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Purpose of InvestigatiOn;:

The primary objectives of this study were: (1) to develop and test
evapotranspiration models based on’crop temperatures and .(2) to determine
the feasibility of using remotely sensed thermal imagery to supply data on

crop. température for use with these models.

Results:

A summary of results obtained in this study is presented in this report.
The findings related to the' achievement of objective 1 are given in the
section entitled "Evaluation of Resistance and Mass Transport Evapotranspira-
‘tion Models Requiring Canopy Temperature Data" and those pertaining to
objective 2 are reported in "Measurement of Crop Temperature by Leaf Thermo-
couple, Infra-Red Thermometry and Remotely Sensed Thermal Imagery". -The
results presented will soon appear in the sc1ent1f1c literautre and reprlnts
will be submitted at that time. : :



EVALUATION OF RESISTANCE AND MASS TRANSPORT EVAPOTRANSPIRATION

MODELS REQUIRING CANOPY TEMPERATURE DATA
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ABSTRACT-

The'incréasing use. of thermal scanners on aircraft and satellites

| makes it likely that data on surface temperature for large areas will

bééome routinely availabie; If reliable evapotranspiration méthﬁds
which incorporate surfacegtémperature_data can be develgped'ap import-
ant tool fof resea?ch and appiicétion in Hydrology,Ain irrigation
scheduling and in'o;her water management procedures will result.

A {resistance,modelf‘ﬁhich-stems'ffom the wdrk.of Broﬁn and
Rosenberg and a mass,tfanSpoft (Daltoﬁian) model for estiméting
evapotranspiration (ET) were tested on large fields of naturally

subirrigated alfalfa‘(Medicago sativa L.). Bbth models make use of

¢rop canopy temperature data. Temperature data were obtained with an

"IR thermometer and with 1eéf thermocoupleé. A Bbwen iatio-energy

balance (BREB) model; adjusted to accountlfér ﬁndegestimation of ET
during«periods of strong sensible heat advection, was used aé‘the'
standard against‘which'the fesiétanée:and mass transpdrt-quels were
compared{

Daily estimates by the reéistance model were within 10% of esti-

mates made by the‘BREB model. Daily estimates by the mass transport’

model did not agree quite as well. Performance was good on clear and

cloudy days and also during periods of non-advection and strong advec-

tion of sensible heat.

The performance of the mass transport and resistance models was

less satisfactory for estimation of fluxes of latent heat for short
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term (15 minute) periods. ‘Both models tended to overestiméte at low

LE fluxes.
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_ logic Studies} for ifrigation sChéduling, and for the management of-

meters.

The increasing usé of airborﬁé thermal scanners provides an oppor-
tunity for_mgpping:grqundrand crop surface teméeréture ovér 1ar§é.
areas (Wiegandiénd Eéfﬁholic; 1970.aﬁd.Barthoiic, Namken aﬁd wiegaﬁd,
1972) . This-sensing capabilify ﬁay prOVidevcroplfémpefature data:
which_éaﬁ beiéppiiéd in evaéofranSpiration (ET) médelé. Reliable

estimates of ET over large areas can provide valiuable input for hydro-

water resources in genérél._ )

Stone anduHortén (1974)‘ev§luated-the‘performance oftho ET
gstimation metho@s'which utilize.crop #empe:ature on grain sorghum
(Sorghum bicolor (L.) Moench). They compared ET estimates made by
the Penman (1948) and:éowen ratio—energy balance (BREB) téchniqués
with thos; of a meﬁhodisuégested:by Bartholic, Namken and Wiegand
(hereafter B-N-W) (1970}, ahdeitﬁ a model which they'referred to'as
BfoWn and Rosénbergfs {1973) 'resistance médel‘. Compared to the BREB
estimates ﬁhe B—N—wvmethod7ﬁnderestimétéd ET by 17%.. Brown and

Rosenberg's method overestimated ET by about 22%. We have reason to

,question their.results because of the effects of advected éénsible heat!

Our objective wa's to'evaluate'a 'résistaﬁce model' based upon
Brown and Rosenberg (1973) gsAwéll as a mass tfahsfef (Daltonian)
modél.fdr their ability fo»ppovide estimates of.ET.. The.teSts were
made on large fields of alfaifa (Medicago sativa L.)'Undgr climatic
cpndiﬁions cha;acteris£ic of the central Gréat Plains; Both of these

models utilize.crop temperature as one of their major input para-

£ et
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- 'MATERIALS AND METHODS

Sites and Measurements

Data to ﬁeét thé ET estimation methods were collectediduring
June.éhd July'l972-at a:site 1ocatga midway betWeén'Schqyler and 
Columbus,'ﬁebraska (lat 41° 24° N,'lon§'97° 13" W, elévétion above
m;s;l. 4?5_m)‘and during August and September‘i973 at a site near:

Cozad, Nebraska (lat 40°.53' N, long 100° 00' W, elevationAabqve3

.m.s.1l. 800 h). At both éites measurements were made over-natﬁrally

subirrigated alfalfa. The field at the Schuyler-Columbus sitevwas

‘about 200 x 200 meters in size; the field at Cozad Was much larger.

Instruments were. located near the center of the field at Schuyler-

Columbus;lat Cozad they_were located so that minimum fetch to the

south and..west was at 1east 300 m, 125 m to the east and 500 m to the
north.

After harvest of the alfalfa fields measurements were begun when

plants had recovered to a height of about 35 cm and crop cover was

about 75% and continued until the subsequent cutting when the alfalfa
reached about 80 cm and cover was complete. Instantaneous wind speed

was measured with a 3-cup wind speed transmitter —/modified to gener-

ate signals in the millivolt range. The instrument was calibrated
over a wide range of wind speeds by reference to a Sheppard-type
Casella anemometer. Starting speed of the transmitter was about 70

cm sec—l

3/ : . y .
—/Science‘Assoc1ates-Catalog No. 406-1.
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Crop,canopy température was measured with a Barnes IR theérmometer

(Model IT-3 S/3°). .Six copper-constantan thermocouples wired in para-

‘llél'and attached to plant leaves were also used to measure canopy -
. temperature. Air'temperaturé was measured with radiation shielded

thermdcouples. Temperature and vapor pressure gradients were obtained

with thermocduple psychrometér assemblies of the type describéd by

. Rosénberg and BroWn'(l974). Vapoi pressure of the "air was also

measured with a Honéywell-"Dew'Probe"_(Modells SP129).
. Net radiation measurements were made with Middleton (Model CN6)
miniature net radiometers and with: a Swissteco type S-1 net radiometer

(used only in 1973); soil heat flux was measured with Middleton flﬁx

plates. Except for the soil heat flux plates and thermocouples in

the cfop canbpy, measﬁreﬁents were @ade at a height of 2OO4¢m above
the ground. Gradients of'airVtemperature_and.véppr pressufe were':
also1obfaiﬂed;_ Méasuréments were takén é£ a reference levéi about
15425_cm above the crép and at 25, 50, and 100 cm heights éboveAthe
reférénéé. - | |
Meteoroiqgical measuremgnps wefe';ecorded by an automatic data
logging system with each cﬁaﬁnel being sampled twice during a 4-
minuge recoraing cycle on the-quartef hour. Data wére converted into

parametric and graphic forms through a series of computer programs.

Mass Transfer Model
The mass transfer model for estimating evaporative (lateﬁt héat)

flux (LE) may be described by:
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where C is a theoretically or empirically derived constant usually

involving a windspeed term,'eS is the-saturation vapor pressure (a

function of surface temperature) of the  evaporating surface, and eg -

is thé-actual vapor pressure at a.specifiedvheight above the surface.

Modifications of this formula, the 6riginal derivation of which is

generally attributed to‘DaLton {(ca. 1800), have been made by Rohwer

(1931), Perman (1948)., Slatyer and McIlroy (1961), Harbeck (1962),

‘Pruitt (1963) and others.

Using surface teniperature data measured from airborhevplatforms,-

the methoa_has been Sucéessfully applied to estimating evaporation
f?om the Great Lakes,(Richards énd Irbe, 1969). ~The'ﬁodel has'also
beén used to estimate ET~from bare soils (Conaway and Van Bavel, 1967
and‘Ripple,:Rubin'and Van Hylckama, 197O)Aand'from vegeta£ion (Pruitt
and Aston, 1963) with ﬁemperétufe measurements made near the sufface.

Penﬁan (1948) , using pan evaporation data of Rohwéf (19315, de-
veloped the following expression:

: -2 .. -5 o .
LE = (2.17 x 10 © + 7.6 x 10 = ujp) (eg - ey) ()

’

. ' . . -1 .
‘where u, 1is the wind speed in cm. sec at 2 m and vapor pressure 1is

in millibars. This equation suggests a linear.relationship betweeh
wind speed and evaporative flux.
Pruitt and Aston (1963) developed another modification of the

Daltonian equation:
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LE = f(u) (eS - e]_ooi . ' ‘ ) ‘ (3)

where €100 is the vapor-prgssure'at 100 cm and f(u) is a.prqportioﬁ—
ality factor'obtéined graphically from a ploﬁ of wind'speed at 100 cm
vs LE/(eg "élbb)' In this casé LE was measured with a lYéiméter:
'The'approach‘taken_in our.study is similar to that of Pruitt and
Asﬁoﬁ (1963) excépt that, as'é.standard for compafison, wé.meaéuréd
LE with an adjhsted BREB .method. The adjusﬁed method‘aécouﬁts for

an underestimation of LE by about 20% when the BREB model is used

under conditions of strong sensible heat advection (Blad and Rosenberg

1974) . vVvapor pressure of -the air was measured at 200 cm. Thué the

] model takes the forin:

LE = £(u) (eg - eqygq) | | S (4)

Resistance Model

The energy balance at the earth's surface is described by:

Rn + S + H + LE = 0. _ o (5)

where Rn is net radiation, S is soil heat flux, H is -sensible heat
flux to or from the air and LE is latent heat flux. The sensible

heat flux can be expressed as:

(1a’Ts)

(6)

Ta

where p is the density of moist air, Cp is the specific heat of moist

‘air at constant preésure,lTs is surface or crop canopy temperature,

T, is air temperature and ry is the boundary layer resistance. In-

|
]
|
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‘Values. of LE used in eq. (8) were obtained from concurrent BREB esti-

creasing wind speed or turbulence will decrease r and increase the
sensible heat flux.
Substitution of expréésion (6) into (5) and rearrangement of

terms yields:
=LE'= p Cp (T4-Tg)/rg + Rn + § . - | . m

'All terms in equation (7), the 'resistance model', cah be easily
measuréd except:ra which:mustlbe estimated from a functional relation-
ship:wifh Windspeedp

Before the. resistance médel can - be applied, experimeﬁtal data
are'required to eétablish.the‘relétiqn between'ra and windspeed. We

evaluated”ra by solving equation (7) to give:

~ s} Cp(TS—Ta)
£y = —————

. (8)
Rn + S + LE

mateslof LE. Crop temperature,.Ts, was measured with the'IR'thermb_
meter. The r, values thus obtained were matched with simultaneous -
windspeed data to'aeVelop a relationship ry = f£(u). Data from rela- |
tively cloud free periods between the hours of 0900-1500 in 1972 and

1973 were selected for this analysis. Alternative methods for calcu-
lationAof ry héve been proposed by Szeicz, Endrodi and Tajchmqn (1969)
and Wiegand and Bartholic (1970). These methods require very accurate
measﬁrementsAof the wind profile; Such data were unavailable in tﬁi§

study.
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| Thus f(u) can be adequately described by linear expressions.

RESULTS AND DISCUSSION

Mass Transfer

Plots of Lﬁ/(és - eéoo) vs windspeed are given in Figs.- 1 and 2
for 1972 and 1973, respectively; The lines shp&n4wéré derived}by
fitting.theAdaté with iinear feg;essionAéquations. .The equations
based’on leaf thermocouple data agree mo?e.closely with the Penman
.exprGSSion than do the equations based on IR thermometer: measurements.

"Some variation in our f(u) relationships between Years may have

1

arisen from differences in the aerodynamic roughness of the two alfalfé-

fields. We are uncertain as to which expression (that‘based upon - the
IR thermometer or that based ﬁpon leaf thermocoupie.data) is the more

accurate. (For comparison-and discussion of temperatures'measured.by

leaf thermocouples and IR thermometry, see Blad and Rosenberg, 1976).
The thermocouple expression is in closer agreement with Penman's ex-

pression. However, f(u), an empirical expression, is compared with an

e S s

expression which Penman,deriveq for a differént lo;ation:and'fbf a dif-
ferent type df'evéporating surface.

Altﬁough fruitt and Astonl(l963) found the relationship between
u andHLE/(es'—,ea) to‘bé curv;linear, most -such relations reportedxin
the literature are linéar;_ Our data'were fittéd'wiéﬁ both linear aﬁd
quadraticAcoeffiéieﬁtsJ Very iittle imprévement in the corfelation

coefficient accrued to the data fitted with quadratic expressions.

The -linear. £(u) expressions based on the IR thermometer data

were used to estimate LE rates on days other than those used to esta-

blish the relationship LE/(es - eppp) VS u,g,. These LE rates are

PAGE
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and September 3, 1973, respectively. On the partly cloudy days July

‘4, July 7, 1972 and August 30, 1973 the mass transfer method yielded 4

_ noon. periods when-advective conditions (LE > Rn) generally occur (see

. =1 . . . .
ly min 7, for the mass transfer model to overestimate LE. These rates

compared for several days during 1972 and 1973 with rates calculated
by the BREB method. _DailnyE rates calculated by the mass.ﬁransfer
method were 2.4% higher, 9.9% lower, and 8.6% lower thanlthe BREB

calculated rates on the felatively clear days'of June 29, July 8}'1972

daily values théf were 17.7% higher, 3.1% higher and 1.8% lower, res;
pectiﬁely, than the BREB-calpulated fétes.. Thevgooa agregmehﬁ of the.
BREB and mass transfé; estimétes of LE on-béth cloudy and cleér aays
is encouraging:

‘Daily LE Qatterns on a clear ‘and a pértia;ly cloudy day -are shown

in Figs. 3, 4. The~masé transfer method appears to work during aftér—;
i

for egampie the 1200-1600 hr perioa in Fig. 4) and élso:duriné periods%
when. sensible heat isAgeneratedAat thé crop surface (Rn > LE); Agree—!
ment between BREB and ﬁass-transfer LE is-generally best from about
0900 ﬁo'lSOO héurs.

A plot of iS—minutg.estimates of'BREB versus mésé transfer LE !
for tﬁe 0606—1800 hour. period qn-the éix.study aays is presented in
Fig, 5. The gfanaard error fof the regression coefficient was 0.032.
The average mass transfer LE.was 0.59 ly min—'l and the average BREB

LE was 0.55 1y min—l. Most of. this difference was caused by'tﬁe over-

estimation by the mass transfer model at low LE rates.

There was a strong tendency, when BREB estimates of LE were < 0.3
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were commoﬁ duriﬁg periods near sunrise and sunset (Figs. 3, 4). At
suéh times BﬁEBiestimatés of LE'ére subject to large errérs'(Fuchs
and Tanner, 1970).  The -mass ;ransfer mpdel may'likewi;e become unre-
liable at ﬁhese times, especialiy if rapid radiational cooling of the
canopy compared to»thé air,voccurs at the low light iptenéities.
';-At LE >0.3 ly min~% there was no strong:tendénéy for the ﬁass
traﬁsfer model to_undeifestimate,or ovef;estimafe LE fates; The
écatter‘of data suggests‘thaf 15 minutes. may be-too short to obtgin

reliable estimates of LE;"l

Resistance Model _

Plots of-ra vs Qindspeéd are preéehﬁed in Fig. 6. The.data are
widely scaftered with r = .44 in 1972 and r = .38 in 1973. The 'best- i
fit' expressions ére,'however, Quite éimilér to those given by other
researchérér Some of this scatter.may be due to the fact that the
data were taken over a period of several.day; - long enough for the
actively growing élfa;fg to have:changed its aerodynamic roughness.

In 1972 the relationship of ry vs usgq was: ]

o ~0.72 - .
rqa = 9.99 (U200) _ ‘ ) (9)

and in 1973 the equatibn was :

o -1.11. -
ry = 102.0(uy0) | (10)

: . . . -1 .
h is i .
where u200 in cm sec
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In the windspeed range frqm 200-700 cm secf1 theee two expressiohsA'
yield similarAf; valuesAksee Fig. 6).
| Equatioﬁ 19)'was used in combination with IR thermemefer_date to
‘eompute LE rates over 15 minute intervais for several days in 1972
end eqeafion (10) was used in 1973. These,were days other than those
f?om which data was Eaken te developithe ry = f(u) ekpressione. Re-
sistance model LE values were compared with estimates obtained from .
the adjgsted BREB medel.: Data-fer eix days were chosen for study -
four in 1972 and two in 1973. On-each of these six dayslthe agfeement
in daily LE velues rahged from 1-10%. Daily Lé patterns on twe of
these days are shown in Figs. 7, 8.

Comperieon of ali lS*minute-eseimates of LE by the resistance

model and the BREB méthod during the 0600-1800 hour period on the

1six days is 'shown in Fig. 9. The resistance model, as with the mass

transfer model,vexhibited a strong tendency to overestimate LE when

: T S '
BREB calculated LE was < 0.3 ly min ~. A slight tendency towards

underestimation at high .LE was also observed. The regression equations.

for both methods are eimilar,-however a better fit of the resistance
data is indicated by the higher‘cofrelation coefficient end the lower
standard error of the regression coefficient (0.025).

Clear and cloudy weather end periods pfbsensible heat advection
and non-advection occurred during the days studied. The perforhance
of the resistance model appearseequally good undef all of these
climatic conditions. |

Stone and Hérton (1974) reported that the resistance model over-
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1 estimated ET by abqut 229 when resistance model‘estimates were chparej
2| to BREB estimatéé.. Wé dié not observe this téndencyh except at LE

"3} fluxes < 0.3 ly min;l- We think that Stone and Horton's study-was

4 conaucted uhder’cond;tions of significant sénsible heat adQection.f

5. With aévectiOn the BREB_model has béen shown to'underestimate.ET by

8 abouﬁ‘20%‘(Blad ana éésenberg, 1974). Thus the resistance model may"
f have given Sfone.ahd,ﬂorton‘thé bést.estimates éf ET of ani method

-_8 they ﬁésted;:

9 Stone and Horton tested the model over sofghum. We used alfalfa.

10| The difference in crops .may have contributed to the different results.

11} The crop factor is one that should be evaluated.
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| wind profile data instead of the method used in this study.

since it is based.on ‘the crop température, will increase résulting i

'large number of instrument locations in éach region. ET estimates

Jover a large region could be supplied, without the need:for such de-

CONCLUSIONS
- Our résults suggest that tﬁe méss transfer and resistance models
provide reliable estimateé of ET, especially daily values, ﬁor vege-=
tation well'suppli§d>With water. For the mos£ part, LE rates calcu-

lated with the resistance model agree more closely with BREB estimates

than those obtained with the mass transfer model. Estimates of ET witHh

the resistanéelmodel should improve if ry is estimated from accurate

" The mass transfer model will give increasingly worse estimates of |

LE as moisture available to the crop becomes less and less available.

Under moisture stress conditions crop temperature is elevated; eg, '

in LE estimates that are excessively high. The resistance model
accounts for increased temperature through an increased'generatiohiof
sensible heat flux from the crop. Therefore, it should provide relia-

ble estimates 0of ET even under moisture limiting conditions. It

remains to be tested under such conditions, however.

"Micrometeorological methods such as the BREB model .require detail-

ed measurements, especially of temperature and vapor pressure profiles,
to be made in individual fields. To estimate LE over large regions

with such micrometeorological methods would reguire an impractically

tailed measurements in so many different fields, by the mass transfer

or resistance model using crop temperature data obtained from rémotely

sensed thermal im@ggiy.-
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The reiationship; ra-¥ f(u) over an alfalfa surface. Wind-

speed was measured at 200 cm above the surface. Observations

at the Cozad site. Comparative data are .included.
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MEASUREMENT OF CROP TEMPERATURES BY LEAF THERMOCOUPLES,

INFRA#RED'THERMOMETRX AND REMOTELY SENSED THERMAL IMAGERY
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. ABSTRACT °

érop tembefature of alfalfa (Medicago sativa L;)lwas measured
with én-Ithhetmbmeter (Tik) énd with leaf thermocoﬁplgs (Tpe) - T
of_qorn (EEE;EEZE L.) was also measurgd. Thermal'imagery‘of the alfald
fa‘research sites and neighboring fiélds.Was also obtéined. ‘fhe étddy
was'undertakén.fo determine:daily paﬁterhs of crop’température, to
compare crop,and air temperéture, fo determine whether qf not alfalfa'
and corn are consumers or generators of sensible heat in the climate
of thé centfal Great Plains and to'detérming the utility of using
remotely éensed thefmal imagery to measure crop temperature.

Toc and'TI were often closer than 0.5 C but the agreement was

R
not consistently better than 1-2 C. Measurements indicated that aay—
time thermal.inversions éxistea over ;lfélfa fields auring several
hoﬁrs,pn the days stﬁdied. Alfalfa was often 5-7 C Cooler than air at
thé-200 cm level in ﬁid and late‘afterhoon. The iqtensity andrdura-
ti§n of the daytime iﬁversiong observeéd in this study indicate that
significant QUahtities of advected sensible heat are supplied to the
aifalfa for conéump;ion'in evqpotranspiration (ET). This finding
suéporﬁs ET studies reported_b? Rosénberg (1972) and Bléd and Rosen—.
berg (1974) . 4 | |

The températgre of corn, alfalfa aﬁd air were compared léfe_in

the growing season. Even though the corn was irrigated it exhibited

a temperature that was consistently higher than that of a-nearby al-

falfa field. It;was-also warmer than the air except for short periods

in the late afternoon. Unlike alfalfa, corn generated sensible heat
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TO TYPISTS-—Begin {yping flush with the left-hand marginal line, and end typing 50 the averase lensth of Ve ~acreaponds with the risht-hand wnarginal Jine



PAGL

1 Jand therefore, probably used significanﬁly less water than did the

2 alfalfa. .

3 Quantitative interprgfation of the. thermal imagery was not possi-
f‘ ble but imagery‘obtqinéd in late spring indicatedAthat wheat and alfal-
_ S |fa were at approximately the same temperature and both were cooler

8 than‘pasture. If the net-fadiation and crop boundary layer resistance
’ téfms are:similar for these thrge crops then the imagery.suggeéts

? that wheat and alfalfa used water at about the same rate and fhat

9 |[pasture used less water than either.
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V'Shrface temperature data can be useful to physical and biologicall

scientists in tHe study of many'natﬁral processes, for example, to:
indicate péésible sites-of vblcanic erruption (Lange and Avent, 1973);
detect Heat islands over land kRao, 1972) ; locate‘geothermal péwer
sources (Friedman, 1976); detect vegetation‘under stréss {(Karschon and
Pincﬁas, l97l;vAston and Van Bavel, 1972; éa:thélic, Namken and Wie-
gaﬁd,'l972;_Carlsbﬁ, Yarger and Shaw,‘l972); estimaté'evaporative
losses from large bodies of water (Richards énd Irbe, 1969, and Webb,
1970), bare séil (Conaway and Van Ba&el, 1966, i967) and vegetation
(Sténe and‘Ho;ton; i974; Blad and Rosenberg;, 1975).‘

The enefgy flux, R,‘from an object is related to its-surfacé tem-
perature by: |

R=eoTt SR R (1)

where € is the emissivity, o is the Stefan-Boltzmann constant; and T

is the température of the radiating surface in degrees K. The total

{1 radiative flux from any object includes reflected radiation if the ob-

ject does. not behave as a 'black body'. The total outgoing longwave

radiative flux, Rpy, may thus be stated as:
Ry = eoT + (1 - e)B* S (2)

where B* is the flux of incoming longwave radiation. With RLw mea-
sured, the emissivity of. the surface and the flux density of B* known,
the temperature of an object can be readily calculated.

Tanner (1963), Conaway and Van Bavel (1966), Fuchs and Tanner

PAGL
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(}966;'19685, Féchs, et al. (1967)'and McGinnes and Aronson (1971)
discusé theory, - techniques apd p;oblems associated with measufement
of the températureiof vegéﬁationvand soil by infra-red (IR) thermome-
ters:(sdmetimes célled thermal radiometers). Measuremen£ of é%op'
temperature with IR thermometry constitutes anAimprovement.oyer the
use of contact sensoré, shch as thermocouples, which must be attached.
to or inserted in a plén£ leaf and_which can,'thQs, caﬁse chénges in
the condition of the leaf.

In most éaseé the u§e of ground bésed IR thermometers'fqr mea-
Sqrement of surface teﬁperaturé has béén restricted to rather small
‘areas. In recent yea;s'IR thermomete#s and'thermai'scanners have been
opgrated:frbm airbbrne plathrms.to measure surfaée temperaturés over
large éreés.v

To accurately measure surface temperafure'with thermal imagery_
from airborne platforms ﬁhé’gmissivi£y of the surface, the flﬁx den-
sity of B*, and the atﬁenﬁation of<l§n§wavé radiation céused by atmos-
pﬁéric.absorption bethen‘the surface and the airc?aft must be known.
Fuchs and Tannef 11966), Conaway and Vén Bavel (1966) and Davies,
Robinson and Nunez (l971)_give techniques for determination of é* and
€. }Weiss (1971) and Mau; (1953) describe methods to account for thé
atmospheric attenuation of’Iﬁ radiation. ‘Weiss (1970) and Richards
and Irbe (1969) made measurements over large bodies of water. Bartho-
lic eE al. (1972) used a‘thermal“scanner to-meésure»soil and crop tem-
berature in Texas and concluded that the thermal imagery obtained was

adequate to delineate crops showing moisture stress from those unstress

t
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1 ed,itoievaante thé unifsrmity qf irrigation and to evaluate the -

2. moisture.gtatus;of,the sufface soils.

3 The obieéﬁives of our sﬁudy wefe,tp: 1) observe daily patterns
4 of‘cropAtemperature és measured Qith leaf thermocouple;'and with IR

5 thermometefé; 2) compare Crop temperature Qith air teméerature to de-
termine whether of not thg crop WQS'é consﬁmer or generatoxr of senéiblg
7| heat and 3) détermine the utility of.ﬁsing remotely senséd‘thermal

imagery to measure crop temperature.
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-EXPERIMENTAL METHODS

Sites and Instrumentation
Studies were conducted at two sites: one located midway between

Schuyler and Columbus, Nebraska (lat 41° 25' N, long 97° 13' W, m.s.1.

425 m) in 1972 and the other near Cozéd, Nebraska (lat 40° 53' N, long

100° 00' W, m.s.l. 800 m) in 1973.

During each study leaf temperature of alfalfa and corn was de-

“termined with six thermécouples wired in parallel'and'attached to six

different leaves. Crop ﬁempefature of alfélfa was measured with a
Barnes IR thermometer (Model IT-3 S/§°) mounted 2 meters aone the
crop on a boom.tha§ trgVeled qlong a trolley fo; a distance of 4

meters. Four to eight recordings were made at various points along

'the transect during a recording cyclé. Cycles began on the quarter

hour.

" Thermal imagery from airborne sensors was obtained on three days
in 1972 ;nd one Aay in 1973. 1In 1972 thermal scans were made at the
ScHuyler—Columbus sitelbyiU.S. Geological Sur&ey aircraft'using a
Texas'Instrumené médel'RS—9.thermal scaﬁner'operating in the 8-14 um
waveﬁand range. To aid in interpretatidn of the iﬁagery the aircrart
also carried a-Barﬁes precision radiation thermometer (PRT—S) whiéh
measured the sgrfaée temperaturé. In 1973 the therm;l scan was made
at the Cozad site by a Nebraska Air National Guard aircrafé with a
Texas Instrument model AN/AAS-18 thermal scanner operating in the

10-14 um waveband range.

Net radiation was heasufed with Middleton (model CN6) miniature
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Anet';aaiometers.andlﬁith_a Swissteco type S-1 net_radiometer {used
only in i973). ‘soil heat‘fiux was measured with Middieton flux plafes‘
Temperature; vapor pressure and rélativé humidity values were obtained
from-meaéurements made with‘therﬁocohple psychrometer assemblies of
the type deéc;ibéd By Rosenberg aﬁd Brown (1974).. Wind speed was

3

measured with a.3-cup wind speed transmitter” modified to generate

signals in the millivolt'range.

IR Thermometer Calibrations

The IR thermometer was calibrated before and after each.seasoh's

work using a procedure similar to that of Conaway and Van Bavel (1966).[

The'ﬂblack body}*radiation source was immersed in a water bath and the
temperature . of tﬁe‘watér;bgfhiwas raised,'grédually, from:® 0-50 C.
Calibration expressions'wgre developed by 'best fitting’ daté with
linear and quadratic expressiong. Thé quadratic expressions provided

a small, but significant, improvement to the 'best fit'.

Emissivity of the Aluminum Plate

Cénaway and Van Bavei (1966) describe a method for:determining
the emissivity of an aluminum plate.- In‘ﬁﬁeir‘technique.aAhéated or
cooled alumninum plate is plabed inside'a black painted styrofoam. box
'and'allowed to change temperatﬁre éradually. IWe-found, using their
tééhnique, that.the calculated plate emiséivity often var%ed depending

dpon whether a heating or cooling'cygle was émployed. This was due

— Science Associates, Catalog No. 406-1.
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to é continuous change'in'tempefatﬁre of the styrofoam box walls be-
cause of absorption of radiation émitted by the aluminum plate.

'We have-develbped'a modified and spﬁewhat simplified method for
.detefmining the eﬁissivity-df the aluminum plate which is ‘described
in'Appendix A. For aAnewly painted alumilnum4 plate the emissivity
‘was fdund to be 0.52, in agreement with results reported by Bartholic

et al. (1972).

Emissivity of the Plant Canopy

Fuchs and Tanner- (1966) provide a-method for obtaining the emi-
ssivity of vegetation which requires measurement of Ry B* and the

temperature of the vegetation. Fuchs and ‘Tanner measured the tempera-

ture of plants enélosed in an aluminum pop-tent. Our procedure is

’similar to that of Fuchs and Tanner, except that the temperature of

the vegetation was measured with leaf thermocouples at night under

‘clear skies.

From observations made on August 28 and Sgptember 3, 1973, the
emissivity of the alfalfa was found to be 0.976 and 0.971. These val-
ues are in very good agreement with the 0.976 reported by Fuchs and

Tanner (1966).

Calculations.

"In actual field use the flux density of incoming longwave radia-

4/

—/ Plate painted with alunimum paint manufactured by Moore Paint Co.,
St. Louis, for National Paint Distribuﬁors. :
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‘where Rp. is the radiative flux of the crop (measured with the IR

energy balance technique. Sensible heat fluxes weré calculated as

22

tion, B*, is determined from‘measureménts made while»the‘IR thefmometer
sensing head views the aluminum.plateg B* is calcuiated froﬁ the
folloWiﬁg eéuation:

R, =~ € of'4

1 - €p

where Rpp is the. longwave flux from the aluminum plate (measured'witﬁ
the IR thérmometef), €p is the emissivity of the aluminum plate and
Tp is the plate temperéture.

- The plant canopy temperatﬁre, Te, 1s calculated as follows:

: _ .
R .~ (1-€e_)B* i
T, = bc c. A - : (4)

_ECG

thermometer) and e, is the crop emissivity.

The latent heat: fluxes. were calculated with the Bowen ratio-

the residual in the energy balance equation (see eq. 5).
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sunlit leaves, interior shaded leaves and ‘-exposed soil surface. The

.plant temperature is théﬂaverage temperature of six peripheral'leaves.

- Columbus Site;ll972

weathér conditions on May 31 and June.l, 2 are presented in Figs. 1-3.

RESULTS AND DISCUSSION

In the 'discussion that follows the term 'crop surface temperature'
(TIR)'refers to the temperature measured with an IR thermometer.
'Plant temperature'  (Tp.) refers to that measured with leaf thermo-

couples. The surface viewed by the IR thermometer includes exterior

Temperature Measurement of Air and Alfalfa - Results from the Schuyler-

Daily patterns of air and alfalfa temperature'undér varying

Data on energy balance and climatological parameters on the above days
are provided in Table 1. The energy balance at the surféce of the

earth may be written as:
Rn + LE + H + § =0 : . ! o (5) .

where Rn is ﬂet radiation, LE is evaporative (latent heatflflux,‘ﬁ is
sensible heat aﬁd S is soil heat-flux. . The sigﬁ.cohvention is that
fluxes to the surface are positive‘and fluxes from the surface are
négative. Whenever the energy consumed in LE exceeds that availablé
érom (Rn + S) the additional energy- is shpplied from advective sensible
heét~and.H in equation (S)Awill bé positive.

The temperature patterﬁs under. the changing weather conditions of

the May 31 - June 2 period provide several interesting contrasts. May

e 3 re = e
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31 was clear,énd re}atively cool. Daily Rn exceeded daily evapotrans

piration (ET) indicating that on this day the cropAwas a generator,

rather than a consumér of sensible heat. This observation is supportt

ed by the'fact that‘air temperature at 200 cm was lowe; than the crop
temperature until about 1600 hours-(solar time).
TTC”was:sighificantly'highef than T, until about 1500 hours.
Differences were,aé great as 3‘C and wgre,likely due to a”significant
contributién1of energy radiated fgom the:cool moiét soil andvshaded

interior leaves to the radiant flux density senséd by the IR thermo-

1meter, Agreement between T_. and Tro improved significantly when the

IR

crop to air temperature gfadient changed from lapse to inversion {(the
ambient ‘air temperature became warmer than the crop),l
In contrast to .the previoué day, June 1 was warm, clear and ET

flux was strong. ' After aboqt 1200 hours air temperature was greater

than crop température and sensible heat was consumed in ET by the al-

falfa. A total of 262 cal cm of energy was computed to have been
supplied by sensible heat advection.

A cool moist soil surface may have been the cause for the lower

.T1R observed before 1000 hours. - Léter, temperature measured by the

two methods: agreed very well although Tyg was slightly higher than

T in the mid and late afternoon. This effect was probably due to

an increased contribution of thermal radiation from the soil surface

" which had dried and was warm. relative to the surrounding plant mater-

ial.

June 2 began cool, but by mid-morning the air was Warm. Some
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cirrus clouds were present during mid-day. Advective conditions -
existed after about 1100 hours but theé rate of sensible heat consump-
tion was lower than on the previous day. Agreement betweéanIR and

Tpe was good except during late afternoon when-TIR_was higher.

On all 3 days shown by these figures .the night-time inversion

was éisrupted at about 0600-0700 hours. The onset of the day-time

thermal imversion, which indicates sensible heat advection, varied

from midFmorniﬁg to late afternoon.

Temperature Measurement of Air, Alfalfa and Corn - Results from the

Cozad Site, 1973

Temperature patterns for air, alfalfa and corn on Augﬁst 28 and -
September'S, 1973 are pre;ented'in Figs.»4 and 5. Energy balance
and climatic conditions on £hese days aré,given in Table lL

August 28 was clear and‘waim. Tt was a day of sﬁrong sensiblé

heat advection. Advective conditions, as indicated by the persistent

temperature inversioh, existed throughout .the day. Advection supplied

about 31% of:the eneréy consumed by ET.

Corn, on the other hand, waS‘warmer'than the air, except in late
afternogn{ _Thég, sensible heat was generated by the'corﬁ during mosf
of the‘day'and consumed only dufing a small portiop of the afternoon.

This suggests that the ET rate of the corn was considerably lower than

Jthat of the nearby alfalfa. The corn was irrigated,'but had tasseled

and the ears were almost full size by this time. Water use. by the

corn, may,.thérefore, have been less than if the coérn had been in a
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more active stagg of growth.

Unfil m}d-éfternoon and excépt for a brief period around solar
noon the alfalfa temperature measured with thermocoupies was consis-
tently about 1 C highef than'that méagured with the‘IR théfmometer.
Late in the afternoon temperature measured by both méthods agreed
'closély. |

'September's was Ciear; Temperatures were low in the morning

but warmed rapidly. A distinct temperature inversion did not develop

-.over the alfalfa until about 1400 hours and advected sensible heat

-contributed only about 50 cal cm-2 of -energy. TfC was generally 1-2
C‘higher fhan Tig- Again the températuré of the corn remained aone
air temperature'until‘late afternoon.

'.The’1972 ahd 1973.data together suggest that.radiation fpom.the
intefior leaves and éoil surface coniiibutes‘a measUraﬁle portion of
the energy'sensed.by thé ;R thermométer.~-The iR thermometer provides
good estimates of canopy temperature if crop cover is complete or
nearly so. If not, radiatien from the'soil will stfongly influence
the ‘'apparent' canopy tempefature.' Thermocouple measurements are
.inadequate since it is very difficult to élace a sufficient number of

thermocouples to obtain an accurate average of the crop temperature.

Measurément'of Crop Tempetature.by Airborne Thermal Scanners
Several attempts were made to obtain thermal imagery of the
research site and surroundirnig fields during these studies. - Because

of inclement'weather and instrument malfunctiqn,'thermai imagery was
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1]
obtained only on May 31, June 1, August 16, 1972 and. August. 28, 1973.
Quantitative interpretation of the imagery was not possible because
5 . v o .
the thermal scanners had no internal calibration sources and data
| obtained with the PRT-5 thermal radiometers were unacceptable.
Despite these limitations, several observations of a qualitative
6 . ~ . '
nature can be made from the thermal scans shown in Fig. 6. The
7 C . : .
photographs are positive prints of scanner produced negatives. - The
81 . . ' o '
. darker the area, the lower its temperature.
‘From the first series of flights [Fig. 6(a,b)] we observed that
10 S L A o _
' the experimental alfalfa field (A) was relatively cool as was the
1 A _ 4 ; ' -
wheat field (B) just north of it. The pasture (C) was warmer than
12 ' ' ' _
alfalfa and the bare fields (D,E) were the warmest of any in the
13 S : : :
area. The tree windbreak near the farm buildings (F) was cool.
14 _ _ » _ ,
- Crop .temperature can be related to the evaporation rate of the
15 ' : ' _
.Jcrop. -A method to estimate evaporative latent heat flux from crop
16 ' : , ' o
temperature is discussed by Brown and Rosenberg (1973), Stone and
ol | , _ . | .
Horton (1974) and Blad and Rosenberg (1975). One appropriate equation]
18 | ' '
is: , .
19 : C “(Ty - Tg) ' : :
-LE = Rn + S +'Cp 0 _—r“_ . . . (6)
20| ' 8
21 jwhere Cp is the‘specifié heat of air at .constant pressure, p is the
zzvdensity of air,‘Ta is air temperature, Te is crop temperature, and
23 |¥a 1s the crop boundary layer resistance.
24 Equation 6 indicates that, with all other factors equal, the
25 {cooler the crop - the greater the LE flux. Net radiation and soil
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and Biad and Rosenberg, 1975) although the different plant morpholo-

% | same temperature. The wheat field (B) had been harvested and. was

‘The pasture (C) was slightly warmer than the alfalfa and other agri-

| On this thermal scan the corn field (B) appears slightly lighter grey

heat flux should have been nearly identical for alfalfa, wheat and
pasture. All the crops were of about the same height. Therefore,

the values'of r, may be approximately equal (Brown and Rosenberg, 1973

gies may affect the aerodynamic roughness of the. various crops. The
thermal imagery suggests that evapotranspiration occufred at about
the'same rate for wheat and alfalfa butlat a lower rate in the pasturel
We reported, on the basis of Bowen ratio—energy balance measurements,
£hat evapotranspiration fate in a pasture was lower tﬁan that in
adjoining alfalfa (Blad and Rosenberg, 1974). Thé thermal imagery
showﬁ here supports our earlier,finding.

Fig.-6c'is a thérmal.scan madé on August 16, 1972. The fields of

alfalfa (A), soybean (D) and corn (E) were all at approximately'the
very warm as was the strip of bare soil (G) betheen two -corn fields.

cultural crops in the area.

.

The -only thermal imagery obtained in 1973 is shown in Fig. 6d.

than the alfalfa field (n) . ThermogaupleAﬁeasurements indicated that
the corn was abOut 2C warmar than the alfalfa4auring the time of tha
ove;flight.

Severalvlight afaas,appear in the fields. Note, in particular,
fhe two areas near the center of field (Ai. These were two large

haystacks. Other light colored spots are small bare areas or areas
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1| where soil conditions led to severe moisture stress on the crop. No
2| significant rainfall had occurred for several weeks prior to the.-

31 flight.
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CONCLUS IONS

T1r and TT; for alfalfa didvnot‘agfeé any better thén 1-2 C, con-
sisteﬁtly. There Were,.howéver, periods of several hours in which the
agreement was closer than 0.5 C. Agreément was éenerally be;t during
mid and late afternoon énd‘worsf in the early morning. . |

Rosénberg‘(l969) and Blad and. Rosenberg (1974) reporégd that ET
rates of alfalfa in tﬁe east central Great Plains arevéftén very high
due to'cqnsumption of advectea sehsiblé‘heati Sensible heat will be
consumed in ET only when the air is warmer than the crop, ;hat is,
when a temperatﬁre iﬁvérsioﬁ exists. Measurements of érop'and air

temperature made in this study do indeed show that daytime thermal

inversions, often lasting for several hours in the mid and late after-

noon, occur over the alfalfa fields. On some days these inversions

Aare:dbserved for all or most of the day. Particularly in the laté

afternoon, the inversion can be very intense. It is common to find
that the temperature of alfalfa is 5-7 C lower than air temperature
measured at the 200 cm level.:

Comparison of corn and alfalfa temperature late in the growing

.season revealed that corn, although irrigated, was_consistently

warmer than a nearby alfalfa field. Corn was also warmer-than the air

except during the late afternoon. These data suggést that, unlike
alfalfa, the corn field generated sensible heat. It follows, then, -’

that more water was consumed by'alfalfa than by corn during that por-

tion of the growing -season in which the studies were conducted.
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Linacre (1964) and Priestiy and Taylor (1972) ébservéd that at
ébout 33 C 'the temperature of air and crop were equal. Below 33 C
leaves were wafmer than air and above thgy were cooler. ~Accordigg to
Linacre, Fhe_leaﬁ température will générally exceed the éir témpéra—
tﬁre,in a sunhy inst climate with low windiness. For alfalfa, under
the édvective conditions thch often prevaii in the'cedtrai Great
Plains, the aif and leaf témpe;ature_reiationsﬁipAobserved by Linacre
and.Priéstly and Taylor'does ﬁot appear to hdld.- For the days pre-
sénﬁed’in‘this study the cﬁoss over point (air températufe becomes
warmer than leaf tempe?étu?e) occurred in a.temperaturé range from -
about 23—36 C. bn many days the air femperature from thaf éoint con-
tidued tohincrease thleﬁthe crop'tempgrature either decreased or re-
mained héarly constaht. Although the air temperature data‘reported
héré were measured'at QOQ cm above gfoﬁnd a:similar pattern was ob-
served fof air temperature measgred within_25 cm of the crop.

The thermal imégery obtained in this study was of suffiéiently
good quality to permit quaiitativé, but not quaﬁtitative,interpretation
This<imégery showed ?hat pastures were warmér‘than alfalfa fields
indicating lower ET ratgs in pasturé. This agrees with results of
direct micfome£eorological measurements made by -Blad énd Rosenberg
(1974) in the ‘same region.

The thermal imégery obtained ip the late spring of 1972 éhowedA
that wheat aﬁd élfalfa; unaer conditions of miﬁimal moisture,stress:
were at approximately the same temperature. It aépears that differen-

ces in water use by the alfalfa andeheat were insufficient to produce
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temberature differences that cpﬁld be.discriminated from the imagery.
Un;ess the 14 o} Rn'values for the two'cr0ps were very different,
alfalfa and wheat should'have consumed water at.approximately the. same
rate. - This conclusion does nptAagree with resulﬁs repogted.by

Fritschen (1966) who found, in an Arizona expériment; that wheat used

water at a slightly lower rate than did alfalfa. Reasons for the dis-

agreement are uncértain..l

It is difficult to ébtain satisfactory quantitative interpreﬁa—
tion of thermal imagery when the only reference temperature datg is
that obtained with preéision'radiation thermometers. This is es?ef
cially trué in éreqs where agricultural fields are relatively‘small
(10—26 acres). We~feel‘that-the quantitative inﬁerpretétion‘of thermal

imagery.can be improved by thé use of thermal scanners with'internal

measurements of surface 'truth' temperature.
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APPENDIX A

" "Method for Determining Emissivity of .the Aluminum Plate

A 35 ¢m % 35 cm x 0.95 cm aluminum plate, with 4 thermocouples

.embedded in the surface near. the center of the plate, was coated

with aluminum paint. The plate was placed over a 30 cm deep

‘étyrofoam‘box, in which a 100 watt light bulb was mounted.

The piate and box Were placed in ‘a room where backgrodnd radiation
duriﬁg the emissivity measurements was pearly coﬁstant. The IR
thermometer'was mounted about 1 meter -above the floor and aimed

at the centef of the_plate;

The aluminum plate wasArefrigerated and cooled to about 5 C and

placed on the styrofoam box. The light bulb was turned on and

produced heat sufficient to raiée the plate'témperature, gradually,

to above 60 C.
The longwave radiative flux from theAplaté, calculated from the
plate thermocbﬁple.temperature was plotted on the x-axis and the

radiation sensed by the IR thermometer was piotted on the y-axis.

The slépe of the line.so plotted is the plate emissivity,-ep.

3
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.~
Fig. 5.
Fig. 6.
Table 1.

Daily battern of air temperature measured at 200 cm above

As in Fig. 1 for June 1, 1972.

'.thermocouplesﬂ August 28, 1973 at the Cozad site.

LIST OF FIGURES

ground and alfalfa temperature measured with an IR thermometey
and with thermocquples.' May 31, 1972 at the Schuyler—Columbua

site.

As in Fig. 1 for June 2, 1972.
Daily pattern éf air temperature measured at 200 ‘cm above
ground, alfalfa temperature measured with an IR thermometer

and with thermocouples and corn temperature measured with

As;in Fig. 4Afor September 5, 1953.

Thermél imagery from éi?borne>thermal scanners.' Scané a, b,
and c were ébiéinéd f;om lZOQ_m.aboVe groﬁnd at Schuyler-
Columbus site at 1400 hrs on May 31, 1000 hré on Jﬁne 1 and
0900 hrs on August 16,-1972, respectively. Field (A) is
alfalfa, (B),is-wheét'(stubble in c¢), (C) iS»pasture, (D) is
5are‘soil,(soybean in é),,(E) is bare soil (corn in c¢), (F5
is é‘farmétead, (G) is fallow. Scanld was obtaiped’from 900
m above ground ?t 1000 hrs.on August 28, 1973 at Cozad site.
Fieid (A) is alfalfa, (B) 1is éorn; |

| LIST OF TABLES

Energy balance and climatic conditions on selected days at the

Schuyler-Columbus site in 1972 and the Cozad site in 1973.

Daily totals are for the 0600-1800 period.
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Fig. 6. Thermal imagery from airborne thermal scanners. Scans a, b, and c were
obtained from 1200 m above ground at Schuyler-Columbus site at 1400 hrs
on May 31, 1000hrs on June 1 and 0900 hrs on August 16, 1972 respectively.
Field (A) is alfalfa, (B) is wheat (stubble in c¢), (C) is pasture, (D) is
bare soil (soybean in c), (E) is bare soil (corn in c¢), (F) is a farmstead,
(G) is fallow. Scan d was obtained from 900 m above ground at 1000 hrs on
August 28, 1973 at Cozad site. Field (A) is alfalfa, (B) is corn.



Table 1. Energy balance and climatic conditions on selected days at the Schuyier‘Columbus site in 1972 and the
Cozad site in 1973. Daily totals are for the 0600-1800 period. )

v

Net. Soil Heat'  Sensible - Latent Evapo-

wind

. ‘ Air Air Vapor Relative
Date Ra@iation - Flux Heat Flux Heat Flux ‘ transpiration Temperature: .PreSsu;e. Humidity Speed
———————————————— cal Em—z day lommmmm ez mm daykl' C mb % m sec”!
Schuyler—Colﬁﬁb;s Site

T May 31 437 -8 -32 - =397 | 6.8 Max 23, 12. 92 2.7
| Min 9. io. 41 .5

Avg 18. 10. 54 2.1.

625 /2.0

June- 1 445 -9 262 ~196. 12.1 . Max 28. 16. 78 4.8

Min 13. 12. 39 2.4

Avg 24. 14. 50 3.8

"Juné 2 375 -9 102 469 8.0 Max - 30. 21. 79 2.5

| Min 17.1 15, 36 Lg

Avg 26. 17. 52 | 1.4

Cozad Site

AAug. 28 328 -10 211 -530 9;1 Max 30. 23. 81 4.9

| Min 17. ’.16! 50. 2.2

Avg 26. 20. 60 3.9

Sepﬁ. 5 326 -11 49 “365 6.2 Max 25. 15.: 94 2.5

Min 7. 9. 45 1.1

Avg ~20. 13, 60 - 1.8





