARTHULIC!

Cluad WRITECL2e JO)INTIAL LT ) ETHALL) o I=1y¥)
Ola? 38 FOURMAT (140, 1 3HET BY CARLSUN)

ulay WRET: (12, 48)

Ulas WRITLCLZo8) (RTIMECT) 2T (T )y l=1oM)
c1%0 CALL PLOTACEMAGE o XMIN,XMAX,YMIN, YMAX)
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In the coliection of data we had difficulties in the

determination of accurate vapor pressure data for use in the Bowen

Ratio. In an attempt to improve the determination of Bowen Ratio

data we have designed a five thermocouple thermopile psychreometer.

The thermopile psychrometer

A.1 is unique in that it measures

bulb temperatures
bulb temperatures
bulb temperatures
the values needed

values which must

of a particular
ot a particular

between the two

as designed and shown in Figure
differences between the wet and dry
height and the differeunces of thé dr&
height and the difference of the dry

heights. By doing this we measure

for the Bowen Ratio equatien rather.than the actual

be converted into differences.

Potential across AB = dry bulb temperature - wet bulb temperature

at level 1.

Potential across CO = dry bulb temperature at level 1.

Potential across DE

Potential a

Potential acxoss

dry bulb temperature at level 1 - dry bulb

temperature at level 2,

ross FG = dry bulb temperature at level 2.

GH = dry bulb temperature - wet bulb temperéture

at level 2.
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Wiring diagram of thermocouple psychrometer.

Figure A.1l.
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