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A Area of the surface , , ,  , . eq. (2.2.2)
Ad Projected area of the detector

recelving radiation, normal
to the direction of the sensor eq. (4.2.1)

A Total projected area of the

visible (from the sensor)

sunlit leaves normal to the

direction of the semsor, , , , eq. (4.2.2)

A Total projected area of the

visible (from the sensor)

shaded leaves normal to the

direction of the sensor, , , , eq. (4.2.2)

A Area of the gpherical sur-
face . 4 v v v v s e s e s . o4 (2.2.2)

a Dummy variable, , ., , ., . . . .eg. (2.2.3)

a. -k, (MK, (ML (T )
= Gonstant~, P FETUTT Ll (5.2.)

b. velocity of light, , . , ., .,eq. (5.2.4)

D(i,j/Cl,Cz...Cn) Divergence between blight
class 1 and blight class j in
n spectral channels - Cl,Cz...
Cn-ocnonn....... eqs(6.3.l)
Dy, Transformed divergence, , , ., ,eq. (6.3.2)

Dg (ik,jg/cl,cz...cn) Transfogﬁed divergence be-
tween kK~ spectral class of
blight level i and 2tR
spectral class of blight level
j in n spectral channels -

Cljczo--cn - . ] . - L] * L] L] [ ] eq' (653.3)
D
TAVG Average transformed diver-
gence in n spectral channels Sec. 6.3
n . n
DTMAVG Denctes maximum of DTAVG’

maximized over a set
of n spectral channels , ., . . eq. (6.3,3)
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Symbol Meaning First Referred In

th
} Denotes a vector whose p

{D;MAVG
component represents

n th .. Page 179

DTMAG in p flightline , , , .

D;AVGi' Average transformed divergence
1 between spectral elass pairs of

blight level i and blight

level j§ in n spectral channels

-Clscz-"cn * e e s+ a2 2 a2 e s« €9. (6'3'4)
o n

TMAVGLj Maximum of DTAVGij’ maximized i

over a set of n spectral channels Page 183
d Distance of sun from the earth, eq. (2.5.5)

Transpiration rate - energy

gained or lost by transpira-

tion or evaporation in mass

area~l time~l, . . v v 4 4 4 e eq. (2.3.7)
ES Solar radiation reflected from

the surroundings, incident on

on the leaf " e ¢ & ¢ & 8 s + @ oeq. (2.3.5)
ES Sky radiation reflected by

the surroundings, incident on

the 1eaf [ - L ] [ ] L] - a - . - [ 3 L[] eql (2-3-5)
Ey Spectral irradiance . . . . . . Page 11
Eh s Spectral solar irradiance . . . eq. (2.5.3)

2

¥ Radiant flux density . . . . . eq. (2.2.5)
Fd Fo/f(T) - a 4 2 & 2 *v & 2 - % & eqo (2-6-5)
Fg Radiant flux density emitted

by the leaf reaching the sensor eq. (4.2.1)
FO Total apparent outward radiant

flux density o« o v v o o o« o s » 8¢, (2.6.3)
FS Environment integrated radiant

flux density o v ¢ v &« v v o « «» &q. (2.6.3)

*

Fg £(Tg) Fo v v v e e v e oo e oq. (2.6.7)

£(T)
F, Spectral radiant flux density . .eq. (2.2.5)
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Symbol Meaning First Referred In
F)L b(T) Blackbody radiant flux density
? at temperature T and wavelength
A’I!l..l'l..‘l.u..eq'(2'6‘4)
£ Fraction of the sunlit soll
SUrface + o + ¢ o o ¢ 2 ¢ s s s« E(. (2.3-8)
£(T) Defined by eq. (2.6.4) « « + « « eq. (2.6.4)
£(0) Filter characterlsties for the ’

infrared radiometer « « « ¢« « « eq. (2.6.4)

f[e(Ak)] - Known function of spectral
emittance at wavelength Ak .« « eq. (5.5.7)

h a. enthalpy of a gas or
liquid per unit mass « + « + « eq. (2.3.1).

+ b, Planck's constant » » s « « « eq. (5.2.4)

h Convection coefficient of
theleaf...a...-....eq.(Z.ll.l)

I Incident intensity of the ray
parallel to the plane of in-
cidence « « « « o« o ¢« o o « v o o eq. (3.3.2)

I, Incident intensity perpendicular
to the plane of incidence + » + + eq. (3.3.3)
bl Refers to integers 1,2,...N « « s+ See. 5.5
j , An integer lying between 1 and
N o6 o 6 a4 « o o 8 o s o ¢ 8 s« Sec. 5.5
K cA
—— = constant s ¢« ¢ + o+ ¢ o« eq. (4.2.2)
r
Kl(l) Instrument transfer function. « . eq. (5.2.1)
Kz(l) Constant for the reference
blackbody « s 8 8+ e * 8w s @ eq. (5.2,1)
k a. Boltzmann constant « « « « ¢« eq. (5.2.4)
b. an integer lying between
landN..----.-... Sec-S-S
k g Absorptance of the soil to
8 direct solar radiation. « « . « .eq. (2.3.8)
k Absorptance of the soil to
&8 the sky radiation . « « « « + + o+ eq, (2.3.8)
knL Absorptance of the soil Lo Lhe
© longwave thermal raduation - -

(i.e., A'Pl[.]_lm) S I I BRI -1« (2.3.11)
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Symbol Meaning First Referred In
kg Absorptance of Lhe leaf canopy

to solar and sky radiation . , ,Page 20
kﬂS Absorptance of the leaf canopy to

the direct solar radiation . , .eq. (2.3.9)
kzs Absorptance of the leaf canopy

to the sky radiatiom, . , . . . egq. (2.3.9)
kEt Absorptance of the leaf canopy

to longwave thermal radiation
(L.ey, A24um) © o & 4 4 & o 4 o« « €9. (2.3.10)

k Absorptance to direct solar
radiation . - ] - . . . 1Y - - » - eq' (2‘3‘5)

ks Absorptance to scattered
Skylight * & 5 8 & 5 ¢ & & &« 2 B eq' (2°3'5)
kt Abgorptance to longwave

thermal radiation. . . + « « « » €q. (2.3.5)

L Latent heat of vaporization
of water at the leaf tempera-
ture.......-.-....-eq-(2-3-7)

L Spectral radiance at a point P
in the direction s . s eoe s a0 eg. (2.2.4)

Ll b(1,'1‘). Blackbody spectral radiance
? at temperature, T, and wave-
1ength l [} - L] . [ ] L] L] L] - [ ] [] L] qu (20207)

(R,Tr) Reference blackbody spectral
radiance at temperature, Tr’
and wavelength X , . . . . . . « eq. (5.2.1)

Lk,b ref

L Spectral radiance of radia-
i tion coming from the target at
wavelength ll s e e s e s o s e . eq. (5.5,2)

Ll.,b(T (X)) Blackbody spectral radiance
i s i
at wavelength Ai and temperature
TS(Ai) L] . v L] * - L] L] - L 4 L] L ] eql (5'5-4)

LA i(s ) Spectral radiance of incident
? radiation in the direction .
s
S..--o-cocolnonooeqa(Z.S-l)
LA . Spectral radiance of reflected
3

radiation « + 4« 4+ 4+ ¢« « « ¢+ s o &8¢, (2.5.8)
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Spectral radiance of

reflected radiatipn

from direction s to

direction 8 « « o« « o o o o o o eq.

=K1(1)r319pe of the straight

(2.5.6)

line - L] L] L] L] L] L] L] L - L] L] L] * eq. (5‘ 2. 3)

a, Index of refraction
of the first medium . . . . eq.

b, Upper bound on the
minECAi) . . . edq.

a. Refractive index of

the second medium , . . . . eq.

b. Upper bound on the
max., E(Ai)ioilclllleql

Total no. of spectral
class pairs whose weights
Wikjg’were taken =1 . . . . « . €4,

Qutward normal to the

(3.3.1)

(5.5.9)

(3.3.1)

(5.5.9)

(6.3.3)

surface . . v 4 ¢ s 4 « o o s o Figure 2,2.2

No. of spectral classes
in blight level 1 . ., . . . . . eq.

Ne. of spectral classes in
blight 18VE1J « ¢ 5 b & 0 & @ eq-

Net heat added to the leaf

per unit time by chemical

processes taking place in

the plant (excluding transpi-
‘raticn)........-...eq.

Net hcat added to the leaf per
unit time by conduction . , ... eq.

Net heat added to the leaf per
unit time by convection . . . , eq.

Net radiant energy absorhed
by the sunlit soil surface . + . eq.

__Net ?adiant enarey
absorbed by the ghaded T e
soll surface s e .

(6.3.3)

(6.3.3)

(2.3.1)
(2.3.15
(2.3.1)

(2.3.8)

(273.71)
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QTRAD

QTRANS
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Net heat radiated to
the leaf per unit time . . . . . eq. (2.3.,1)

Net heat added to the
leaf per unit time by
transpiration . . o « + « &« s+ ¢« eq. (2.3.2)

radiant energy in the
wavelength interval
k and R+dk L) [ ] . » L] L] [ ] L] L3 » eq. (2.2.1’)

Total reflection « o ¢ + o o o eq. (3u3-“)

Thermal radiation from
the atmosphere as an
extended souree . « « + . 4 o «» eq. (2.3.,5)

Thermal radiation from
the ground 28 an ex-
tendEd SBOUYCE s ¢ ¢ o s s a & » €q. (2.3.5)

a. Radiant flux den-
glty emitted by
the sunlit soil . . . . . . eq. (2.3.8)

b. Radius of the
BUL 4 s o s ¢« o o & s o » + €4, (2-5-5)

Longwave radiation
emltted by the shaded
goll surface , , ., , ., ,, Page 20

Reflection parallel to
the plane of incidence , . . . . eq. (3.3.2)

Reflection perpendicular
to the plane of incidence . . . eq. (3.3.3)

a, Distance of the
differential ele-
ment of the sur-
face frompoint P . . ¢« « . eg. (2.2,2)

b, Distanece of the
differential ele~
ment of the leaf,
daz, from the
SENZOY « o « o ¢ + ¢ ¢« o o eq. (4.2,1)
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T g Reflectance of the
g sunlit soil to the

incident direct sun-
light - [ ] L ] L ] [ 4 L] L ] . eql (2.3.9)

r Reflectance of the

leaf canopy to the

solar and sky radia-

tion + + 4« ¢« + « « . Page 20

1
r(l,gFg) Reflection distribu-
tion function for the
direction s to s . . . eq. (2.5.6)
S a. Direct solar radiant
flux density . . . eq., (2.3.5)
b. Output signal from
the spectroradiometer eq. (5.2.1)
8 Radiant flux density
of scattered skylight eq. (2.3.5)
1
g denotes the direction
of the incident radia-
tion T 8 & 9 & @ ¢ ® eqo (2.501)
T a., Temperature of the
target .+ 4 .+ o« o « €q. (2.6.3)
b, Total transmission eq. (3.3.7)
Tl Hax Ts(li) T T R Y eq- (5.5.10)
TA Temperature of the air Page 149
TAVG Average temperature of
atarget . + « .« «» eq. (2,2.3)
TB Temperatura of the
blighted spot of the
Jeaf . . 4« o« « « o Page 149
TH Temperature of the
healthy spot of the
leaf + » « + « + + « Page 149
T 1.b High lower bound of T eq. (5.5.12)
Tg -Leaf temperature in

absolute scale . . .« o eq. (2.3.6)
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T, sve Average spectral

radiance temperature . , . Page 144
T, Transmission parallel

to the plane of incidence . eq. (3.3.5)
T, Tranamizsion perpendi-

cular to the plane of

incidence « + o+ v « + « « eq. (3.3.6)
t Transmittance of the

leaf canopy to the

solar and sky radiation . ., Page 20
tys Transmittance of the

leaf canopy to direct

solar vadlation . . . . . eq. (2.3.11)
tis Transmittance of the

leaf canopy to the sky

radfation . « « & . 8 8 0 eq. (2-3-11)
T Temperature of the

blackbody + ¢« « ¢« ¢« « « « eq. (5.2,1)
T Temperature of the

r veference blackbody . . . eq. (5.2.1)

Ts Full radiator temperature -Page 9
TB(8—14 um) Radiance temperature in

the wavelength range

Bertolbum .+ v ¢ o o o« €q. (5.7.2)
Ts(k) Spectral radiance

CEmperature . « o+ « « Page 9
Ts(hlnlz) Band radiance temperature Page 9
Ts(li) Spectral radiance tewm-

perature at wavelength

l,{.lolln * & 8 F &8 a eq- (50502)
T' COnStant L] L] . L] * - » L] - eq- (5-5-8)
t Denotes the time .+ « + + . eq. (2.2.4)
wi Weight between kth spectral

s class of blight level i and
gth specttal elass of blight
1eve1 ‘1 - L] - L) L] L ] L] [ ] L] L] eq. (6. 3. 3)
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SF
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Mass flow per unit time . . eq. (2.3.1)
Weight taken at area a . . eq. (2.2.3)

=S L i ek e s s s s s ed. (5.2-3)

GREEK SYMBOLS:

Meaning ‘ First Referred In

Total directional
absorptancg in the
direction s . + « « « « «» €q. (2.2.8)

Spectral hemispherical
sbgorptance . . . . + « . « Pagel3

Spectral directional

absorptance in the

direction 8 “ e 4 & & & 3 eq. (2.2&8)
Difference between '
leaf temperature and

air temperature . . . » « eq. (2.4.1)

Error in the measure-
ment of Fd « & v s e s e« s+ €4. (2.6.9)

Error in the blackbody

spectral radiance due

to the stray radiation when

the spectroradionater is

looking at the target

blaCkady ¢« & « 4 o ¢ & s » €Q. (50201)

Brror in reference black-

body spectral radiance due

to stray radiation when the
gpectroradiometey ig looking

at the reference hlackbody eq. (5.2.1)

Exror in the measurement
of temperature . . . . . . eq. (2.6,9)

Error in the determination
of emlttunce . + . . « ., . eq. (2.6.9)

Total hemispherical
emittance P T S - L ) (2!6-1}
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Symbol Meaning First Referred Inm
e(®) Emittance of the leaf , | | eq. (4.2.1)
e(g) Total directional

emittance in the

direction g * * * * * ¢ & o Sec. 2.2
€,¢ Emittance of the soil
g to longwave thermal

radiation ({.e.,A>4pm) , ., Pape 20
€or Emittance of the leaf

canopy to longwave ther~

mal radiation (i.e.,r>im) eq. (2.3.10)
Et Emittance of the leaf

to longwave thermal

radiation (i.e., A>4um) . . eq. (2.3.6)
e(}d) Spectral emittance at

wavelength A , , , , ., . . ,Page 13

-

e(A,s) Spectral directional

gmittance in direction

8 L ] o L ] L] . L] . L] L] L] L ] » . eql (2'207)
E(Ai) Spectral emittance of

the target at wavelength

Ai * & 2 & & 0+ 4 @ 0t O » qu (50501)
EO‘:T.)]..u.b. Low upper bound on the

gpectral emittance e(li) eq. (5.5.13)
e(8~14un) Emittance in the wave-

length region 8 to l4um . . eq, (5.7.2)
3] Angle of normal n to

the suvfacg with the

direction 8 .« « + o « « « eq. (2,2.4)
Oi Aﬂgle of incidance P eq. (3.301)
er Angle of refraction . . . eg. (3.3.1)
OS Mgle subtended by

the gun with the z axias . . eq. (2.5.42
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Symbol Meaning First Referred In
A Refers to the wavelength
of radiation . . « « « + . JSec. 2.2
A Predicted value of the
P wavelength by a straight
line least square fit ., . , eq. (5.2.6)
um Denotes micrometers . . . . Chapter 1
p(2) Spectral hemispherical

teflectance ¢ 8 2 & s & & a Page ll

p(l,g) Spectral hemispherical
directional reflectance

5
in directions , , |, , ., , ,Page 11
t
D(l,;?g) Spectral bidirectional
eflection from direction
g8 to directions . . . . eq. (2.5.7)

o Stefan-Boltzmann Constant eq. (2.3.6)

1
ta(l,;) Spectral transmisaion
characteristices of the
ggmosphere in the direction
B 4 s c o o s s e e 0 o+ eq. (2,5.2)

¢ Azimuthal angle . . . . + . Figure 2.2,1
Q So]-id angle s & & + s s s « €49 (2.2-1)
QS Solid angle subtended

by the leaves, vigible
from the sunlit seil, at
the sunlit s0il , , , , . . Papge 20

f Solid auple subtended by
the lcaves, visible {rom
the shaded soll, at the
shaded soil , , , , . . . . Page 20
Q! Solid angle subtended by

the sun at the earth's

SUurface + + o« « o + & o = eq. (2.5.3)
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Symbol

SUBSCRIPTS
Meaning
Refers to the wavelength

Denotes the ground or
soil L] * [ ] [} - [ ] L} [ ] - a

Denotes the atmosphere .

g&. Denotes the leaf . .

b. Denotes the leaf
Caﬂopy - » » [ ] - L] L]

Denotes thermal radiation
(iue-, )~>4}Jm) « + + 8 8 9

Denotes the scattered
skylight , « & & « & & &

Denotes the direct sun~

light * - L] L] L] L L] . & L .

Denotes the quantities

for the stem corresponding

to the- quantities for the

leaves with subscript £ . .

Danotes "the quantities

for the soll corresponding

to the quantities for the

leaves with subseript £ . .

SUPERSCRIPTS

Meaning

Denotes the number of
spectral chamnels . «

Denotes the quantities

foy the stem corrvsponding

to the quantities for the

leaves with subsecript 2 . .

Denotes the quaniities for

the incident radiation -

First Refarred In

+Sec. 2.2

eq. (2.3.5)
eq. (2.3.5)
eq. (2.3.6)
See, 2,3

eq. (20 3&5)
eq. (2.3.5)

eq. (2.3,5)

eq. (4.2,3)

eq. (4-2- 4)

First Referred In

eq. {6.3.3)

H
eq. (L.2.3)

Page 29
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ABSTRACT

The purpose of this research is to studv the emission and reflection
from healthy and stressed (systemic-stress and non-systemic stress) natu-
ra) targets, with special emphasis on corn plants, and to differentiate
the healthy targets from stressed ones by remote sensing.

Infrared radiometry of plants is reviewed thoroughly with emphasis
on agricultural crops. Theory and error analysis of the determlnation of
emittance of a natural target by radiometer is discussed.

A light ray, incident at gbout 5° to the normal, 1s geometrically
plotted through the draving of the cross section of a soyhean (Clycine
max (L.) Merrill) leaf using Fresnel's Equations and Snell's Law. The
optical mediums considered are: air, cell sap, chloroplast and cell
wall. The values of the reflection and transmission found from ravy
tracing agrec closelv with the experimental results, Ray tracing, con-
sidering cell wall and air as the only optical mediums gives reflection
considerablvy lower than the experimental results. A light rav, incident
at about 60° to the normal, is also dram through the palisade cells
for illustrative purposes.

Thermal emission model of a plant canopy is proposed, Exotech Model
20C Spectroradiometer 1s described briefly. Wavelength calibration and the
the spectral radiance calibration of the long wavelength spectroradiometer
(wavelength ranges 2.8 to 5.6 um and 7 to 14 ym)is done, Calibration
of the Precision Thermistdr Thermometer Probes and PRT-5 is described.
Ground truth variables useful for experiments with long wavelength
spectroradiometer are described. A gpectroradiometric method for
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determining the temperature and spectral emittance of a natural target
is proposed and discussed.

" Experiments were conducted on corn (Zea mays L.) plants with
long wavelength spectroradiometer under field conditions. - An o
lgvel of 0,05 was taken for statistical snalysis. Average spectral

radiance temperatures (TS(A) ), average being taken over certain

selected wavelength bands foivfhe four healthv corn plant populations -
(15, 30, 60 and 90 thousand per hectare) were found to be statistically
sipgnificantly different in 3.6 to 5.40 um wavelength range, In éorn
blight experiment, 'I’S(J\)AVG
increase of blight severity in 3.6 to 5.40 ym and 7.5 to 12,40 um.

The contact temperatures of the healthy spots and the blighted spots of

corn leaves were not found to be statistically significantly different.

of the corn plants increased with the

A tentative conclusion is that the percentage of the soil, especially
sunlit soll visible from the spectroradiometer, is the predominant
factor causing differences between Ts(?t)A_VG of the healthy and blighted
corn plants, TS(J\)AVG of the corn plants having different rates of
nitrogen applicatfon(p kg/hectare, 67 kg/hactare and 201 kg/hectare) were
found to be statistically significantly different. Also, the difference
between TB(A)AVG and the air temperature decreased with the increase of
nitrogen dificiency.

Analysis of multispectral scanner data of ten selected flightlines
of Corn Blight Watch Experiment of 1271 indicated:
1.} There was no regular pattarn of the mean response of the higher
level/levels blighted corn vs. lower level/levels blighted corn in any
of the spectral channels,
2,) The greater the difference between the blight levels, the more sta-
tistically separable they usually were in subsets of one, two, three

and four spectral channels.



CHAPTER I

INTRODUCTION

Remote multispectral sensing62 may be defined as "the sensing, from
a remote location, of electromagnetic radiation - either reflected or
emitted - in many discrete, usually relatively narrow spectral bands
between wavelengths of 0.3 ym and 15 um and also in radar bands from
zbout 0,86 to 3.0 centimesters.” -

The purpose of thig research is to study the emission and reflection
from healthy and stressed natural targets and to differentiate them
(healthy and stressed ones) by remote sensing. A good part of the study
is confined to corn plants for corn (Zea mays L.) is one of the major

agriculgural crops,

While doing the literature review of 'Infrared Radiometry of Plants’,
it was felt that the articles related to it were scattered in a number
of different journals like Applied Optics, Agroncmy Journal, American
Journal of Botany, Plant Physiology, Biloscience, Science, American
Scientist, Ecology, Journal of Applied Meteorclogy, Remote Sensing
of Envircrment ete, Many biblogical sclentists and a few physicists
have contributed to the 'Infrared Radiometry of Plants'. Some of the
statements in the literature ave not true, For example, Menteith and
Szeic370 (1962} estimate that assuming the emittance of the plant
surfaces equal to one may cause errors of at most 0,2 C in the measure-
ment of their tomperature. The above Statement is not consistent with

the oxperiment., (Section 2,6), The need of review of 'Infrared Radiometry
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of Planta' was felt and hence, -an extensive literature review of
the same is given in Chapter IIL.

Willstitter and Stol11°7 (W~S) fn 1918 proposed a theory to
explain reflectance from a leaf on the basis of critical reflection of
vigible 11ight at spongy‘mesophyll cell wall ~ air interfaces. Their
theory is commonly accepted even today. The pathway of light rays as
envisioned by Willstatter and Stoll (Figure 3.3.3) shows that the
light rays pass through the epidermis and palisade cells without any
deviation, which is unrealistic. The author strongly felt the need for
a better illustration to show the pathway of light through a leaf cross
section than shown by Willstatter and Stoll and hence, reflectance
model of a leaf is proposed in Chapter III,

In the analysis of multispectral scanner data of the Corn Blight
Watch Experiment, almost all.the analysts of the Laboratory for
Applications of Remote Sensing (LARS) found thermal channel (9.30
to 11,70 um) as one of the best four channels using feature selection
algorithm. This created an interest among the staff members of LARS
to find the reasons of thermal channel being as one of the best four
channels, Prior to the summer of 1971, signal to noise ratio of the
thermal channel of the multispectral scanner of Envirenmental Research
Institute of Michigan (formerly called Willow Run Laboratory, University
of Michigan) was relatively Jlow and hence, the value of the thermal
channel in differentiating various crop species was not knewn. Thus,
it was decided to do field experiments with longwavelength (2.8 to
5.6 unt and 7 to 14 um) spectroradiometer under field conditiens., The
spectral data under field conditions would help the proper interpretation
of multispectral scanner data in the thermal channel. Three experiments
were done with the longwavelength spectroradiometexr: ground cover
experiment, experiment on non-systemic stressed corn plants, and
experiments on the systemic-stressed corn plants., The ground cover
experinent was done to find the spectral response of the plants vs.
perccentage ground cover in the longwavelength thermal infrared wave-
length region because percentage ground cover is likely to be an
important factor causing differences between the healthy and non-systemic



stressed plants (Chapter VI), The experiments were done on the non-
systemlic stressed corn planta and systemlc stressed corn plants because
one of the major interests of LARS is to differentiate stressed plants
from healthy ones by multispactral remote sensing. The expressions for
the radiant flux density emitted by a plant canopy reaching the sensor
(of aircraft or satellite or spectroradiometer) are given in Chapter IV
to help explain the causes of spectral variability between the targeats

of Interest in the longwavelength thermal infrared wavelength region.
The analysis of multispectral scanner data of selected flightlines

of Corn Blight Watch Experiment of 1971 is done in Chapter VI to determine
statigtical separablility of the spectral classes of blighted corn, The
analysis presented has much practical appliecation, for it gives the
maximum average transformed divergence between the spectral class palrs

of blight levels, from which hopefully in the near future, classification

accuracy will be reasonably predicted.



CHAPTER IT

INFRARED RADIOMETRY OF PLANTS

2.1 Introduction
A plant is exposed to electromamnetic radiation from surroundings

such as soll, rocks,plants and so forth and from environment like sun,
sky, clouds, atmosphere, etc. It is important to wnderstand the inter-
action of a plant with its environment in order to properly and meaning-
fully interpret the data of plants secured by remote sensing. The radia-
tion radiometer is a good and commonly used instrument for messuring the
radiant temperature of plants. Infrared radiometry is quite useful in
many fields.¥

It should be pointed out that-thermocouples and thermistors attached™
to leaves for the purpose of measuring surface temperatures have certain
disadvan‘tageslg . Their material usually has different spectral emit-
tance than the leaf and thus experiences a different radiant energy re-~
gim=2, In addition, they have different heat dissipation mechanisms than
the leaf material - having wire leads to carry heat but no evaporating
swface. The extent to which these factors influence the temperature
measured by these scnsors must be considered in addition to other factors

when judging the effectiveness of rediometrically determined temperatures.

% Infrared radiometry is quite useful in many fields like ecology,
botany, zoology, forestry, agriculture, agronomy, hydrology, meteorology,
climatology, atmospheric sciences, medical diagnosis, engineering, geolo-
gy, ete.



The main purpose of this chepter is %o reviev infrared radiometry
of plants with emphasis on agricultural crops. This review is not com-
pletely exhaustive since the space is limited, For the same radiometric
quantities, a numher of different names and different symbols have been
used in the literature which creaves confusion for the readers. The
author sought to use the nomencleature recommended by the International
Commission on Illuminationso throughout this thesls. As many references

as possible are included, especinlly the recent ones,



2.2 Definitions
Definitions of the terms which will be commonly referred to in this
thesis are given below for the convenience of the readers.

Spherical Co-ordinate Svatem:

Spherical co-ordinate system is shown in Figure 2.2.1.

Direction Cosines:

Direction cosines of a direction are the projections of the unit direc-

tion on the co-ordinate axes.

Solid Angle:
Solid angle subtended by = differential element of a spherical surface

of area diAs at point P is given by

aQ = Q'%g‘ = sinodeds (Figure 2.2.2) (2.2.1)

The solid angle subtended by a finite area, A, at point P is glven by
integrating the solid angle subtended by each differential element of

the area over the entire area, A, i.e.,

.. dAs
= Ja = ,[r (2.2.2)

o
f

where
area of the surface

.
]

Thermodynamic Eguilibrium:

A thermodmamic system is said to be in thermodynamic equilibrium if it
is simultaneously in thermal, mechanical and chemical equilibrium. In
thermodynamic equilibrium, the properties of the system do not change

either in space or time. Time does not enter as a fundamentel notion in

the classical science of thermodynamics.

Blackbody:

A blackbody is one which absorbs all of the radiation inclident on it.
There is no substance, which is perfectly black in this sense, but some
substances approach this ideal closely. At a given wavelength and
temperature, the spectral radiance of emitted radiation of a blackbedy
is maximum, Blsckbody has an absorptivity and emissivity equal to one.
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Temperature T:

Tt is & measure of the average kinetic energy of the molecules. It is
the quantity that would be measured by an 1deal contact thermometer,
It has also been called actusl temperature, true temperature, real
temperature, etc. in the Jiterature.

Average Tewperature TAVG:

The temperature of a natural target is not wniform over the whole tar-
get, in general, ©So, a meaningful temperature, TAVG’ of a natural tar-
get can be defined as the weighted average of local temperature, T, of

the target over its entire area, as follows.

Afw(a)T(a)da
Tave © Jw(a)da (2.2.3)
where
T(a) = temperature at area a
w{a) = weight taken at area a
A =

total area of the target, fAda

If all the portions of the area of the target are given equal importance
in determination of the temperature of the target, weight w(a) may be
taken equal to one over the entire area.

Fuil Radiator Temperature Ts:

Full radiator temperature of a target is the temperature of a blackbody
which emits the same amount of radiant energy as the targéi in entire
range of wavelengths. It has also been called equivalent blackbody
temperature, blackbody equivalent temperature, aspparent temperature,
radiesnt temperature, brightness temperature, ete.

Spectral Radiance Temperature Ts(l):

Spectral radiance temperature of a target at a specified wavelength, A,
iz the temperature of & blackbody which emits the same amount of radiant
energy as the target in the wavelength range A to A+dA.

Bend Radience Temperature T_ {3y = 2p):

Band radiance temperature of a target in wavelength range A, to i, is
the temperature of a blackbody which emits the same amount of radiant
energy as the target in the wavelength range A to 2j.
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Kirchhoff's Laws:
It was proved by KirchhoffST that the cavity and the radiation inside

it constitute a thermodynamic system vhich is independent of the par-
ticular physical processes of emission and absorption taking place in
the walls. When the system is in thermodynamic equilibrium with its
surroundings, then the spectral sbsorptivity «{i) = spectral emissivity
e{(A). This relation is also true on the directional as well as on the
total basis,
Total Radiation Properties:
The designation 'total' is employed to describe radiation quantities
that pertain to the entire renge of wavelengths., When it is obvious
that a radiation quantity pertasins to the entire range of wavelengths,
the designation 'total'! may be omitted.
Spectral Radiastion Properties:
The designation spectral is employed to describe radistion quantities
for monochromatic radiation. When it is obvicus that s radistion quan-~
tity pertains to the monochromatic radiation, the designation 'spectral'
may be omlitted.

In this Section, only spectral radiaticn quantities are defined.

Total_radiatiqp quantities can be defined similar to the spectral ra-
diation quantities as that pertaining to the entire range of wavelengthd’

Spectral Radiance:
The fundamental quantity that governs the radiation field is the spec-

tral radiance. It is defined as follows.

Iet d.QA be the amownt of radient energy in the wavelength interval
A and A+d) transported across an sasrbitrary oriented imeginsry clement
of area dA at a point P (Figure 2.2.2) during a time interval dt and
confined to an element of soild angle 40 about the direction £. The
apex of the elementary cone is on the surface dA and the outward
normal T to the surface makes an sngle g with the direction 8. Bxper-
iment shows that the ratio dQl/cosedAdgdxdt tends to a definite limit
as dA, da, di, dt+ O in any manner provided that the point P and the
direction § are kept fixed’ . We @enote this limit by L_ and call it
spectral radiance at point P in direction #: A
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dQ1

L, = lim P TETYTYT: (2.2.4)

dA, ae, di, at » 0

Spectral Radisnt Flux (surface) Density (at & point of & surface) FA:

Spectral radiant flux density is the amount of radiant energy in the

wavelength interval A end A+d\ transported across an arbitrary oricnted
imaginary elemsnt of area dA at a point P (Figure 2.2.2) during a time
interval dt and confined to an element of soild angle 49 sbout the
dgirection 3.

aQ,
i E cos8dAdidt - Lkdﬂ (2.2.5)
Radiant Flux Density F = ZFAdA = an Z,Lkdk (2.2.6)

Spectral Irradiance {at a point of a surface) EA:

It is the same es spectral radiant flux density except that it refers

to the incident radiant energy.

Spectral Hemispherical Reflectance p()):

Spectral hemispherical reflectance is defined as the ratio of radiant
energy, in the wavelength interval A and A+d\, reflected hemispherically
by the surface to the radiant energy in the hemispherically incident
beam.

Spectral Hemispherical Directional Reflectance o(k,;):

Spectral hemispherical directicnal reflectance in the direction s is
defined 'as the ratio of radient energy. in the wavelength interval A
and A+d}A, reflected by the surface into direction (3, dq) to the radiant
energy in the hemispherically incident beam (Figure 2.2.3).

Directicnal Hemispherical Reflectance:

See Section 2,5(C), Equation (2.5.9}.

Bidirecticnal Reflectance:

See Section 2.5(C), Equation (2.5.7).
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Figure 2.2.3 Definition of Hemispherical Directional Reflectance



Snecfrql Directional Emtténcé el g):
The spectral directionsel emitbance (2, g) i3 the fatio of the emitted
spectral radiance of the objeet in direction % to the emitted épectr@i
radiance of the blackbody at the samd temperature.
L LT, 8
€{A, §) = m—mmr (2.2.7)
Lx,b(A,T)
where
L (¢, 8) = spectral emitted radiance of the object at wavelength

A and temperature T in direction s

Ly b()\,T) = gpectral radiance of the blackbody at wavelength A
3

and temperature T

Spectral Directional Absorptence o}, ;):

Spectral absorptance in the direetion s is the fraction of the radient
energy in the wavelength interval ) and Atdk, incident on the surface
from direction ; that is sbsorbed. In accordance with Kirchhoff's Law,
the directional spectral absorptance and directionsal spectral emittance
are equal provided that the incident beam is wniformiy polarized -
that is, -

af{r, s} =e(r, s) (2.2.8)

The total directional absorptance, a(g), can be deduced from the totel
directional emittance s(;) in a simple manner for some of the cases
enumerated in reference [87]

Spectral Hemispherical Absorptance a{d) :

The spectral hemispherical absorptance, u(A), is the fraction of the
hemispherieally incident radiant energy in the wavelength intervel X
and At+d), that is absorbed by the surface.

Spectral Hemispherical Imittence €(2):

Spectral hemispherical emittance, €(1), of an cbject at temperature T

is the ratio of the hemispherically emitted radiant energy by the object

in the wavelength interval ) and )+d) to the radiant energy emitted by



ik

the blackbody at the samé tembérature and wavelength interval. The word
‘emissivity' has also been ugéd in the literature in place of 'emittance'.
Actuelly, emissivity refers {o the property of an ideal surface ({i.e.,
free of dust, surface impuri%ﬁas, etc.?, vhereas emlttance refers to the

roperty of a real surface. The words 'emissivity' and 'emitience'! have
P 7 Y

been used interchangeably in the literature.
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2.3 Fnerpy Balance

{A) Energy Balsnce on a Plant Leaf

The enexrgy balance on & plani leaf is considered since a leaf consti-
tutes a dominant energy exchange part of the plant., Conservation of
energy exists on the leaf because it cannot store up energy indefinjtely
as it will get too hot, nor can it lose energy indefinitely for it will
become too cold. However, s leaf may warm or cool, usually within a few
seconds or, at most, & few minutes in the transient state, Aston et al.5
(1969), from an experimental study of the energy balance of a dry arti~
ficial leaf under controlled radiative and convective heat loads, indi-
cated the need for study of transient coupled exchange phenomenon; but
this study shall be confined to the steady state only. A good part of
21 (1963) and Gates (1964},

The equation of the energy balance on a leaflet, given by Cook2l
(1963) is partly reproduced here., TFigure 2.3.1 shows the leaflet activity

this Section is reproduced from Cook

which must be taken into account, neglecting movement of the leaflet,
Thus, taking an energy balance on the leaflet, the following equation

o
results“l .

Szpan * Sconp * Yoouv * Ocumy = (W) 0 gas + (hw) 10 gas + ()

CO2 gas + (hw) liquid out - (hw) liquid in
- (nw) co, in - {hw) 0, in (2.3.1)
where
h = enthalpy of a gas or liquid per unit mass

nass flow per unit time
QTBAD net heat radiated to the leaf per unit time

QCOND = net heat added to the leaf per unit time by conduction
Quoy = et heat added to the leaf per wnit time by convection
QCHEM = net heat added to the leaf per unit time by chemical

processes teking place in the plant (excluding transpiration)
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INCIDENT RADIATION PROVIDING
ENERGY FOR PHOTOSYNTHESIS

BY LEAF
y, ‘ O, FOR
) ‘ RESPIRATION
HEAT EXCHANGE
DUE TO
CONVECTIO!
RESPIRATION

SYNTHESIS OF PROTO-
PLASM, CELL WALL

MATERIAL, AND FAT 0, FROM
FROM SUGARS PHOTO-
SYNTHESIS
PHOTOSYNTHESIS
_ - €O, FROM......
- RESPIRATION
C0 FOR
HEAT CONDUCTION / PHOTOSYNTHESIS
ALONG  MIORIB EVAPORATION

OF WATER

LIQUID H;0 CONTAINING
MINERALS AND SUGAR

Figure 2.3.1 A Diagrammatic Representation of Leaf Activity
Necessary for an Energy Balance on the Leaf
(Taken from ref. 21, p. 56)
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As can be seen, this equation takes into account not only the heat
transfer modes of cenduction, convection and radiation, but also the chemi-
cal energy due to photosynthesis and respiration, as well as the energy
changes due to mass transfer. Tt turns out that the only significant
energy change due to mass transfer is that due to the liquid (since this
involves transpiration”), and the changes ir encrgy due to mass trensfer
of oxygen and carbon dioxide can be neglected. It can also be assumed
that the only significent part of energy chonge due to the mass transfer
of the liquid is transpiration, i.e., the energy chenge due to the li-
quid moving through the mid rib to the leaf is negligible. Finally, it
can be assumed that the heat transferred by conduction is very small as
compared with the other enerpgy terms. Making the above mentioned ap-

proximations, Equation 2.3.1 becomes:

pap * wonv * YonsM T (hw)} liquid out - (hwv) liquid in

= Qpmans (2.3.2)

vhere

QTHAkb = net heat added to the leaf per unit time by transpiration

Looking at the total heat radiated to the leaf, it can be sald that
this is equal to the heat ragdiated to the leaf from the surroundings,
minus that reradiated by the leaf to the surroundings. Substituting

this into the Equation (2.3.2) and rearranging:

Urap = CrnerpEnT T LEAVING © CABSORBED T “EMITTED

= Qppans ~ %conv ~ Ycuem (2.3.3)

The sbove equation is the basic equation for calcualating the net heat

# Transpiration converts the water in the leaves of a plant from the
liquid to the gaseous state; the water vapor ithen passes from the leaf
into the surrounding atmosphere.
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k

S = sbsorptance to direct solar radiation

ks = absorptance to scattered skylight

kt = absorptance to longwave thermal rediation

e, = emittance of the leaf to longwave thermal radiation (i.e.,
A> b um)

Es = gky radiation reflected by the surroundings, incident on the
leaf

ES = solar radiation reflected by the surroundings, incident on the
leaf

S = direct solar radiation from a point source

8 = scattered skylight from an extended source

Ra = thermal radiation from the atmosphere as an extended source

Rg = thermel radiation from the ground as an extended source

g = Stefan-Boltzmann constant

T

£ = leaf temperature in absolute scale

latent heat of vaporization of water at the leaf lemperature

o)
H

transpiration rate - energy gained or lost by transpiration or

It

evaporation in mass area ! time !

34
Gates  (1964) took the typical values of these variables as follows:

+

(S + s) = 1.20 cal., em 2 min 1, R, = 0.48 cal., em 2.min" !,
0.62 cal. cm 2 min T, {air temperature) = 30° C,

= 0.60, k, = &, = 0.97, relative humidity = 60%

Cﬂw mw
LI |

t

(B) Energy Balance on a Plant Canopy
Gate53 (1964) pointed out that one of the most difficult factors to
evaluate, in terms of the energy budget of a plant, is the matter of plant
geometry. 1t is not so difficult to evaluate the energy budget for a
single isolated plant without other plants nearby, or to evaluate a dense,

opaque canopy. When a plant produces only partial cover and some of the

soil is exposed,the problem becomes more difficult. He34 derived the
following two relationships: a) the radiation ebsorbed by a plant as the
fimetion of the amount of plant cover; and b) the radiation reflected by
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a plant as a function of the amount of plant cover. He assumed the emit-
tance and sbsorptance of leaves and soil to be unity in the thermal long wave-
length region, which is not always true, in general (Section 2.6). These
relationships, taking into account ebsorptance and emittance of leaves
and soil in the long wavelength region (i.e., A > U4 um), are derived
below,

Let f be the fraction of the soil surface which is sunlit. ILet k

and k¥ be the absorptance of the sunlit soil surface to the dowmward

gs

stream of solar and sky radistion, respectively, and let the absorptance

a
g

and emittance of the soil to longwave radiation be ¥  and £, respective-

it gt
ly; then the net radiant energy absorbed by the sunlit seil surface will

be:

Net Qg aba = f[kgss + kgss + kgtRa - Rs] {2.3.8)

S

(see Equations (2.3.5) to (2.3.7) for symbols)

The leaf canopy will receive the downward solar flux, 5 + s; gbsorb-
ing a fraction, ké; reflecting a fraction, res and transmitting » fraction,
tz. It will also Egsgive the 19EEYave therpﬁi»?lux, R, fify the atmos-
phere and sbsorb it with an absorptance of kzt' The underside of

the leaves receive longwave thermal rediation from the sunlit soil

surface, QSRS/n, and from the shaded surface, ﬂsRs/ﬁ, vhere

QS = solid angle subtended by the leaves, visible from the sunlit

soil, at the sunlit soil. The s0lid angle is found st each small
area of the sunlit soil and is averaged over the entire area of

sunlit soil.
Q = solid angle subtended by the leaves, visible from the shaded

° soil, at the shaded soil. The solid angle is found at each
small area of the shaded soll and is averaged over the entire
area of the shaded soil.

Rs = longwave radiation emitted by the shaded soil surface

Neglect the transmission of the leaf canopy in the long wavelungth
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{i.e., A > b um) region. Assume that the sunlit soil reflects diffuse-
ly, a fraction, rgs, of the incident direct sunlight, S. 7The incident
skylight, s, wvill also be reflected; however, the sunlit soil will only
view a fraction of the sky, and this small term will be neglected in the
formulation. Hence, the lower surface of the leaves will receive an
amount of reflected sunlipght, Qs#gsslw. The leaf cenopy will also radi-
ate longwave radiation, e, oT %, upward and downward, Hence,the net

e L .
energy absorbed by the leaf cancpy will be:

- - [nd
Net Qz abs (1 - £} [kQSS + klss + ergskgsa/n + k£t

R + QR /oa+OR /1) -~ 2 aT t 2.3 9
( a 3 S/ s S/ ) § Uk A ] ( i )
AlSO, we have

Koy = Epy (Kirchhoff's Law, see Section 2.2) (2.3.10)
The shaded surface receives a fraction (1 - f) of the downward transmitted
flux from the canopy, t, (8 + s), and of the emitted downward longwave
flux, eﬂtchu. In turn, the shaded soil surface will emit on a unit area
basis (1 - f) R_, where R_ is the thermal radiation flux from the shaded
soil surface. Hence, the net energy sbgorbed by the shaded soil surface

will be:

— - l'*_
Net Q_ . (1 - £} [kgstgss + kgstgss + kgtegtcT£ RS]
(2.3.11)
where
kgt = the absorptance of the shaded soll to longwave radfiation

The total energy absorbed by a vegetated soil surface, where the

vegetetion covers a fraction (1 - f} of the total surface, will be:
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Net Q.. = Q Q (2.3.12)

+ + = -
g abs T % abs T %% abs ~ Yrraws ~ Ycowv

(see Equation (2.3.4))

It should be pointed out that 1t is involved to derive an expres-
sion for absorption, reflection and transmission coefficients of a leaf

canopy, in general because of its complex geometry.



2.4 Tavironmental Iffects

on the Plant Leaf Temmeraolures

{A) Introduction

Basie information regarding the relative temperatures of leaves has
been available since the work of Ab:kenasyh (1875). He observed that
thin leaves in sunshine were 4 to 5° C warmer than air, while the thick
leaves of succulent plants were about 20° C warmer than the surromnding
alr. Since his time there have been a large number of articles published
in the general ares of environmental effects on the plant leaf temperatures.
Only a part of some of the relatively recently published articles will be
summarized in this Section.

The temperature of a leaf depends on many environmental factors like
air temperature, relative humidity, wind veloecity, solar irradisnce, in-
tske water temperature, etc.los’ 100, 60 These are described briefly

mder the following headings.

(B) Temperature Variztions Over Leaves

Codkgl (1963) investigated the normal variation in tomato leaflet

temperatures and found the extremities of the plant leaflet, where the
veins are the smallest and fewest in number, to be the warmest. The max~
imum gradient of 1.8° F existed across the leaflet due to variation in
transpiration. He found no significant temperature veriation from leaf-
let to leaflet, from leaf to leaf, or from plant to plant (i.e., the maxe
imum deviation was sbout 0.3° F). Of course, this result is somevhat
limited, because all the plents used were young growing plenis varying in
height from about 3" to 12" and it is based on limited experiments of one

author.

{C) Effect of Air Temperature

Under normal conditions one of the most important paramsters in de-
termining leaf temperature is the air temperature. Many measurements of
leaf temperature have been made by Clum18 (1926), Curtis®’ (1938), Ansari
and LoomisS (1959), Cook®l (1963), Gates>° (1963), Wiegand sad Narken >’
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(1966), Myers et al. (3 {1966}, Gates >V (1968}, and others. These measure-
rents have shown that the leaves in swilight mey have temperature wp to

2
2° ¢?1 , 8 o0 9° ¢1%, or 10 to 15° ¢ ¢3,36,31

-
above air temperature. Gates>” (1965) found that on overcast days, leaf

s, but seldom more than 20°

temperatures in his yard shifted repidly from 6 to 8° C obove the air
temperature to 2 to 4° C helow it as the clouds alternately obscured the
36

sun. Gates”  has pointed out that in spite of the three primary mechenisms
by which a plant leaf may prevent its iemperature from rising too high
above air temperature (i.e., low absorptance %o incldent radiation, free
transpiration and free convection), there are many pieces of evidence to
suggest that the plant leaves may get too warm to remain physiologically
active, or indeed viable, Leaf temperatures often reach 50° C which is
elose to the denaturation temperature for most plent proteins; a few de-
grees higher will destroy the proteins. Thus, there is a need for deter-
mining temperature of leaves accurately.

The temperatures of leaves can also be lower than the zlr tempera-
ture. For example, Ansari and Loomis 3 (1959) found temperatures of
leaves, sometimes at night, about 2° F below the air temperature, when the
leaves were radiating to cold glass or clear sky. Readings of 5° F below
ailr were obteinedrin—one—experiment when plants from-a-green—house--were --
rapidly moved to a dimly lighted laboratory with a relative humidity of
25%. Gates36 (1968) found that shade leaves of Populus delitoides were at

30° C when the air temperature was 32° C.

(D) Effect of Sunshine
Ansari and Loomis> (1959) reported that the leaves, about 2 - 5° C

gbove the air temperature could be heated by sunshine to about 20° C above
the air temperature and finally cooled back to their original temperature
by shading., The rate of cooling of leaves was foumd to be approximately
linear. Leaves could also be heated 1 or 2° C by radiation from nearby
heated surfaces. Gates3l (1963) has given the temperature of Quercus
mecrocarpa leaves in the shade, swn and at cloudy times of the day.

Loomis 65 {1965) found that leaves in direct sunlight heated rapidly to

‘equilibrium temperature of 6 to 10° C sbove air for thin leaves end to



30° C or more Por very thick leaves before reaching a steady temperature.
The heating and cooling curves shown by wilted leaves vere not significant-
ly different frcom those of transpiring leaves., Dried leaves heated less
and cooled faster than normal, transpiring leaves, Wiegand ond ?Ja.m.’!r:enlo5
(1966) found thet a unit increase in sclar radiation (from about 0.5 to

1.5 ly/min) resulted in 9 to 10° C increase in leaf temperature.

(E) Effect of Intake Veater Temnerature

Cook®T (1963) lowered ihe water temperature teken up by the tomato
plants at 76° F, to 34° F over the eight hour period, but it had no effect
on the tomato leaflet temperature. This reault is somewhat limited be-

cause it is based on the experiment of one author on one crop.

{F) Effect of Free and Forced Convection

ILeaves lose or gain heat by convection to the alr aroimd them. Gabes
{1968) pointed out that air is only a fairly sood insulator, and there-
fore, leaves are only partly decoupled from air temperature. The tempera~
ture pradient from the surface of the leaf to alr occurs acress o boundary
layer of air adhering to its surface which causes the temperature of large
lervea to he more decoupled from air temperasture than the temperature of
small leaves,

The energy exhange by convectlon cen be expressed by

Quony = AT {2.h.1)

vhere
hc = convection coefficient which depends wupon shape, orientation

and gsize of a leaf

AT = difference hetween leaf temperature and air temperature

Gates3* (196h) has given expressions of convection coefficient for a
flat leaf for free and forced convection. Ee has also given the figures
illustrating the energy transferred from & leaf by radiation, free and
forced convection, and transpiration as a funection cof the departure of

leaf temperature and angle of leaf from horizontal.
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Ansari end Leomis3 (1959) found that wind at 5 m.p.h. decrcased the
value of TL - TA (leaf minus air temperature) to aboul half of its original
value. Cook?l (1963) found from wind tests on bomato leaflet, that tran-
spiration was the dowinant mode of heat transfer from velocities 0 to
350 feet per minute, that convection was the dominant mode from velocities
350 - 1100 feet per minute, and that velocities above 1100 feet per minute
had no effect on leaf iemperature. Loomis® (1965) reported that leaves
in sunshine were cooled guickly toward air tempersture by wind at 5 m.p.h.
Aston> (1969) found that the exchange coefficients for free and forced

convection of a vertical leaf agreed with the czlculated value,

(G) Effect of Transpiration

Transpirabtion is a very lmportant factor affecting the leaf temperature.
Transpiration converts the water in the leaves to water vapor which is e~
mitted through the stomates, which can be as many as 20,000 per sq. cm, of
leaf surface % . On a hot sunny middey, when heat load is @t its peak,
transpiration rate is also at its highest and produces meximum cooling ef-
fect, and prevents or at least delays wilting. Gates 33 {1964) indiecated
that by the mechanism of transpiration, fully sunlit leaves may have their

~Ltemperature-depressed below air temperature. Ga.tes35__( 1965) has given a

remarkahle example of temperature control by transpiration. It was found
that the temperature of sunlit leaves of Mimulus cardinalis-(monkey
flowers) grown on well watered soil ranged from 30 to 35° C; whereas, the
temperature of the leaves of a live oak, grom e few yards away from
Mimulus cardinalis, in drier soil ranged from 40 to 43° C. The sky was
clear and the air temperature was sbout 37° C. Monkey flower plants were
also placed in a growth chamber wnder even and constant illuminatiom,

He found that when the air temperature was about 30° C or lower, the mon-
key flower leaves were warmer than the surrowmding air, when the air temper-
ature was raised above 30° C, the leaves remained cooler than air.

Knoerr and Gay 7 (1965) found in a green house at air temperature of sbout
41° ¢ that the non-transpiring leaves died elmost immedistely, and tran-
spiring leaves died after a short period of exposure. Cock and Dixon

{1964) reported that a definite and significant temperature gradient
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existed over an ares of a tomato leaflet which was apparently due to

the variationg in transpiration across the 1eaflet.Cook* (196T)

reported an analytical and experimentel study of n=at transfer and
transpiration from a leaf. He showed that the variations in the magni-
tude of the convective and stomatal resistances to diffusion were
eritical in determining the overall transpiration. Changes in the
environmental conditions were shown to be mainly responsible for

changes in the stomatal or pore resistance to diffusion rather than

the convective resistance to diffusion. He pointed out that both resist-

ances, however, must be accounted for in any determination of overall

transpiration.

#G. D. Cook, Ph.D. Thesis, Purdue University, Indiana, 131., 1947.
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2.5 Theoretical Aspects In Infrared Radiometry

(A) Atmosvheric Interference

Atmosphere absorbs, scatters and emits radiation. The main atmospherie

constituents which absorb and emit radiastion in our usual wavelength region

of interest -~ 4 to 14 um -- are: carbon Aloxide, water vapor and ozone.
Strong absorption by CO2 exists in the 2.7 um region98 , the 4.3 ym

region and the region between 11.h4 and 20 um. Wesker absorption bands

are present at 1.% ym, 2.0 ym, 4.8 ym, 5.2 pm, 9.4 um and 10.% pn. Major

H,0 absorption bands?d are at 1.87 wm, 2.70 ym and 6.27 pm. Minor

water sbsorption bands are at 0.94 um, 1.1 pm, 1.38 pm, and 3.2 um. Ozone
shsorbs? 7 in the narrow band in 9.35 to 9.90 um; however, 95% of this eb-

sorption occurs sbove 11 km for most areas (see ref. 58 , p. 102).
Lenschow and Duttoga(l96h) have pointed out that the effect of atmos-
pheric absorption and emission is negligible if distance of the redio-
meter to the target is less than 100 meters. Bergstrom (Ph.D. Thesis,
Purdue University, 1972) has done theoretiesl study of the thermal struc-
ture and dispersion in polluted urban atmospheres.
(B) Environment Radiation
The radiation incident on plant canopy comes from sun, sky, clouds,

~atmosphere .and the surrowndings. The_ solar radiation in the-b to 1k ym_
thermal infrared region is negligible (Section 2.5(C}). The radiant
temperature of the clear sky can be ms low as -50° C but it usually lies
between about -30° ¢ to about -10° C; thus, the sky rediation can be
neglected. Idso and Ja.c:l;son!48 (1968) have reported that the absolute
error in radiometrically determined surface temperatures caused by ne-
glecting the fluctuations of sky radiant emittance over a diurnal period,
can be as high as 0.55° C, for surfaces with temperatures between 0° C and
60° C and infrared emittances between 0.90 snd 1.00. Jackson and Idso53
(1969} have given the ambient temperature effects in infrared thermometry.
Thick cloud are good blackbodies (see ref.[98] p. 98). Because of
the emission and sbsorption bends of the atmosphere at 6.3 ym snd 15 um,
a cloud may not be visible in these regions and the radiation at these
wavelengths is determined by the temperature of the atmosphere. Hovis
et al.* (1967) have given the spectra of reflected solar and emitted

!W. A. Hovis, Jr., and M. Tobin, Appl. Opt. 6, p. 1399, 1967.
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thermal radlation from natural surfaces and clouds in the wavelcength range
1.6 mm to 5.4 um. Measurements were mede, from a jet aircraft, of
characteristic spectra of a wide wvariety of surface and cloud conditions
during day eand night flights. It should be pointed out that when the sky
is overcast with clouds, the radient enerpy coming from the tarpet can be
significant or even of about the same magnitude as compared to the emitted
radiant energy from the target, and thus, the infrared radiometer does not
gense the true radiant tempersture of the target.

Gates3h (1964) gave the typical value of total atmospheric radiant
flux density on a horizontal leaf to be equal to 0.48 cal, cm 2 min L,
most part of which is in the thermal infrared region. The surroundings
of the plant canopy may be plants, rocks,soil, buildings, ete. The ra-

diation from surroundings of the target depends upon the type of surroundings.

(C) Contrast Between Reflected and Emitted Radlation

from a latural Target

It has been pointed out by several authors thet for wavelengths shorter
than 2 im the reflected solar energy from a typical plant and/or soil pre-
dominates the radiant energy emitted by it; whereas, for wavelengths larger
than I 1m, the emitted energy predominates the relflected energy. ‘The con-
trast between reflected and emitted radiant energy is low in the spectral
region 2 to 4 m (see ref.[62] pp. B4-85; wef.[27] pD. 11-14). It is im-
portant to note that we should compare the radiunt flux density retrlected
from the terget 4o the radiant flux density emitted by it. An expression
for the solar radiant flux density reflected from an infintesimal area of
the target is derived as follows, with the help of ref., [99].

Consider an element of a terget shown in Figure 2.5.1. On a clear
day {cloud free) most part of solar radiation comes directly from the szun.
Let us consider only direct solar energy in this particular case, Let

L
A,i
dA from direction 8'. the spectral irradiance or direct solar radimnt ener-

(S') be the spectral radiance of direct solar radiation incident on

gy incident per wnit srea, time, wavelength and confined within the solid
angle dR' sbout the direction 3' is
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= Direction of reflected radiation
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Figure 2.5.1 Diagram Showing Directions of I
cld
Radiation neldent and Reflected
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dEA(g.) = I, i('s’-)cose'dsz' [Figure 2.5.1] (2.5.1)
where

L (3') = ¢t (x, )L, . (5500° K) (2.5.2)

Al at™ A, b R

ra(h, 3') = spectral. transmission of the atmosphere in direction 3.
Ly b(5500° K) = spectral blackbody radiance at 5500° K (sun's
]
temperature).

L. .{2')cos6'an’ (2.5.3)

Spectral solar irradiance EA, g = é'l’ i

where
o = solid angle subtended by the sun at the earth's surface
subseript § = refers to direct solar radiation

or

e 4
Ex,s"Iﬁ, i cosesﬂ (2.5.%)

BS = gngle subtended by the sun with the z axis (Figure 2.5.1)

We have assumed that the radiation from the smn comes from & very small solid

angle, Q, end thus, L and cos®' have been considered to be constent within

, A, 1
solid angle, .
or “Ré ,
By, s * Ly, 1 (-—j;;-*) cosdy (2.5.5)
where
RS = radius of sun

4 = distence of sun from the earth

The spectral radiance of reflected radiation in the direction s within the
solid angle d22 is
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3 -
an, (s - 3) = r(A, 8 - 's’)ala:}t fby definition]  (2.5.6)
3
where
r(A, Z! - g) = reflection distribution function for the dirsction
> S
s' to 8.

The spectrel bidirectionsl reflectance p(A, st - g) is defined as the ra-
+

tio of radiant energy reflected by the surface into the beam (s , 42) from

the incident beam (g‘, de'), to the radisnt energy in the incident bean

+
(8', dQ'), and is given by
p{A, 8* = 38) = (A, S' - 5)cos0an (2.5.7)

The spectral radiance of reflected radiation in all direction; is a
result of contributions from the radiant energy reflected from the scenc
from all directions (@' = 2r) and can be obtained by inteprating Equetion
{(2.5.6) over the hemisphere

r(;' - ;) cos8dR (o denotes hemisphere) {2.5.8)

Spectral directional hemispherical reflectance is defined as the ratio
of radiant energy reflected by the surface inte all directicna from the
incident beam (;', dQ') to the radisnt energy in the incident beam. It is
related to the bidirectional reflectance as

p(A, 81) ! (1, s' -3) cos6dn (2.5.9)

or

27 2
{ dw[; (A5 8', $':08, ¢) cosbsinbds (2.5.10)

i

p(x, g')

The incident solar radistion comes hemispherically (from all direc-
tions) when the sky is overcast with clouds. Even vhen the sky is elesr,
there is some scattered solar radiation coming from 21l directions.
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Spectral hemispherical reflectance is a useful gquontity for computing re-
Tlected radiant flux density of hemispherical irrodiance. Spectral hemi-

spherical reflectance is given by
> >
p(r) = ] o{x, s')LA(s')cosB'dﬂ’ (2.5.11)

where

e = denotes integration over the hewisphere

The hemispherically incident soler (direct snd scattered)} irradiance is
given by

= > 130!
E, ;{ L, i(s Yeose'dq (2.5.12)

3
It turns out that for natural targets -- say plants and soils, hemispheri-
cally emitted radiant flux density (A, T)ﬂLl’ p? can be usually neglected
as compared to the hemispherically reflected radient flux density, p(A)EA,i’
in the wavelength range: 0.35 <A <2 um
where

evAs T) = hemispherical spectral emittance of the natural target at
temperature T and wavelength A. (See Section 2.2 for defini-
tion of e(i, T))

L 3 b(T) = blackbody spectral radisnce at temperature T and wavelength
At | -
A,

p(A)EA can usually be neglected as compared to £{A, T)ﬂLl’b in the wave-
length range: & < A <20 ym, p(A)EA is of the same order as e(A,T)ﬂLA’b(T)
in the wavelength range: 2 < A < L pm.

Hemispherical directional reflectance is quite useful for applications
to machine analysis of remotely sensed deta. The direct solar radiation
comes in a reletively small solid angle but the scattered solar radiation
comes from all directions, The radistion reflected from the target which
reaches the detector of multispectral scanner of alrcraft or satellite

comes in a relatively small solid engle. Thus, the signal received by the
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Jultispectral scanner in the speetrel channel of wavelength range Al to Ag
is directly proportional to the solar irradience in the wavelength range
Al to A2 and the baad hemispherical directional reflectaace of the target

in the direction of remote sensing in the wavelength range Al to Aa.
Reflection distribution function is useful because on a clear {cloud free)
day, most part of 4he solar radiation comes directly from the sun and the
reflection distribution function can convert direct solar spectral icra-
diance to the spectral reflected radiance of the target. Bidirectional re-
flectance can convert direct solar spectral radiance to the speetral re-~ -

flected radiance of the target.
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2.6 Emittance of Plents

{A} Introduction

All objects asbove sbsolute zero radiate energy by virtue of their
temperature and emittance., At temperatures normally exhibited by
natural objJects at or near the earth's surface, this radliation is
almost entirely in the infrared wavelength region from approximately
h um to 100 um,

Planck's radiastion law states thet at any given temperature, T,
and wavelength, A, the maximum possible spectral radiance of emitted
radiation is the blackbody spectral radiance at that temﬁerature, T,
and wavelength, A.

No natural surface emits like a blackbody due to internal reflec-
tion of rays by the surface discontinuity., Therefore, spectral emittance
has been defined in Sectiom 2,2. Thus, no instruments can vield a

~nrrect estimate of surface temperature by remote sensing if the

emittance of the surface is not taken into account. Gates and Tantraporn4
(1952} have pointed out that accurate knowledge concerning the infrared
reflectance, shsorptance, and emittance of leaves in the 1.0 to 15.0

um region is essentlal for a detaliled understanding of the energy
exchange in the biosphere. Accurate knowledge of the infrared emittance
of plants is required in many diverse ecolopical applications, Wost
researchers recognized this problem, but have neglected to apply the
needed corrections, arpuing that all plant surfaces have a longwave

emittance of 0,95 or greater, most leaf emittances being 0,97 to 0.98,

(B) Theory and Error Analysis

of Measurement by Infrored Radiomecter .
Fuchs and Tanne;29 {1966} nave discussed the theory of remote

gsensing of surface temperatures using infrared radiometer, a part of
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which is summerized here. They made the following assumptions for
remote sensing of plants,

1.} Gray emittsnce in the wavelength range sensed by the radiometer
(.., 8 um to 20 um) or

e(A) =e(8 ym < A< 20 ym) (2.6.1)

2.) e{A) is independent of temperature.
3.) Kirchhoff's Law is valid.

e(A) = a(d) = 1 - p{}) (2.6.2)
(transmission * 0 in 8 wm < A < 20 um)
where
p(A) = the reflectance at wavelength A

Undeyr these assumptions, the total apparent outward radiant flux denaity

measured by the radiometer is given by Fo.

h
F,o=e £(T) o + (1 -¢) £(1,) Fy (2.6.3)
radiant flux ™ radiant flux
density emitted density reflected
by the plant from the plant

T = contact temperature of the plant
{See Section 5.5 for definition of plant temperature)

£(T) = Z £(A) F,, (T) ar / Z Foop (D) (2.6.4)
where
Fk’b(T) = the blackbody radiant flux density at temperature T asnd
wavelength A
FS = environment integrated radiant flux density at tempera-
ture TS
£(A) = filter characteristics for the infrared radiometer {for

example, for Barnes infrared radismeter: f{)) # 0,
8 ym < A < 20 ym, (1) = 0, otherwise}.
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Equation (2.6.3) is the fundamental equation describing the quantity of
radigtion received at the detector of the radiometer. Since the abso-
lute value of £(T) is not important, but only its form, an assumption
is now made that f£(T) is constant for the range of biological tempera-
tures encountered. The rediometer is calibrated sccording to the

quantity

=
Wt

F ! £(T) (2.6.5)
vhere

denotes that the quantity is defined,

]

Hence,

(T} %

o 1 5 .
Fd— g o7 + {1 =« ¢) TN FS = GTS (2.6.6)

where

TS = full radistor surface temperature as sensed by the radiomeler

The radiometer interprets the contact surface temperature, T, $0 be full
swcialor curface temperatire Ts’ If £ = 1, then TS = T. Also, if the
integrated full radiator tempersture of the surroundings (TS) is equal
to the contact surface temperature (T}, then T, = T. If the surface has
an emittance substantially less than uwnity, and if the surface images
sun or cold sky, the full radiastor surface temperature as measured with
the IR radiometer may be quite different from the contact temperature.
Hence, there is a need for determining emittance and the environment
integrated full radiator temperature, T, accurately. Equation {2.6.6)

can be rewritten as

- b
F,=e ol + (1 -c¢€) Fg (2.6.7)
where f( Tn)
F& = ——P |

8 £(7) 8
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Fuchs and Tanner assuned that F§ is a constont (i.e., independent
of temperature T), which in turn essumes that f£(T) is constont, f£(T) =
constant is a good approximation for small variations of T. Equation

{2.6.7) can be rearranged to give

F, - F#

a 5
—"h_""" (2.6.8)
- F§

F and T are experimentally measured values snd contain measurement
error, Let GF and 8T be the reagurement errors in P ond T vespectively.

Then Equation (2.6.8) can be rewrltten as

Fa+ 8Fy = F3 (2.6.9)

o(T + GT)h -

g + 6 =

where
8¢ = error in the determination of emittance

b

From Equations (2.6.8) and (2.6.9), assuming _%2,( 1, h;T UE
cT - F#
8

,_<—1~and*neglect1ng ‘secondorder—and higherorders of‘ﬁé -{1.67,
(129 L__) , ete.), we get
- F#
LT or” (Fg - ¥§) (2.6.10)
fe= GFd -~ =% "
¢ ~ F#

s

It should be pointed out that Equation (2.6.7) is not an exact
equation because of a number of assumptions made in deriving the equation.
A complete error analysis should also include another term in GFd, re~
presenting the error due to the assumptions made. Equetion (2,6.10)

cen be rewritten as

l
1 L T
|sel = 5 6Fy =~ 2 (Fy ~ FE) | (2.6.11)

[or” - 3 i {oTh - Fg)
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where
| | = denotes the sgbsolute value
or
L E;Te I (using
[ael < K [sFgl + & triangle  (2.6.12)
| o7 - 7| | or" - 72 & “eD
inequality)

It should be pointed out that when the environment integrated
raediant flux density,th = cTh, the radiant flux density coming from the
target is equal to oT (blackbody radiant flux density) irrespective of
the emittance of the target. Thus, the rediometer cannot be used %o
measure the emittance of the target in this particular case,

Using Equation (2.6.32), {éc| is plotted against F¥ vith the
paraveters €, T, [6T|and |6Fd| in Figures 2.6.1 to 2.6.4, Tt is clear
from Figures 2.6.1 to 2.6.4 that the upper bound of [de| (sbsolute
error in the determination of emittecnce) incresscs with the increase
in Fg. Thus, for determinetion of emittance of the plant surfaces in
the field accurately, the experiment should be conducted when the sky
is relstively clear to have a small value of F} and hence small |de|.
Figure 2.6.1 shows that the emittance of the target, say a leaf, has

& very little influence on |8e|. Figure 2.6.2 shows that [8e] decreases
with an increase in tempersture. Figures 2.6.3 and 2.6.4 show thet
increasing the error in terperature measurements and radiomeiric

measurements respectively, results in an increase in error in emittance
The previous investigators have assumed that the emittance of

the natural targets to be equal to one for the interpretation of multi-
spectral scanner data in the thermal channel. Neglecting the radiant
flux density reflected from a target, Figure 2,6.5 shows the difference
between temperature of the target and the band radiance terperature
(i.e., temperature found by assuming the target to be a blackbody) vs,

emittance for the thermal channels which have been used in multispectral
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scanner of Environmentael Reseasrch Institute of Michigan, formerly called
Willow Run Laboratory, University of Michigan (%.5 to 5.5 wm, 8 to 13.5
um end 9.3 to 11.7 wm), and Skylsb (10.2 to 12.5 um). Figure 2.6.5
shows that for a given value of the emittance, the difference betwecn
temperature and band radiance tempcrature (see Section 2.2 for the
definition of band radionce temperature} is least in the 4.5 to 5.5 um
thermal channel, as compared to the band radiance temperature in the
other thermal channels mentioned shove., Hosever, there are certain dis-
advantages of using 4.5 to 5.5 ym thermal channel, given as follows.
(i) Most natural targets have lower bend emittance in the k.5 to
5.5 um thermsl chennel as compared to their band emittance in
other thermal channels shown in Figure 2.6.5 (Sections 2.6(C)
and 2.6(D)).
(i1) Atmosphere is less transparent in the 4.5 to 5.5 um thermal
chamnel as compared to its transmission in other thermal
channels shown in Figure 2.6.5.
(iii) The band radisnce of = natural target in the temperature range
0% C to 50° C (temperature range generally encountered in the
natural targets) is considerably smaller in the 4.5 to 5.5 um

thermal channel as compared to its band radiance in other

thermal channels shown in Figure 2.6.5.
Thus, signal to noise ratio in the thermal channel 4.5 to 5.5 um is ex-
pected to be higher than in the other thermal channels shdwn in Figure
2.6.5 (Section 5.2).

{C) Emittance of Leaves

The emittance of a surface depends on ite roughness as well as its
temperature, in general. Emittance of leaves given by Falckenberg28
(1928}, Gates 3 (196%) and Gates et. al.~> (1965) range from 0.95 to
0.98. Gubareff et, a1, 3 (1960), p. 293, indicated the emittance of
the leaves to be more than 0.90. Twrrell and Austin®® (1965) reported
the emittance of citrus leaves to be sbout 0.87, using the data of
Gates and TantrapornC (1952). Gates and Tantrapornho measured the

reflectance of upper and lower surfaces of leaves of deciduous trees



W6

and herbaceous plants at 3, 5, 7.5, 10, 15 and 25 ym, a8t an angle of
incidence of 20° and 65°. The infrared radiant source was the Globar,
whose radiation wag reflected off the leaf surface at the desired angle
by means of spherical front-surface mirrors and then focussed upon the
entrance glit of the infrared spectrowmeter. Ueglecling the transmit-
tance of plants in the infrared region, one can determine the emittance

using Kirchhoff's Law, i.e.,
e(A) =1 ~p (A)
where

e(A)
o(2)

i

spectral emittance

spectral reflectance

It ean be geen from their date that the reflectance of most leaves

in the infrared beyond 2 um lies between 0 and 10%, and its value varies

from leaves of one plant to another, Plotting the spectral reflectance vs.

wavelength from their data the following was concluded.
"1, The-shape and’ va_':i_fxe—;f the spectral reflectance varied signi-~
ficantly from lea.ves of one plant to ancther. The reflection
from a leaf beyond 2 pm is expected to be mainly from the sur=
face because of strong water absorption bands. The author
believes that the significant differences in speetral reflec-
tance curves may be mainly due to differences in surface
geometry rather than the differences in the index of re-

fraction of the leaf constituents close to the leaf. sur-
face . Birthll (1971), pp. 13-29, has given diagrams illustra-

ting the reflection of light rays from smooth and rough sur-
faces.using Fresnel's equations and Snell's law.

2. The spectral reflectance variation from leaves of one plant to
another was more significant for an angle of incidence of 65°
as compared to an angle of incidence of 20°,

3. Almost all the spectral reflectance curves had a positive slope
from 3 to 10 pm. A few of the spectral refleetance curves had
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a negative slope from 10 to 15 um.

4. The reflection of verbascum thapsus (fullen, heiry surface) was
found to be zero from 3 to 15 um. This is probably because the
light rays got trapped on the hairy leaf surface due to multi-
ple surface reflections. The author believes, yet to be con-
firmed by experiments, that the reflection from a leaf in the
thermal infrared region (i.e., U-1h ym) is likely to be more
specular as compared to the reflection in the visible and near
infrared wavelength region, because a typical light ray has to
poass through relatively o fewer number of interfaces in the
leaf before it gets reflected in the thermal infrared reglon
asg compared to the visible or near infrared wavelength region
(see Chapter III). ,

Gates and Tantrapornho also found that transmittance of leaves was

zero in the infrared beyond 1.0 im; whereas, Myers and Allen 1+ (1968)
found that the transmittance of a mature cotton leaf was similar and of

the same order of magnitude, as its reflectance in the 0.5 toe 2.5y m

region, This shows that the result of Gates and Tentraporn is not valid,
in general, for all leaves,

Monteith and Szeicz 10 (1962) and Gates =2 (1963) estimate that as-
sumng the emittance of the plant surfaces equal to one may cause errors
of at most 0.2° C in the measurement of their temperature. Fuchs and
Tanner 27 (1966) show from a simple calculation that if the incident
thermel radistion from the sky and surroundings were 300 watts per square
rmeter, corresponding to en apparent sky temperature of -U°® C, and if the
surface temperature were 25° C, a change of emittance from 0.95 to 0.98

would cause a measurement error of 2.2° C. For many detailed investipga-

tions, such discrepancies are {ntolerable <Y .

Fuchs and Tanner®? (1966) found the emittance of single leaves of
snap beans and tobacceo to be 0.96 and 0.97, respectively. They covered
the temperature-controlled snodized surface by the base of a "skewed"
aluminum cone with a highly polished reflecting surface, The leaf was

placed at the base of the cone, and the apex of the cone was cut to fit
the entrance pupil of the infrared thermometer, so that the leaf behaves
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like & blackbody. Idso et al.hg (1969) desceribed a method for deter-

mining the infrared emittance of individual plant leaves which is rela-
tively simpler than Fuchs and Tamner (F -~ T) method. Measurements on &
wide variety of plant surfaces by this method indicated that significant
differences of emittance exist among the various species. The enittance
values ranged from ebout 0.94% to sbout 0.995. They pointed out that the
values of emittance determined by infrared thermometers of different
spectral sensitivity are not wmigusly relasted, therby emphasizing the
importance of emittance measurements,

The emittance of a single leaf is not representative of the emittance
of a plant canopy because of the multiple internal reflections resulting
from the plant geometry; therefore, the emittance of a plant canopy has
t0 be determined separately?? . For determining the emitteance of a plant
canopy, cne has to define a meaningful temperature of a plent, For exem-
ple, the temperature of a plant canopy can be defined as the aversge of
the temperature of its leaves (Scetion 2.2). It is extremely difficult
to measure the temperature of the plant surfaces in the field conditions
because the surface temperature varies quite rapidly especially when the
wind is blowing (Section 5.4). Fuchs and Tenner?? determined the radia-

face with a bottomless, hemispherical "pop tent"ll covered on the inside
with aluminum foil so that vegetal surface behaves approximately like s
blackbody. They determined the emittance as the ratio of radient flux
density emitted by & vegetal surface to the radiant flux density emitted
by it when it is covered with the pop tent. Covering the vegetal surface
by the tent changes its energy balance and thus its surface temperature.
During deytime, the tent cuts off the solar radiation and sky radiation.
It affects the convective heat exchange and may also modify the transpi-
ration pattern. They found the emittance of dense cancpies of alfalfa
and sudangrass to be between 0.97 and 0.98 on clear, calm nights when
surface temperatures are more steady.

It 1s believed that the emittance of a wide variety of leavss
has not been measured earefully in the natural environment in which
the plants grow. The Lsboratory for Applications of Remote Sensing (LARS)
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at Purdue University has an extensive program to measure the spectrel
emittance of plant surfaces. IARS hes the Exotech Model 20C Spectro-~
readiometer which is capsble of teking relleble spectral radiometric
data wnder rigorous field conditions in the wavelength region 0.38 to
14 ym (Section 5.1). They have also recently acquired a Nernst Glower
capable of operating st terperatures as high as 2800° K, providing
spectral energy output over the entire spectroradiometer range. A
spoked disc is used to chop the output beam., This is an ideal instru-
ment for measuring the reflectance of the leaves and/or plant cancples
in the field, beecause any radistion other than what is provided by the
glowver is averaged to zero and thus, the surrounding radiation has no
effect on the measured reflectance. Knowing the spectral reflectance,
spectral emittance can be caleulated using Kirchhoff's Law on the spec-
tral basis (Section 2.2). The effect of orientation, temperature,
moisture content, plant diseases, nutrient deficiency, ete., on the
leaf and plant spectral emitisnce shall be studied. This will help in
interpreting the remotely sensed data of the thermal channel, For ex-
ample, it was pointed out in a LARS report 63, p. 102, that no definite
conclusions concerning the value of the thermal infrared data could be

assessed,

(D) Emittance of Soils
With the advent of radiation data now available from the infrared

measurements made by the satellite, there is an increasing need {0 know
accurately the values of terrestrial surface emittance in order to inter-
pret the datal3 . Most of the investigators (for example, Wark et. al.lol)
have assumed black earth in interpreting data of the satellite. Buettner
et al.t3 (1964) have pointed out that the other data and literature are
guite conflicting and confusing. For example, Falckenberg28 (1928)

shows that sand of the Baltic has an emittance of 0.89 at 300° K, While
Kruse et al.”? (1962) give a value for "terrain of 0.35 {it is not

clear here whether this is the emittance of the whole spectrum or Jjust

a portion of it, but presumsbly the entire spectrum). Bernes|  (1963)

lists values of emittance of 0.28 to 0.4l for gravel, plowed field, and
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gronite. I-’s.a.ckc:rfberg28 (1928) also lists the value for snow emittance
as 0.995, while 1i11er8? (1963) 1lists the window value (water wvapor
window) as 0.35.

Buettner et 31.13 also reported that infrared sipgnals received in
the 8 to 12 pm water vapor window by weather satellites and aircraft are
dependent on surface temperature, surface emittance and atmospherlie inter-
ference., Nowhere can variations of surface emittance be neglected in
order to evaluate the correct surface temperatures, They prescented three
methods of determining surface emittance: (1) reflection data from polished
samples run on a spectrophotometer, (2} & device constructed by Buettner
end Kern™> called an emissivity box, end (3) emittance as inferred from
the TIROS satellite data. They gave geological interpretations of the
TIROS satellite data slong with the values of emittance determined by the
above thrse methods. Emittance of quartz, granite, feldspar, obsidian,
basalt, dunite, dolomite, sand, water, etc., ranged from gbout 0.T %o
0.97.

In the emissivity box {Buettner and Kern (B_- K) Iﬂiet,hoclr3 ), the
radiosity of the soil is first measured when it is exposed to a highly
reflecting enclosing surface. The soil is then exposed to a highly e-
mitting surface. The__g@t}mca of the soil is determined as the ratio

of the two measurements. Because of the large size of the B - K appara-
tus this method is used almost exclusively for determining infrared
emittance of bare soils and rocks. On the other hend, the method pre-
sented by Fuchs and Ta.nner29 (F_~-_T Method, see Section 2.6(C)) is
well adopted to this use end, in sddition, is suiteble for measuring
the infrared emittance of plant leaves, but it requires that the base of
the cone needed to create the blackbody cavity should be larger than the
jndividual leaves of most plants. Fuchs and Tanner 30 (1968) recormended
that aluminum cones with apex angles of 120° or larger, or shallow
cylindrical cavities which have smaller apparent emigsivities, be used
to improve accuracy of the measurements. Idso et. al. k9 (1969) pro-
posed & method for determining emittence of plants and soils vhich over-
comes the dimensional limitations of the methods of Fuchs and Tanner as
well as Buettner and Kern and it gives results in good sgreement to both
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of them.

Fuchs end Tanner>° (1968) pointed out that the compubation of back-
ground radiation implies constancy of the speciral emittance in the band
pass of the infrared thermometer, In the case of quartz, which has a
strong reflection band near 9 um, this assumption falls. The resulting
error can be minimized if background radistion is small, but in the
"emissivity box" used by Buettner and Kern background radistion is large
which results in an overestimate of emittance. Fuchs and Tenner have slso
found that emittance of Plainfield send in the 8 to 13 um decreased with
moisture content. They have given a typical diurnal trend of Lewmerature
and emittance of the so0il.

Hovis, Jr. %0 (1966) nhes given spectral reflectance of some common
minerals like carbonates, sulfates, nitrates, salt, silica, ete. from
0.5 to 6 wm. He pointed out that the infrared reflectence spectra of
these minerals exhibit spectral absorption band patterns thaet can be
detected in reflection from surface minerals.,

Hovis, Jr. 7T (1966) made the spectral reflectance measurements in
the 0.5 to 22 ym, from & number of soils including some beach sands and
some common surface minerals -- calcium csrbonsate, calcium sulfate or

gypsum, sodium chloride, scdium carbonate, and sodium nitrate., He re-

ported that if the measurements are restricted to the windows in the
atmosphere of eerth, the 10 um to 12 um interval scems to be the best
choice for radiometry since, in this interval, minerals are most uniform-
1y bleck. Lorenz 06 (1966) found the gray reflectances of some natural
surfaces - sand, concrete, cosrse gravel, brick roof tile, fince basaltie
gravel, ssphalt end lawn to be in the range 0.027 %o 0.062. Gray enit-
tance can be found from gray reflectance using Kirchhoff's Law {Section
2.2).

(E} Emittance Changes
Gates 3° (1965) has pointed out that plemts, like animals, nust

regulate their temperature in order to function st optimum physiological
efficiency. This is accomplished through three mechanisms: radiation,

transpiration and convection. The question arises: does a leal edjust
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its emittance in order to regulate its iempersature? The emittaonce of a
leaf can be changed by changing i1ts surface peometry andfor its orienta-—
tion. A change in environmental conditions can change the leaf moisture
content, which in turn changes its gsurface geometry. The author believes,
yet tr; be confirmed by experiments, that it is unlikely that a leaf ad-
Justs its surface geometry in order to regulete its emitience and hence
temperature, because it is much easier for a leaf to change its orienta-
tion in order to adjust its heat load and hence temperature. TFor example,
on a hot sunny dey, it can change its orientation with respect to direct
sunlight to reduce solar radiation absorbed by it.

Conway and Van Bavell® (1966) reported that their radiometrically
determined temperatures of the plant canopy could be explained by postu-
lating a widely varying emittance of the plant cancpy. They sald that the
possibility of widely varying emittence of the plant canopy exists since
many changes o¢cur in a plant canopy, as factors such as wind speed,
solar radiation and water availability vary, but no attempt was made to
study these,

(F} Stresses and Temperature of Plants

Ho important application of the infrared radiometry of plants has

been discussed so far in this chapter, Do the stresses caused by insects,
plant diseases, physiological disorders, nutrient deficiency and adverse
environmental effects. cause detectable temperature and/or emittance
changes of the plants to be detected by remote means? This statement has
not received much attention in the past, but it is & promising and a

73, 165 have pointed

very useful field of research. Several zauthors
out that the measurement of plant leaf temperatures is a technique

for studying plant-waber relations of agricultural crops, for estimating
soil moisture, and detecting the occurrence and extent of soil salinity.
It was p-ointed out in a paper by Myers and Allen 7 that the remote
sensing of plant canopy temperatures appears fecsible in assessing need
for irrigstion, or the extent and severity of drought; in determining
distribution of precipitation on rangeland; in assessing the effect of

slope on soll moisture distributlion, ete.
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It is well known that orgenisms have an optimum temperature for cer-
tein biological activity and that conditions are less favorable toward
lowver and higher temperaturesgl_. These physiclogical processes are con-
trelled by enzymes and other proteins in s complex manner; nevertheless
certain definite reaction rates produce an end result which is temperature
dependent. At very low temperatures all reactions may cease, and at too
high a temperature, total destruction of organic corplexes will occur and
death will ensue, For example, soil Lemperatures too hot or too cold in-~
hibit seed germination8 » The tolerasble temperature regimes for many
plents is given by Gates 1 (1963).

Gates 38 (1970) has pointed out that the chemical status of plents
determines normality or abnormality of growth. A chemical deficiency for
& plant may cause chlorosis, premesture yellowing and sbscission of leaves,
burning of leaf tips, bronzing, wilting, mottling, necrosis, water stress,
cupping of leaves, flower-color changes, or other sgbnormalities. Abnor-
malities not only change the visual properties of the leaf surface (color,
shape, size, pubescence)}, but also the leaf temperature relation to the
incident energy absorbed end to the transpiration rate changes. An abnor-
mality affecting the sbsorptance to incident sunlight will affect the
energy budget and hence the leaf temperature. Changes in temperature
are detected radiometrically. Thus, it is gquite important to know the
temperature of natural targets -~ say plants -« to detect the subtle
changes in temperature caused due to stresses.

c1um 18 (1926) and Curtis 2° (1936) noted that soil molsture stress
could induce increases in plant leaf temperatures of 22 to 5° C. Cates
(1963) found the temperature differences as great as 2° to 3° C in cotton
as & result of moisture stress. Tanner'g2 (1963) conducted studies which
showed that the moisture stress of potatoez could increase their tempera-
ture up to 3° C. He concluded that the plant temperature may be a valua~
ble qualitative index to differences in plant water regimes. Coupled
with a better understending of transfer processes at the plant surfaces,
they may serve to provide quantitative data on plant-water status. The
instrument used was a Barnes radiation thermomster which has en 8 to 13

um spectral band pass filter. Cook and Dixon22 (196k) found that a
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definite and significant temperature gradient existed over an area of a
tomato leaflet which was spparently due to the variastions in transpira-
ticon across the leaflet, Leaves in which stomata were allowed to open
naturally in response to light attained temperature about 5° C lower
than leaves in which the stomats were forced to remain closed. Wiegand
and Nemkenl9% (1966) found that a decrease in relative turgidity from
83% to 59% resulted in 3.6° C increase in T, = Ty (leaf minus air tempera-
ture). They also found that variations in plant moisture stress signi-
ficantly altered leaf tempersture and (TL - 'I_'A).

They gave multiple regression equations and correlations of leaf
temperature and (TL - TA) with solar radiation, relative turgidlty and
8ir temperature, at a certain plant height, by moisture treatment. Cox
and Boersma®> (1967) cbserved a significant interaction between soil
wvater stress and soil temperature for stomatal closures. Stomatal eglo-
sure was cobserved even in the so-called wet range of soll water stress.
Vear 102 (1966) and VWear et. al., 103 (1966) used infrared remote sensing
successfully in studies of trees in the forest which were root rotted and
attacked by insects. They found that the damaged trees without visible
symmioms had a temperature up to 2° C higher than undamaged trees.
_Myers and Aiil;;g_njl (1968) gave four thermograms obteined with a Barnes
infrared camera during a study of diurnal plant canopy temperature chen-
ges in small, differentially irrigated cotton plants. In each of the
thermograms, the lighter tones indicated warmer targets. Results from
two years of salinity «-~ plant tempersture studies showed that the goil
salinity at & particular site is highly correlated with cotton leaf
temperature. A regression relationship was established between leaf
minus ambient temperature and the average scil salinity level in the
1.6 meter Jx_n.'c'(:tf‘i.leT2 .

Chang et al. * (1968) gave the relstionship of temperature to the
development of calcium deficiency symptoms in Nicotiana tsabacum. Tabacco
was grown in controlled environmental growth chambers at five different
temperatures { 21, 23, 26, 29 and 30° C). Plants grown at 21 and 23° C
developed no Ca deficiency symptoms, and only a few plants of genetical-
1y susceptible varieties (Burley 21 snd Ky Exp. 22) developed Ce defi-
clency symptoms when grown at 26° C. However, these varieties developed

% S, Y. Cheng, R. H. Lowe end A, J, Hiatt, Ag. J., 60, p. 435, 1968,
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very severe Ca deficicney symptoms when grovn at either 29 or 30° C, be-
cause an increase in temperature resulted in Ca accumulation in the stems
and failed to reach meristem and terminal leaves. Reod and Ashfbrd?g
(1968) studied the effects of varying levels of soil and fertilizer
phosphorus and soil temperature on the growth and nutrient content of
bromegrass and reed canarygrass. The study was conducted at three soil
temperatures, on three soils, differing in levels of svailable phosphorus
end applications of four rates of phosphatic fertilizer. Willlamson and
Splinter1®® (1969) reported that the survival snd growth of Ricotisna
tabacum L, to poor soil asration was largely depeandent on the ambient
temperature and light intensity. Johannsen’” (1969) did = detailed study
on the detection of available soil moisture by remote sensing techniques.
He found that avail&ble soil moisture in the root zone arsa did not show
a definite relationship with reflective or thermal responses. It was
determined that an Interrelationship of plant cover, plant height and
soil moisture exists, which is believed to show more positive relations
to reflective and thermal response. Plant moisture samples teken during
the Septermber mission showed a progressively cooler thermal response

with increesing plant moisture content,

Silva et aiTBE' (1972) reported that a sulfur deficient corn plant
in an ambient temperature of 24° C, and a nitrogen deficient corn plent
in an ambient temperature of 23° C, was 1° C ccoler and 2° C cooler, re-
spectively , as compared to the healthy controlled plant when the surface
located immediately behind the plsants in both cases was 16.5° C. 'The
preliminary conclusion made was that nutritionelly stressed plants are
not alweys hotter than a controlled plant, but spperently are influenced
more strongly by eanvironment.

Ha.gnerhh (1969) found that AGA thermovision thermal infrared cemera
proved to be well suited for the detection of gifferences in temperature
among spruce seedlings (Picea abies (L)} Karst) and within the erown of
one seedling. Temperature varied with the water status of the seedlings,
thus many types of pathological and physiologicel phenomena, which influ-
ence the water supply of the whole or parts of a seedling, could be de-
tected by this method. Periferal parts of the seedling had different
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temperatures from the rest of the foliage end succulent shoots, in par-
ticular. Characteristia temperatures of healthy seedlings indicated
that variations in activity or vigor msy result in measursble tempera-
ture differences. The apparatus had earlier been used in the field,
carried by truck and helicopter, thus it may also be useful for the iden-
tificetion of insect and fungi sttacks.

Cates 39 (1970) foumd that leaf temperature of alfslfa greving in
galine soil to be 2° to 3° € warmer than the alfalfa grown in normal soil,
He also found the temperatures of potassium-deficient sugsrcane leaves to
be 0.5° ¢ to 1.5° C warmer then normal leaves exposed simultanecusly to
the sunlight. C}m.pme.nl6 {1966) has given a thoroughly comprehensive
compilation of information’ concerning diagnostic criteria for the chemical
status of plants, but the book msekes no references, whetsoever, to spec~
trophotometry or radiometry as useful diagnostic techniques. Carlsonld
(1971) has given a thorough discussion on the remote detection of moisture
stress by field and laboratory experiments.

Bartholic et al. 8 (1972} used an airplane-mounted thermal scanner
to measure irradiance in the 8 to 1Lk um wavelength interval over an ex-
tensively instrumented agricultural area. The observed irradiasnces

—corresponded to-cotton—plant—canopy- temperature-differences-up-to-6%-C-
between the most and lemst water-stressed plots. They condluded that
thermal imagery offers potential as a useful aild for delineating water-
stressed and non-stressed fields, evaluating wniformity of irrigution, and
evaluating surface soil water conditioms.

The author made temperature measurements of healthy and blighted
spots of the corn leaves alternately in the summer of 1972. These corn
plants were grown at the Agronory Farm of Purdue University. The temper-
ature of blighted spots was higher than the healthy spot by an average
(average of fifty readings) of 0.06° C {Section 5.7). Although the
measurements were made on the healthy and blighted spots of the corn leaves
only, the conclusicns cbtained from it msy well be applicable to other
nen-systemic stresses. In conclusion, it must be said that the detection
of stresses by thermal infrared remote sensing is an extremely useful and
difficult task, ‘and it requires considerable attention and résearch effort

in the years to come.
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CHAPTER III

REFLECTANCE MODEL OF A PLANT LEAF

3.1 Introduction

Willstatter and Stoll (W-S) in 1918 proposed a theory to explainl0?
refleciance from a leaf on the basis of critical reflection of visible
light at spongy mesophyll cell wall - air interfaces. According to
several authors (i.e., Gates et al.3? and Causmen et al.he) their experi-
mentnl results on reflectance from leaves seem to have supported the
W-S theory. Sinelsnir et 31.86 gave an excellent review of the reflec-
tance =and transmittance from the leaves. They critically examined the
rm—menly ge~epted Y-S thenry and proposed a mediffcation, termed the
"giffuse reflectance hypothesis," which is based on aiffusing reflecting
qualities of cell wslls oriented at near perpendiculaer angles. They
pointed out that the microfibril structure of the cell wall presumably
induces the scattering necessary to have diffuse reflectance. They
presented experimental results on both the reflectance and trancmittance
from varions species of leaves for both the visible (0.50 to 0.72 um)
and the reflective infrared (0.72 to 1.3 um) wavelengths, which could
not be satlsfactorily explained by the W-S theory, but which they felt
could be sccounted for on the basis of their hypothesis.

Myers and Allen't expleined the K-M (Kubelka - Munk) scattering
coefficient (of diffuse reflectance) for a typical leaf by Fresnel
reflections at norusl incidence from 35 interfaces along the mean opti-
cal peth through the leaf, Grusman et al.hl noted that 1f oblique re-

flections are considered, fewer interfaces account for the results.
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Knipling ® emphesized that the air spaces within the palisade parenchyma
lgyer of a leaf mesophyll may be more important in scattering light than
alr spaces in the spongy parenchyma lsyer. Allen et a2l.l have proposed
that the complex structure of the leaf can be simulated by a pile of
transparent plates with perfectly diffusing surfaces. Birth;l has given
an excellent eritical review of exigting concepts on the reflectance from
a leaf. He pointed out that the work of Sinclair86 iz enlightening in
that the diffuse character of light in the leaf is shown to start at the

initial interface. Recently, Kumaﬂsl has reviewed much literature

pertaining to reflection from leaves.

The purpose of thisg investigation is to compare the reflectsnce of
a typical leaf found by tracing the ray of light through the leaf with
the experimentally determined reflectance values of the same leaf. In
addition, the authors would like to investigate if considering only cell
wall and air as the optical mediums in ray tracing leads to good pre-
dictions of experimentally determined reflectance of the leaf; and if
other optical mediums -- cell sap and chloroplasts -- should also be
included in the ray tracing for significantly better prediction of the
‘reflectance. Furthermore, the authors would like to creaste a more
realistic illustration to show the pathway.of a light ray through the
—leaf-than shown by Willstatter-and-Stoll—(¥igures—3+1+1-to 3.1.3).
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Figure 3.1.1 Pathway of Light Ray Through the Leaf Crosg Section.
R denotes the reflected ray. Solid lines show the
pathway of light considering cell wall, chloroplasts,
cell sap and sir as the optical mediums., Dotted lines
show the pathway of light considering only cell well and
air as the optical mediums. The numbers along the rays
denote their total intensity. The rays whose total in-
tensity is less than 0.05 are not shown.
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Figure 3.1.2 Pathway of Light Ray Through the Leaf Cross Section. R
denotes the reflected rey. Solid lines show the pathway
of light considering cell wall, chloroplasts, cell sap
and eir as the optical mediums. Dotted lines show the
pathway @f lipght considering only cell wall and air as the
optical mediums. The numbers along the rays denote their
total intensity. The reays whose total intensity is less
than 0,018 are not shown. . -
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Figure 3.1.3 Pathway of Light Ray Through the Leaf Cross Seection. R
denotes the reflected ray. Sclid lines show the pathway
of light considering cell wall, chloroplasts, cell sap
end alr as the optical mediums. Dotted lines show the
pathway of light considering only cell well and air as the
optical mediums. The numbers along the rays denote their
total intensity. All the rays whose total intensity is
more than or equal to 0,018 are shown. Some of the rays
whose total intensity is less than 0.018 are also shown.
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3.2 Cross Section of the Soybean Leaf
The cross section of the soybean (Glycine max (L.) Merrill) leaf
was taken from Sinclair's thesis.85 This cross section had been obtained
by Sinclair by microtome cross-sectioning and a microscopic slide was
prepared using the techniques outlined by Jenaen.S& This cross section

was enlarged. An artist, well familiar with the cross section of

leaves, drew the above mentioned cross section on a plain paper showing
explicitly the cell walls, cell sap and chloroplasts, a part of which
is shown in each of Figures 3,1.1 to 3,1.3. The crosa section shown in
these figures was enlarged in order to do ray tracing conveniently and

accurately,


http:Jensen.54
http:thesis.85

leaf:

63

3.3 BReflectance From & Leaf

(A) Proposed lLeaf Reflectance Model

The following assumptions are made in the reflectance model of =

1.

2.

3.

The leaf is assumed to consist of homogeneocus and
isotropic media ~- cell wall, chloroplasts, cell sap

and air. This assumption is made for mathematiecal
simpliecity so that Fresnel's Equations can be applied

at each interface.

Geometrical Optics 1s assumed to be valid for the medie
of the leaf mentioned above., This is not quite vslid for
chloroplasts {(typical dimensions 5 um to 8 um in diameter
and sbout 1 pm in widthag) where diffraction is likely

to be importent.

The Rayleigh and Mie scattering by the leaf constituents
{of the order of wavelength of light or smaller) is ne-
glected. Gates39 pointed out that cell dimensions of =
leaf are generally too large for seattering; however, the
chloroplasts and grana dimensions gre such as to create
séme scattering (i.e., grana is about 0.5 um in length and
about 0,05 pm in diameter), Scattering could also be
caused by mitochondria, ribosomes, nuclei, starch grains,
and other plastids, ete. It is very hard to take scatter-
ing into acecount because the dimensions, distribution and
refractive indices of these partiecles in the leaf cells
are extremely complex and unknown.

The cbsorption of light by the leaf media is neglected.
This is quite valid for most leaves in about 0.7 to 1.3 um
wavelength region. Since the leaf media sbsorb the light
in the visible wavelengths, thelr indlces of refraction
are complex numbers. The model presented here can also be
gpplied to the visible wavelengths for Fresnel's Equations
and Snell's Law are also valid for absorbing media, if one
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uses the appropriate complex index of refraction. 104

However, the rasy tracing is not done in this chapter
for the visible wavelengths since the complex
indices of refraction of the leaf constituents in these
wavelengths sre not yet known. Also, the rsy tracing in
the visible wavelengths becomes quite involved because
the index of refraction, angle of refraction, ete., are
complex numbers,

5. The two dimensional cross section of a leaf (three
dimensionsl leaf) is used for predicting the reflectance
from a leaf.

(B) Basic Equations

Fresnel's Equations, Snell's Law and boundsry conditions used forl
' 04
determining reflection and refraction at an interface are given below.

m sin 8, = m, sin 8 (3.3.1)
- 2
B 2 F 2 ~11/2
™) ma 2
E}__ cos Bi -{l&j - sin®0,
TR e T > 1 — Ly T {3:3:2)
i 2 2 172 i
(—-—) cos 6 { + (-——2-) - gin0 i
| \™1 Aty ]
rf_"‘z 2 T 172 2
cog B, - -—-—-) - 8in?0
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R o ’ (3.3.4)
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T = W= Ry (3.3.5)
T = I- 3 (3.3.6)
T” + Tl
T = {3.3.7)
2

vhere
m, = refractive index of tha first medium
m, = refractive index of the second medium
6, = angle of incidence
6 = angle of refraction
Ry = reflection parallel to the plane of incidence
R, = reflection perpendicular to the plane of incidence
R = total reflection
I“ w incident intensity parallel to the plane of incidence

I, = dincldent intensity perpendicular to the plane of
incidence,

Tjy = transmission parallel to the plane of incidence
?l. = transmission perpendicular to the plane of incidence

T = total transmission

(C) Indices of Refraction of ILeaf Constituents

The index of refraction of the air spaces in the leaf cells is
assured to be one. The refractive index of a potato cell well was
found to be equal to 1.52 by Renck®® in the visible wavelengths by
Index Metching Technique (i.e., The cell wall was infiltrated with
various liguids, mostly oils, having varying refractive indices. 'The
minimun reflectance was noted visually vith a medium having a refractive

index of 1.52, vhich was taken to be the best approximation to the
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refractive index of the potato cell wall.)}, The value of the index of
refraction of the cell wall of the soybean leaf was assumed to be equal
to 1.52 for the purpose of ray tracing, as it is likely %o be

close to the refractive index of the potato cell wall. The values of
refractive indices for cell sap and chloroplasts were taken from Charney
and Brackettl!  to be equal to 1.36 and 1.h2, respectively. The values
of the index of refraction of the leaf constituents in the 0.7 ym -1.3 um
region are not avsilable because it is quite Aifficult to measure the
refractive indices of the leaf constituents by the Index Matching Tech-
nigue in the Infrared wavelength reglon as the human eye cannot see in
that region. The value of the real part of the index of refraction of
water is roughly the same in the near infrared region’= (i.e., 0.7 um
to 1.3 um) as in the visible wavelength region within .01l. Since water
is the main constituent of the cell wall, cell sap and chloroplasts, and
gince none of these absorb light strongly in the 0.7 ym ~ 1.3 um region,
the refractive indices of these constituents were assumed to be the same
in the 0.7 pm - 1.3 um region ag in the visible wavelength region.

(D) Method of Ray Tracing

The four leaf constituents -~ cell wall, chloroplasts, cell sap and
Tair —- give rise to the following eight opticel ifiterfaces im the lenf-
all of which were considered in the ray tracing: 1) air to cell wall,
2) cell sap to cell wall, 3) chloroplasts to cell wall, u) cell sap to
chloroplasts, 5) chloroplasts to cell sap, 6) cell wall to chloroplests,
T) cell wall to cell sap, and 8) cell wall to air.

In ray tracing, a ray of light of intensity III (intensity parallel
to the plane of incldence) = 1.000, and Il. (intensity perpendicular to
the plane of incidence) = 1.000 at ebout 5° to the normal was taken,

The angle wss taken 5° to the normsl, because in the experimental setup

with the DK-2A spectroreflectometer the light rays were incident st

5% to the leaf normal. A tangent and & normal were drawn at the inter-
face. The angle of incidence of the ray was measured with a drafting

get which can measure apgles up to an accuracy of 5 minutes. Knowing the
angle of incidence and relative index of refrazction at the interface, the

volues of Gr, R“ s 3L , TII, and TL'were found using equstions given in
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Seection 3.3 "Basic Equations™, and the refracted and reflected rays were
dravn. Similar procedure was followed at the subsequent interfaces.
Each ray was continued until it ended up as reflection or transmission
from the leaf. The rays whose total intensity became less than 0.018
were discontinued to reduce the time and efforts required in ray tracing.

The light ray passed through a total of 253 interfaces out of which
total internal reflection took place at 18 cell well - air interfaces,
two ecell wall - chloroplast interfeces, and one cell wall - cell sap
interface.

Teble 3.3.1(A) shows the values of the reflected and transmitted
intensity of the ray et the interfaces. Only the rays whose Intensity
is more than 0.05 are shown in Table 3.3.1(A). The pathway of the ray
in & part of the leaf cross section, as given by this model, is shown by
solld lines in Figure 3,1.1. The numhers along the rays represent their
total intensity. Only the rays whose total intensity is more than 0.05
are shown in Figure 3.1.1. Figure 3.1.2 is a more complete version of
Figure 3.1.1 in that the rays vhose totsl intensity lie between 0.018
and 0.05 are also shown in Figure 3.1.2., Figure 3.1.3 is a more complete
version of Figure 3.1.2 in that some of the rays vwhose total intensity
is less than 0.018 are also shown in Figure 3.1.3.

Rzy tracinpg wag also done following the same procedure as the one
mentioned above for the same originsl ray of light (I = 1.000 snd
IJ_ﬂ 1.000) except that only ihe following two interfaces were consi-
dered: 1) air to cell wall and 2) cell wall to air. The light ray
passed through a total of 1kl interfaces out of which total internal
reflection took place at 13 cell wall - air interfaces. Tsble 3.3.1(B)
shows the velues of the reflected‘and trensmitted intensity of the ray
at each interface. The pathway of the ray considering the above two
interfaces, in s part of the leaf cross section, is shown in Flgures
3.1.1 to 3.1.3 by dotted lines. It can be seen from Figures 3.1.1 to
3.1.3 that the light rsy shown by dotted lines follows quite a different
path than that shown by solid lines.

Rey tracing was also done through the paligade cells of a part of
the c¢ross section of a soybean leaf, following exactly the same pro-

cegdure reported above, The light ray wes taken at an engle of about
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Figure 3.3.1 Pathway of Light Ray Through the Palisade Cells. R
denctes the reflected ray. Solid lines show the path-
way of light considering cell wall, chloroplasts, cell
sap and air as the optical mediums. Dotted lines show
the pathway of light considering only eell wall and air
as the optical mediums. The numbers along the rays de-
note their total intensity. The rays whose total inten-
gity is less than 0.05 are not shown.
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Figure 3.3.2 Pathway of Light Ray Through the Palisade Cells.
R denotes the reflected ray. Solid lines show the
pathway of light considering cell wall, chloroplasts,
cell sap and alir as the optical mediums. Dotted lines
show the pathway of light considering only cell wall
end air as the optical mediums. The numbers along the
rays denote their total intensity. All the rays whose
total intensity is more than or equal to 0,05 are
shown. BSome of the rays whose total intensity is
less than 0.05 are also shown.
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Figure 3.3.3 Pathwav of Light Through a Leaf as Envisioned by

86)

(Taken From Sinclair

Willstatter and Stoll Theory.
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60° to the leaf normal. The light ray was not drawn through the complete
cress secticn because the only purpose of this ray tracing was to create
& realistic illustration to show the pathway of a light ray, incident at
an oblique angle to the leaf normal, through the palisade cells. Tables
3.3.12(C) and 3.3.1{D) show the values of the reflected and transmitted
intensity of the ray at the interfaces in the palisade cells con-
sidering all the eight interfaces outlined in Section 3.3(D), and con~
gidering only cell well - air and air- cell wall interfaces, respectively.
Only those rays whose intensity is more than 0.05 are shown in the

Tebles 3.3.1(C) and 3.3.1(D),

Figure 3.3.1 shows the pathway of light through the palissade cells
exactly similar to the Figure 3.1.1 (which shows the pathwsy of 1light
through .a leaf cross section). Only the rays whose total intensity is
more than 6.05 gre shovn in Figure 3.3.1. Figure 3.3.2 is the same as
Figure 3.3.1 except that some of the rays whose total intensity is

less than 0.05 are also shown for illustration,

It can be understood from Figures 3.1.3 and 3.3.2 that if one takes
e nuwber of parallel rays incident on the leaf, each ray will encounter
different geometrical internsal surfuces and consequently will be re-
flected and transmitted in different directions. That is how a colli-
mated beam of izgﬂt incident on the leaf keeps on becoming diffuse
slowly as it passes through the leaf. The greater the number of inter-
faces the 1light reys encounter in their path, the more diffuse the rays
sre likely to be. The pathway of light rays as envisioned by Willstatter
and Stoll is shown in Figure 3.3.3. It can be seen from Figure 3.3.3
that the light rays pass through the epidermis and palisade cells with-
out any deviation, which is wnrealistie. Furthermore, Willstatter and
Stoll did not show the reflection of light at air ~ cell waell interfaces,
and cell wall - air interfaces at sngles of incidence less than the
critical angle. The author would like to emphasize that although cell

wall -~ air interface causes more deviation of the ray than sny other
single interface for a given angle of incidence, and is perhaps the most

important interface for contributing to the reflection from the leaf, the
other interfaces can also contribute sipgnificantly to the reflection from

8 leaf (Figure 3.3.1).
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m= Relative index of Refraction
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Figure 3.3.4 Reflectance vs, Angle of Incidence for Optical
Interfaces of a Leaf
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Nomenclature for Tables 3.3.1 (A) to 3.3.1 (D)
Tables 1{a) to 1(d) show the intensity of the refrlected rav and

the transmitted ray at each interface. The total intensgity of the
incident rav is teken to be 1.000. The rays vhose total intensity
{reflected and transmitted) is less than 0.05 are not shown in the

tables.

Ry
Ry
INCIDENT LIGHT
T
Ty
Ry = reflection !l to the plane of incidence
Ry = reflection 1 to the pnlane of incidence
T, = transmission || to the plane of incidence
T, = transmission | to the plane of incidence
= denctes that the ray has ended upn as reflection
T = denotes that the ray has ended up ss transmission
= denotes total internal reflection
xx =¥ denotes that the ray is discontinued in the tsble because
its total intensity is less than 0.05.
~-— = denotes that the value of intensity is less than 0.0005

AW  Air to Cell Wall

SW Cell Sap to Cell Vall

CW Chloroplasts to Cell Wall
5C Cell Sap to Chloroplasts
C3 Chloroplasts to Cell Sap
WC Cell Wall to Chloroplasts
WS Cell Wall to Cell Sap

WA Cell Wall to Air



Table 3.3.1(A)

The Values of the Reflected and Transmitted Intensity of the
Ray at Each Interface of the Leaf Cross Section. The rays
whose total intensity {reflected + transmitted) is less than
0.05 are not shown in the table. The optical mediums con-
sidered are cell wall, chloroplasts, cell sap and air. The
pathway of light rays whose intensity is given in this table
is shown by the solid lines of Figure 3.1.1.

CONTINUED MELOV

1L



Teble 3.3.1(B)

The Values of the Reflected and Transmitted Intensity of the Ray

at Each Interface of the Leaf Cross Section. The rays whose total
intensity (reflected + transmitted) is less than 0.05 are not shown
in the table. The opticel mediums considered are cell wall and air.
The pathway of light rays whose intensity is given in this table is
shown by dotted lines o:t" Figure 3.1.1.

Sl



Table 3.3.1(C)
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The Values of the Reflected and Transmitted Intenaity of the
Ray at Each Interface of the Palisade Cells, The rays whose
total intensity {(reflected + transmitted) is less than 0.05
are not shown in the table. The optical mediums considered
are cell wall, chloroplasts, cell sap and air., The pathway
of light rays whose intensity is given in this table is
shown by th‘e s0lid lines of Figure 3.3.1.
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Table 3.3. 1(D) The Values of the Reflected and Transmitted Intensity of
the Ray at Each Interface of the Palisade Cells., The rays
wvhose total intensity (reflected + transmitted) is less
than 0.05 are not shown in the table,
The pathweay of light
rays whose intensity is given in this table is shown by

1,000
1,000
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.090
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considered are cell wall and air.
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lines of Figure 3.3.1.
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It seems that the reflection of light in the neer infrared wevelengths
(0.7—- 1.3 um) from a typleal leaf is likely to be more diffuse than its
reflection in the visible wavelengths. This is because the near infrared
light rays are likely to pass through meny more interfaces of the leaf
(because of almost no absorption of light in the near infrared wavelengths)
than the corresponding light rays of the visible wavelengths., Also, the
transmission from a leaf in the visible 23 well ag near infrared wave-
1enéths is likely to be fairly diffuse because & typicel light ray has
to pass through s fairly large number of interfaces before it is trans-
ritted. These qualitative conclusions support the.experimental results

of Breece and Holmes'® on healthy green soybean snd corn leaves.

(E) Experimental and Ray Tracing Results

The value of reflection found by Sinclair85 using & Beckman DK-2A
Spectroreflectometer on the same leaf, whose cross section is shown in
Figure 3.1,2, in the 0.7~ 1.3 pm region, was 47%. Transmission =
100 ~ b7 = 53% (because absorption of a leaf iz slmost equel to zero in the
0.7 ~ 1.3 ym wavelength region).

Ray Tracing Results. Note: The velues of (refiection + transmission)

found were sssumed to be 100%.
Reflection (using 8 interfaces = U45.6%
mentioned in seec, 3.3(D))

Transmission (using 8 interfaces = 5k, h%
mentioned in sec, 3.3(D))

Reflection (using air ~ cell wall = 30.3%
end cell wall - air
interfaces)

Transmission (uvsing air « cell wall = 69.7%
and cell wall - air
interfaces)

0
0%on the soybean leaves strongly

Experimental resulis of Wooliey3
support these ray tracing regults. Weolley found ithe reflectance of a
soybean leaf in 0.T = 1.3 um wavelength region to be wbout 47 percent.
But after the soybean leaf was vacuun infiltrated with oil of refractive

index 1.48, which essentially ellminated the air to cell wall and cell
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wall to air interfaces only, its reflectance dropped to sbout 15 percent.
This experiment clearly shows that the reflectance ¢caused by the dig-
continuities in the indices of refraction of the geometrical surfaces
(of the dimensions much larger than the wavelength of light) is signi-
ficantly more than the reflection caused due to Rayleigh and/or Mie
scattering by the particles (of the order of wavelength of light or
smaller) inside the leaf cells because the reflectance caused by
scattering should essentially remain unchanged after the leaf is vacuum
infiltrated with oils of different refractive indices. Purthermore,

it seecms to support the author's conclusion "optical interfaces other than
the cell wall to sir and air to cell wall can contribute significantly

to the reflection from a leaf."
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3.4 gonclusions

The preliminary conclusions, yet to be confirmed by further ray
tracing, and experiments are: considering only cell wall -~ gir and ajr -
cell wall interfaces seems to underestimate the reflection and overesti-
maete the trensmission from a leaf significantly in this particular case.
Considering all the eight interfaces mentioned in Section 3.3{D), ray
tracing seems to give resulis very close to the experimental results.
Furthermore, considering only cell wall - air and alr - cell wall inter-
faces is likely to give less diffuse reflectance and transmittance than
that given by considering a1l the eight interfaces. There is some
contribution to the reflection from a leaf due to Rayleigh and Mie
scattering caused by the particles (of the order of the wavelength of
light or smaller) in the leaf cells but the refleciion caused by the
leaf constituents -~ cell walls, cell gap, chloroplasts, and aip --
as given by the geometrical optices, is probebly more significant than
the reflection caused by scattering. Gates 3 pointed out that whatever
scattering does exist is probebly more of the Mie type than the Rayleipgh
type because the scatiering phenomena is not strongly wavelength depen-
dent. The model presented here can also be applied to the visible
wavelengths if the appropriate complex indices of refraction of the
leaf constituents in the visible wavelengths are known. The author
beliceves that the model of a leaf presented in this article is more
complete and realistic than as proposed by Willstitier and Stoll.

It suppoigg the experimental results of Breece and Holmes,12 and

Woolley,
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CHAPTER IV
SIMPLIFIED THERMAL EMISSICN MODEL OF A PLANT CANOPY

k.1 Formulation of the Problem
Consider a plant canopy consisting of leaves, stems ete. on a soil
background. Let the thermal long wavelength (4 to 14 um) radiation coming

from the plant canopy which is received by the sensor of the aircraft or
satellite, be in the direction having dlrection cosines 813 8y 53.

Direction s is called the direction of the sensor. The expres-~

1° S2° %3
sion for radiant flux density emitted by a plant canopy of any given

geometry (orientation and ares of leaves, stems, ete,) in the direction

nf the sersor was derived by Kumar6l s pp‘. 62-TL. A more simpllfied but

reasonably accurate expression of the emitted radiant flux density by a
plent canopy received by the sensor of the aireraft or satellite is de-
rived here,

Assumptions
1. We are sensing in the wavelength region & to 14 um. Thus, the solar
radistion reflected by a typicsal natural target can be neglected as com-
pared to the radiation emitted by it (Section 2,5(C)).
2., The transmission of leaves and stems is assumed to be zero in the
long wavelength region (i.e., & to 14 ym). This is because of the strong
water sbsorption bands in the infrared wavelength regi 01'152 .
3. Multiple reflectirons from the leaves are neglected. Reflection by a
leaf in the wavelength region 4 to 1l ym is usually quite small-(Section
2,6 (C)) so that multiple reflections from leaves can be safely neglected,
S8imilarly, the radistion reflected by the soll and further reflected by
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the leaves is neglected.

4, Assume that the leaves and soil emit the radiation diffusely. This
assumption may not be valid. Experiments need to be conducted to check
the validity of this assumption. However, this assumption is made for

mathematicsl simplicity.,
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4.2 PRadiation Emitted by a Plant Canopy

{(A) Radistion Emitted by leaves
Radiation is reflected and emitted from the leaves. The expression
for radiation flux emitted by the leaves resching the sensor {of aireraft

or satellite) is derived as follows.

Consider a small element of a leaf of area, Gal, whose normel makes
an angle 6 with the direction of the sensor. The radiant flux emitted by
the leaf reaching the sensor in the limit Gaz + 0 is given by

!
e(g) ol y A, cosd da
F o= s L d % \
Y yisible 2 (h.2.1)
from the
sensor
vhere
summation is carried over all the leaves visible from the sensor
TL = tempersture of the leaf
e(2) = emittance of the leaf at temperature Tz

g = Btefan-Boltzmann constant

r =7distance of the differentisl element of the leaf, dal,
from the sensor

Ad = projected area of the detector receliving radiation, nor-

mal to the direetion of the sensor

A plent canopy can be considered to be consisting of two parts: sun-
1it end shaded (some shaded areas may not be completely shaded because
of scattered solar radiastion reaching in those areas). The temperature
of a leaf may vary f;om one spot of the leaf to another (Section 5.4).
Also, the temperature of the leaves of the plant cenopy mav vary from
one leel to another. However, for simplification of Equation (4.2,1),
let us assume that the sunlit leaves are at a mean temperature of T(%,5)
and the shaded leaves are at a mean iemperature of T(%,s), ILet the mean
emittance of the leaves be e(t). Since the distance of the sensor from

the plant canopy is much larger than the dimensions of the plant cenopy,
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r can be assumed to be & constant. Thus, Fg of Equation (4.2.1) can be

approximated as

—~ H Y
F, = Ke(2) [T(2,8) Ao + T(%,s) Azs] (k.2.2)
where GA
K = > = constant
r
ARS = total projected area of the visible (from the gensor) sunlit
leaves normal to the direction of the sensor
Als = total projected ares of the visible (from the sensor) shaded

leaves normal to the direction of the mensor

(B} Radiation Emitted by Stems
Stems have been neglected by most authors in building the model of

e plant canopy. However, stems could contribute significantly to the
spectral properties of a plant canopy61 + Consider the stem as a cylinder.
Iet the ares of a small longiiludinal section {the product of diameter

end lenpgth) of the stem be denoted by da*, To obtain an expression for
the emitted radiant flux density, F¥*, by the stems, one can replace a,

by a* in Equation (4.2.1) obtaining an expression similar to Equation

(hc202)) i.e, »

F¥ = Ke¥ [T*(s)h L T*(s)h Ay ] (4.2.3)

vhetre
¥ = denotes the quantities for the siem corresponding to the

quantities for the leaves with subscript £ {see Equation

(k.2.1))

A, = total projected longitudinal sectional area of the visible

¥3
(from the sensor) sunlit stems normal to the direction of

the sensor

for shadcd stems

A“s same as A*S
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(C) Rediation Emitted by Soil
The radiation emitted by the soil is given by an equation similar to
Bquation (4.2.2).

Fg = Kelg) [T(g,s)l’ A+ T(g,s)h Ags] {(.2.h}

g

vhera
g = denotes the quantities for the soll corresponding to the quanti-
ties for the leaves with subscript % (see Equation (L.2.1))
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4.3 Radiation Reflected from a Plant Canovwy
The radistion incident on the plant cenopy comes from sun, sky,
atmosphere and surrounding objects (Section 2.5(B)). When the sky is
clear (below -5° F), the solar radiation reflected from a natural target-

say plant canopy - can be neglected as compared to the radiation emitted
by it (Section 2.5{C)). The reflected radiant flux density from the
plant canopy is likely to inerease with the increase in percentage ground
cover* because the emittance of & typical soil is generally less than the
emittance of a typical plant leaf (Section 2.6). Also the reflected ra-
diant flux density from the plant cenopy is likely to inerease with the
increase in number of surrounding objects (especially if the surrcunéding
objects are higher than the plent canopy).

To derive an expression for the radiant flux density reflected from
the plant canopy for a given plant geometry is involved because of the
complex geometry (orientation of leaves, stems etc.) of the plant canopy.
Duncan et al.20 (1967) has developed an elaborate theory for the penetra-
tion of the drect and diffuse sunlight through a foliage composed of ma-
ny lsyers of leaves with knovm orientation, reflectance and trancmittance
characteristics., Anderson and Denmead2 {1969} have described a method
for the easy calculation of the radiant flux densities of direct and dif-
fuse radiation-on ineclined leaves in model plant stands. Kuma.r61 has
dene much literature review pertaining to the interaction of light with
a plant canopy. Recently, Suits?C (1972) has calculated the directional
reflectance of a voegetative conopy. No attempt will be made in this
Secetion to derive an expression for the radiant flux density reflected
from the plant canopy. Althourh the equations in thiz Chapter have been
derived for the wavelength renge 4 to 14 pm, they are equally valid
for the wavelength range % to 20 um.

The total radiation reaching the detector of the aireraft snd/or
satellite is the sum of the emitted and reflected radiation. All the
equations derived here for the wavelength range L to 1l pm are 2lso va-

1id on the spectral basis in the same wavelength region.

¥ Percent ground cover-is the percentapge of the area of the soil under
the plant canopy which is directly wvisible from the sensor.
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CHAPTER V

FIELD EXPERIMENTS WITH LONGWAVELENGTH SPECTRORADIOMETER

5.1 Description of the Exotech Model 20-C Spectroradiometer

(A) Overview

The Exotech Model 20-C Spectroradiometer is a rugged field instru-
ment which has four circular-varisble-filters to provide spectral reso-
lution ( é% ) of approximately 2 percent, Most part. of this Section
(See. 5.1) is reproduced from Silva et. .83 and. Robinson et. 3.1.82
for the convenience of the readers, This instrument is ideslly suited
to the rigors of a field environment, embodying sealed circuits for
protection against dust and condensation, modular construction modules
for simplified maintenance, end operstional feabtures to reduce the
time necessary to secure dataeT. The ingstrument may be operated as
two separate units. The short wavelength (SWL) unit is responsive to
radiation in the wavelength range 0.38 to 2.5 micrometers snd the long
wavelength unit (LWL) is responsive to radietion in the wavelength range
2.8 to 5.6 and 7.0 to 14 micrometers.

The chopper wheel in the ingtrument is made of polished aluminum -
coated with silicon monoxide, The radistion from the gcene passes
through the foreopties of the spectroradiometer and is chopped by the
filter wheel. The arrangement of the detectors is such that each detec-
tor looks slternetely at the scene radiation and at an internal black~
body reference. A circular varisble filter (C. V. F.) in conjwmection
with 2 slit and relsy opties performs the dispersion and focusing func-

tiong in the instrument.
Figures 5.1.1 smd 5.1.2 illustrate the radiastion sensing and

gathering systems for the LWL wnit. The combined gathering and sensing
system is referred to as the optiecal hesd. The SWL and LWL optical

heads are functionaily identical, except for the inclusion of & solar
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TARGET

Figure 5.1.1 Schematic of Telescope Showing Viewing
Arrangement in 3/4° F.0.V.



DETECTOR
MODULES
DETF\C‘TOR' iy s o
pacls
—
9 CIRCUL AR
S VARIABLE
CVF D g FILTER
N > 3 MODULES
3 v =
O
\ -CVF
D
== c
1] OPTICS ﬂ?g
Os ¢
REFERENCE S
BLACKBODY R
CHOPPER
WHEEL MODULE

Figure 5.1.2 Radiation Sensing System for the Longwavelength Unit
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reference port on the SWL head. Figure 5.1.3 shows the SWL optical
head. The cylinderical column behind the telescope is the solar
reference port.

Figure 5.1.4 shows the panels for the electronic processing and
control circuitry. The top two modules connect with the SWL optical

head to control its operation and process the radiometric data and
wavelength position signals. The bottom two modules perform a similar

function for the LWL optical head. The module in the middle is the

Data Acquisition Control Module, which provides the appropriate sequences
of sample pulses for digitization of data at repeatable wavelengths.

(B) Important Specifications
Field of View (FOV) - 0.75° or 15° plane angle remotely selectable (Fig-
ure 5.1.5)
Spectral Region -

CVF
micrometers Detector
.38 - .72 Silicon
Short Wavelength o o e« ¢« vw v s 0o ¢« » Lead Sulfide
Unit 1.3 - 2.5

28256 ... 40¢.o Indium Antinomide
fong Wavelength Unit {7.0 e 1 e S, A T L Wy
Telluride
Spectral Scan Rate - Selectable 0.5, 1, 2, 4, 10 and 30 seconds per scan.
Spectral Resolution - Short Wavelength Unit 2.5%
Half Bandwidth 17 nanometers - visible
Half Bandwidth 32 nanometers - near infrared
Long Wavelength Unit 2%
Dynamic Ranse - Linear dynamic range of the system is at least 10“.
Wavelenpth Accuracy - approximately * .2% of the value
ﬁower Roquirements - 150 watts, 115 + 20%, 60 Hz + 1 Hz

(C) Deseription of Function
(1) Long Wavelength Unit
The radiation from the tarpet scene is folded into the radiation
processing system by the folding mirror either directly (15° FOV) or




93

from the primary mirror of the Newtonian telescope (3/4° FOV, see Fig-
ure 5.1.1). The folding mirror is rotated by a motor actuated by the

FOV switch on the electronic processing and control circuitry front
panel. A circular variable filter (CVF) design has been adopted because

it is the best way to achieve a simple, rugged, field instrument with
high radiometriec efficiencyZT .

A circular variable filter consists of a multilayer dielectric
coating deposited on a eircular substrate (ecircular substrate of short
wavelength head and long wavelength head are germanium, and a composite
material of glass and quartz respectively) in such & manner that coating
thickness varies linearly with angle of rotation while remaining constant
along a radiué! . The spectral characteristics of such a filter at any
particular angle are equivalent to a narrow bandnass filter having about
60 percent transmission with a bandwidth of 1 percent to 2 percent of the
center wavelength. As the filter is rotated past a point 1illuminated by
incident radiation, the center frequency changes so that an effective
spectral scan is obtained. These characteristics are illustrated in
Figure 5.1.5 which shows the transmission of the filter vs. angular
rotation, with incident radiation from several sources.

When the folding mirror is in the 3/4° FOV position, the mirror
on the back face of the folding mirror directs radiation from the target
scene into the boresighting telescope for sighting and photography.
Since the boresight uses radiation which would normally be lost due to
the occulting of the folding mirror, this feature does not affect the
efficiency of the radiometer.

The folded radiation enters the radiation processing system
and is directed by the chopper wheel alternately to the two CVF wheels.
Simultaneously, radiation from the heated reference blackbody whose
temperature can be selected, is being directed alternately to the two
CVF wheels (See Figure 5.1.2).

KRS-5 (thallium bromide-iodide) optics image the scene on the CVF
wheels and refocus the stopped image onto the detector. KRS-5 is valua-
ble because it transmits to very long wavelengths —— about 50 um.

The transmittance characteristics* of KRS-5, for a thickness of 2 mm,
are given in Figure 5.1.5.

* R. D. Hudson, Jr., John Wiley & Sons, New York, p. 218, 1969.
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Figure 5.1.6 Transmittance of KRS-5 (Thallium Bromide-Todide)*

#Tgken from R. D. Hudson Jr., Infrared System Engineering,
John Wiley & Sons, New York, p. 218, 1969.
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One CVF wheel is turned at constant speed by a Siemens brushless
DC motor and the shaft of the other CVF follows, being driven with a
non-slip timing belt system. The speed of the DC motor is selectable

on the front panel of the electronic processing and control circuitry.
The CVF position is indicated by an optical shaft angle encoder which
produces 1000 pulses per revolution. These pulses are the basis of the
wvavelength calibration scheme. These pulses are also integrated in the
electronic processing and control circuitry module to produce a ramp
suitable for driving X-Y plotters eor recording CVF position information
on strip chart recorders.

The detectors are each cooled with a Joule-Thompson cryostat using
high pressure nitrogen.

(2) Short Wavelenszth Unit
The short wavelength unit is functionally identical to the long
wavelength unit except for the following:
.l. The silicon deteetor is not cooled.
2. The reference blackbody is not heated.
3. A solar reference vort is positioned so that radiation from
this diffusely translucent (Coors alumina) plate may be directed
into the detectors by a mirror whose position is controlled by

a knob on the front panel of the electronic processing and
control module. This knob ailows selection of the tafget
scene, the solar port or an automatic mode which causes the
instrument to alternate between the two, every two scans.
Fused silica relay optics are used in place of the KRS-5.

The LARS Hi-Ranger mobile aerial tower is used to lift the optical
heads to the desired position relative to the target scene (Figure 5.1.7).
The optical heads may be lifted to a height of 15.3 m above the ground
and may be susvended as far as 6,4 m from the edge of the Hi-Ranger
at a height of 9,15 m. The control electronics, recording equipment,
and other data recording instruments are located in the instrument van,
A pover unit towed behind the instrument van provides electrical power
for both the instrument van and the spectroradiometer. Normally, a
technician operates the equipment while the natural scientist directs
the experiment. Further details of 'The LARS Extended Wavelength

Spectroradiometer' are available in Robinson et. a.l.82 I
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5.2 Calibration of the Longwavelength Unit

(A) Basic Equations
The output signal, S, from the spectroradiometer at wavelength, 2,
when exposed to a blackbody (see ref.[27], eq. (3.6)) at temperature, 4

can be considered to be

S = xl(x) [{th(x, T) + BLA’ b} - Kz(l) {LA’ 5 rer“' 'rr)

+ 8L }] (5.2.1)

Ay b rer

where
K (A) = instrument transfer function
1
K (A) = constant for the reference blackbody
2

T = temperature of the blackbody

Tr = temperature of the reference blackbody

Ll b(A,T) = blackbody spectral radiance at temperature, T, and
]

wavelength A.
GLA b = error in blackbody spectral radience due to the stray
]
radiation when the spectroradiometer is looking at the

target blackbody
L) b ref(A,Tr) = reference blackbody spectral radiance at temperature,
]
Tr’ and wavelength A.

8 = error in reference blackbody spectral radiance due to

L
A,b ref
stray radiation when the spectroradiometer is looking

at the reference blackbody.

Stray radiation consists of:
(i) Radiation emitted by the parts of the spectroradiometer (chopper
wheel, circular variable filter, lenses, ete.) reaching the detector,
This depends on the temperature of these parts, which in turn depends on
the instrument temperature. The instrument has been designed so that this
stray radiation is small and can be neglected.

(ii) Small amount of reflected and emitied radiation from the unnatural
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surroundings of the target (for example -~ spectroradiometer, man, truck,
ete.) is incident on the target and finally reaches the detector. This
is quite small hecause the reflectance of the targets of our interest
(i.e., plants, soils, ete.) in the wavelength range T~ 14 um is usually
less than 15% (Section 2.6).

(1ii) The radiation coming from the target and reaching the detector

when the spectroradiometer is looking at the reference blackbody, and

vice versa, is almost equal to zero and can be neglected (Section 5.1).

The spectroradiometer has been designed in such a way as to minimize
the stray radiation. Hence, neglecting the stray radiation, Equation
(5.2.1) reduces to

S = Kl(x) [{Lx,h("’m - sz {L (A,Tr)}} (5.2.2)

A.b ref

It Tr (reference blackbody temperature) is kept constant, Equation
(5.2.2) becomes the equation of a straight line for each value of the

wavelength A, In other words, it reduces to the form:
y=mx+ ¢ (5.2.3)
where

8=y, KI(A) = m = slope of the stralght line
- Kl(i) Kz(l)Lk,b ref(}.,Tr) = ¢ = constant

The spectral blackbody radiance at temperature, T, and wavelength,
X, is given by Planck's Law with usual notations, &s follows:

2
_ che
Iyp 0T = (5.2.1)

3’ lexp (hefkaT) - 1]

or

h
T= = 3 (5.2.5)

Ak {1orr,e (1+ ehe )}
L}"b(l,’l‘)

22
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(B) Wavelength Calibration

The wavelength calibration for both the chennels was done by finding
the pulse number corresponding to the following strong, sharp and ac-
curately known gbsorption bands of polystyrene, atmospheric carbon fi-
oxide and methyl cyclohexane (liquid), in the infrared wavelength region
(Figures 5.2.1 and 5.2.2).

It can be seen from the Figures 5.2.1 asnd 5.2.2 that pulse number
vs, wavelength is almost a straight line. "A straight line-was flitted
to these points for each channel by the least square fit, the results

of which are given below.

(1) Indium Antimonide Channel

Aveg. | - .\pl = 0,01k ym, Max. |a - ;p| = 0,027 ym (5.2.6)

where
Avg. = denotes the average value

AP = predicted value of the wavelength by a straight line least
square fit
A = experimentally determined value of the wavelength
Approximate Beginning of Wheel = Pulse 1
Pulse No. Wavelength in Substance Used
Micrometers For Calibretion
o0 3.3033 Polystyrene, ref. [78]
116 3.4188 Polystyrene, ref. [78]
130 3.507 Polystyrene, ref. [78]
256 h,258 Carbon Dioxide, ref. (78]
398 5,143 Polystyrene, ref. [10]
435 5. 34hT Polystyrene, ref. [10]

Approximate End of Wheel = Pulse 500
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(2) Yercury Cadmium Telluride Channel

Avg. |a - API = 0,007 ym, Max. |A - lp[ = 0.015 um
The nomenclature of Equations (5.2.6) and (5.2.7) is the same.

Approximate Beginning of Wheel = Pulse 30

Pulse No. Wavelength in Substance Used
Micrometers For Calibration
68 T.268 Methyl Cyclohexane, ref, {78]
168 8.661 Polystyrene, ref.[10]and
ref. [77]
216 9.3536 Polystyrene, ref. [10]
2k2 9.725 Polystyrene, ref. [10]
333 11,027 Polystyrene, ref., [10]
365 11.475 Methyl Cyclchexane, ref. [78]
393 ‘ 11.862 Methyl Cyclohexane, ref, [10]

Approximate End of Wheel = Pulse 523

The pulse nuwmbers for gbove mentioned absorption bands were checked
from time to time in the swmer of 1972 for indium antimonide chennel and
mercury cadmium telluride channél, and the maximm deviation of the pulse

nunber from the originally found pulse number wes + 1 pulse nunber.

(C¢) Spectral Radiance Celibration

A uniformly closely controlled source having a high apparent spectral
emittance of nearly one in the 2.8 to 5.6 ym range (indium antimonide
channel) end in the T to 14 ym range (mercury cadmium télluride cchannel)

is necded to serve as a blackbody for the spectral radisnce calibration.
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(1) Blackbody

A copper cone having an apex angle of 15° and diameter of about 6,5"
was chosen as the blackbody. Copper was chosen because it is & good con-
ductor of heat and thus can be maintained at an esgsentielly uniform tem-
perature. It was decided to paint the copper cone inside with such s
paint so as to get the normal spectral emittance of the cone nearly to
one in 2.8 - 5.6 um and in T - 1 um. The following paints were selected
for conducting emittance tests on them, as these paints have been
reportea?” as having high normal emittance.

1. Eppley - Parson's Opticel Black Lacguer

2. Krylon Flat Black Enamel No. 1602

3. Krylon Glossy Black Enamel No. 1601

4, 3 M Velvet Black 101 ~ C 10

Comparative tests of apparent spectral emittance of these paints
were conducted by painting each of these paints on & 6" x 6" area of a
copper sheet, ZEach sample on the copper sheet was heated to 50° C (t
0.02° C) to insure that the emitted radiastion by the sample would be much
larger than the reflected radiation from it, and its spectral response was
recorded in indlium antimonide (InSb) channel as well as mer;:ury cadmium
telluride (HgCdTe) channel using 3/4° Field of View (FOV). ‘These responses
are shown in Figures 5.2.3 and 5.2.Y4 respectively. If the sample is not
heated, it would behave nearly like g blackbody in a closed room for &
closed room is nearly a blackbody cavity. Thus, the response of the sam-
ple paint in & c¢losed room will be nearly the sesme irrespective of its
emittance. This cen be further explained by Figure 2.6.2 (Section 2.6)
which shows that {he error in experimentally determined emittance of a
toarget wvith the radiometer decreases with the incresse in tempereture
of the target. it is clear from Figures 5.2.3 and 5.2.4 that Parson's
Optical Black Lucquer has the highest response snd hence emittance at
most of the wavelengths. In addition, the Eppley Laboratory confirmed
the uniformity of the emittance of Parson's Black Lacquer with wavelenpgth
and it was found to be mlrost as pood as gold black (heavy coat). In the
British Meteorolopical Service, the emittance of the paint al 25° C
{(i.c., wavelength maximum of 10 wm) was established”® at 0.98, For the
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value of emittance of paint = 0.98, the apparent emittance of the cone of
15° lies between sbout 0.995 and 1 {see reference 88).

The copper cone was peinted with Parson's Opticel Black Lacquer and
fitted into a fiberglas covered fosm box of dimensions ebout 16" length,
10" width and 14" height, as shown in Figure 5.2.5. The foam box was
filled with water and the water was constantly stirred by a paint mixer
driven by en electrical motor to meintain the water at a uniform tempera-
ture. The water was heated and cooled by a heater and ice, respectively
t111 the cone attained the desired temperasture. 1%t was found that the
cone could be kept at a uniform temperature (within 0.2° C) and held con-
stant (the temperaturs of the cone dropped less than 1° C per hour with
ne attempt being made to control the temperature). Two such blackbodies
were used in the field experiments, one to be kept at temperature well
gbove the ambient temperature {cazlled hot blackbody) and the other to be
kept at temperature well below the ambient temperature {called cold black-

body).

(2) Method of Spectral Radiance Calibration
It can be seen from Equation {5.2.3) that the spectral radiance

varies lincarly with the signel for a given reference blackbody tempera-
ture at each wavelength. Calibration is accomplished in the field with
the spectroradiometer mounted, ready for use, on the mobile aerial tower
bucketd2 {(H1 Ranger, see Figure 5.1.7). The hot blackbody temperature
eand the cold blackbody temperature are chosen 2 or 3° C sbove and 2 or
3° ¢ below the highest and lowest expected temperatures of the targets
(i.e., plants, soils, etc.), respectively. The cold blackbody is held
snug ageinst the opening of the optics of the spectroradiometer and the
field of view of the spectroradiometer is set for 15°. The reference
blackbody temperature is chosen so that the cuipui from the spectroradi-
ometer does not saturate during any portion of the scan, yet it is high
enough to permit good resolution in the desta. The reference blackbody
temperature is kept constant throughout the experiment. Then a spectral
scan of the bleckbody is accomplished. The process is repeated for the
hot blackbody. Data are recorded on the same anslog tape as the cxper-

iment data and are later processed digitally. This process must be
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repeated if any parameter of the instrument is altered. The temperature
of the target, T, was colculated by using Equations (5.2.3) to (5.2.5),.
To determine the accuracy of the celibration, a spectral scan of the
blackbody was accomplished at temperatures of 17.5° C, 23.1° C and 37.6°
C beside a corn field on the Purdue University Agronomy Farm. The black-
body .at temperature 23.1° C was treated as a target at unknown temperature
and its spectral radiancé was computed by linear interpolation of the
blackbody spectral radiance at 17.5° C and 37.6° C and this computed
spectral radiance was used to calculsate the corresponding temperature
given by Equation (5.2.5). PFigures 5.2.6 ond 5.2.7 compare the theoreti-
teal (i.e., blac};‘pody radiance at 23.1° C given by Plenck's Law ~ Equation
(5.2.4) and computed values- of the spectral radiance and temperasture of
the target in indium antimonide and wercury cadmium telluride channels
respectively. The characters 1 and 2 indicate the theoretical and com-
puted values of the spectral radiamnce respectively. The characters —3 and
4 indieate the actual and computed values of the temperature respectively.
The asterisk indicates agreement to within 0.5 per cent of
the f:ull scale velue. It can be seen from Figures 5.2.6 and 5.2,7 that
except for the wavelengths range 2.7 to 3.4 um, the temperature usually
computés to within * 1° C and the spectral radisnce ususlly computes to
within & 1 per cent of the full scale value. The high departure from
theory in the wavelength range 2.7 to 3.4 ym is due to the relatively
small values of spectral radisnce (less than 100 microwatts/sq. cm./
steradian/micrometer) and hence, low signal to noise ratio in this wave-
length region.

Considering the fact that there are errors involved in this caleula~
tion like tape recorder noise (the signal was recorded on the tape), er-
ror in messurement of temperature, error in wavelength calibration, etec.,
the Figures 5.2.6 and 5.2.7 show that the assumption of linearity of the
signal with spectral radiance at. each wavelength, for a given reference
blackbody temperature, is quite good for our purposes in both Indium
An‘timonide and Mercury Cadmium Telluride Channel. lHence, the use of
Equation (5.2.3) is Justified.

Further work was done to establish the linearity of the signal with
the spectral radiance following the same procedure described sbove. The
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spectral scan of the blackbody was accomplished at temperatures of 18.54°
C, 23.37° ¢, 27.32° ¢, 31.97° C and 35.63° C in the mercury cadmium
telluride channel (Figure 5.2,8). The blackbody at each of temperatures
23.37° C, 27.32° C and 31.,97° C wes treated as a target at unknown temper-
ature and its spectral rediance was computed by linear interpolation of
the blackbody spectral radisnce st temperatures of 18.54° C and 35.63° C
and this computed spectral radisnce was used to calculate the correspond-
ing temperature given by Equation (5.2,5). Table 5.2.1 shows the differ-
ence between the real end computed temperatures at 8 um, 9 um, 10 um, 11
um, 12 pm and 13 um.

Table 5.2.1 Difference between Resl and Computed
Temperatures at Certain Wevelengths

Wavelength Error in °C
in Micrometers Real Temperature Real Temperature Real Tempersture

23.37° ¢ 27.32° C 31.97° €

-0.13 4+0.18 40,30

~0.1% =-0.33 ~0.32

10 +0.16 +0,2h +0,25

b +0.16 +0,06 ~0,01

12 +0.22 +0,1h +0.17

13 +0.12 ~0,1] +0.06

Teble 5.2.1 shows that the maximum sbsolute error in computed temperature
is 0.33° C, which is accurate enough for our purposes,

The spectral scan of the blackbody was accomplished st temperatures
of 17.65° ¢, 17.88° ¢, 18,05° C and 18,46° C in the mercury cadmium tel-
luride channel {Figure 5.2.9). It can be seen from Figure 5.2.9 that the
minimum differentisble temperature difference of = blackbody visually

from spectroradiometer scans is sbout 0.15° ¢,
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5.3 Calibration of Precision Thermistor Thermometer

Probes snd the PRT-5 Portable Radiation Thermometer

(A) Calibration of Precision Thermistor Thermometer Probes

The thermistor thermometer is used for ground observations in
field experiments and general-purpose temperature measurements 8l -

The thermometer features digitsl displsy, battery operation and 0.1%-¢
accuracy. For the convenience of the user, the thermometer is trans-
ported in a water-tight case which is safe and easy to handle under
field conditions (Figure 5.3.1). In addition to protecting the instru-
ment from bumps and dirt, the loaded case will float in fresh water.
The instrument meets its accuracy specification from 15° C to L0° C.
Thus, the instrument is ideally suited for measurement of contact
temperatures of the natural targets (for example, soils, plant leaves,
etc.) in a field environment, air temperature, temperature of water in
a river, etc. Further details of the instrument are availableal .

Precision thermistor thermometer probes are used with the digital
multimeter and 'temperature to voltage converter' to determine the
temberature of a target. Probe types T09 and 705, manufactured by
Yellow Springs Instruments, shown in Figure 5.3.2, were used for
messuring the contact temperatures of soil and air respectively. Fur-
ther details of the instrument are availablesl .

Four thermistor probes, used with the Precision 'Ihenﬂ.stor Thermo-
meters, were calibrated against Taylor Permafused precision thermometers,
from 5° C to 50° C at an interval of 0.5° C. The probes and thermometers
wvere immersed in a water bath, with thermometer positioned approximately
in the center of four probes. The water bath had a stirring mechanism
so that the water could be kept at nearly uniform temperature. The
temperature of the water in the water bath was increased above the
ambient temperature by the heating mechanism in the water bath, and
decreased below the ambient temperature by adding cold water or ice.

The probes vere numbered as follows:

Probe No, 1: Yellow Springs Instruments Compeny, Inc. Part Ko. T09

(color of connecting wire--dark tan, used with digital multimeter



91t

BT SE— b
b —— N B Y s i g B

Figure 5.3.1 Precision Thermistor Thermometer
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Figure 5.3.2 Precision Thermistor Thermometer Probe Types 709, TO5 and T03
(From left to right probe types 709, 705 and 70N3)
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No. 783 and temperature to voltage converter No. 1).

Probe No. 2: Yellow Springs Instrument Company, Inec. Part No. TO3
(color of connecting wire--white, used with digital multimeter No. T83
and temperature to voltage converter No. 2).

Probe No. 3: Yellow Springs Instrument Company, Inc. Part No. T09
(color of connecting wire--light tan, used with digital multimeter Fo.
4174 and temperature to voltage converter No. 1).

Probe Ho. 4: Yellow Springs Instrument Company, Inc. Part No. T03
(color of connecting wire--gray, used with digital multimeter No. 417k

and temperature to voltage converter No. 2).

(B) Descrivtion of the PRT-5 Portasble Radiation Thermometer

The mbdel PRT-5 Portable Radiation Thermometer is a portable,
battery-povered instrument for determining the effective radiance tem-
perature (also called radiant temperature ) of the objects® . It con-
sists of a hand-held optical head and a separate solid-state electronics
unit (Figure 5.3.3). The instrument is filtered to make measurements in
the wavelength renge of 8 to 14 micrometers because the atmosphere is
nearly transparent in this wavelength region. An in-line temperature-
controlled cavity ccontaining the detector and the collecting opties
lies directly behind a gold plated reflecting chopper. In this way, the
detector "sees" the cavity as a reference by reflection when the chopper

is closed. The instrument is powered by rechargeable, self-contained
batteries. Measurercnts of targets which fill the field of view are
independent of distance. The focus range of the optics is one foot to
infinity. An open sight shows the pointing direction.
Important Bricf Snecifications: y

Temperature Range of Operation = -20° C to +75° C

Accuracy = #0,5° C
Reference Cavity Temperature = 45° C

(C) Field of View of PRT-5
The field of view (F.0.V.) of PRT-5 was determined as follows. The
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Figure 5
.3.3 PRT-
5 Portable Radiation Therm
ometer
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PRT-5 was mounted on a stand so that it was looking vertically downward
on to a graph paper. A soldering iron was moved from outside its F.0.V.
to inside its F.0.V., on the graph paper. The points at which the PRT-5
showed an increase in response weré taken to be boundary points of the
F.0.V. These points, as joined by a smooth curve, are shown in Figure

50 30"’.
The F.0.V. and solid angle of the instrument were calculated as

follows.

2 (Area of the graph paper seen by PRT-S)U - 180

F.0.V.
in degrees (Distance of the graph paper from PRT-5) ('a):"/2 "
or I
2 x 'SEIS 1&
F.0.V. = 72 = 9,4° plane angle
51.5 (w) "
The solid angle subtended by the target at the PRT-5 is given by :
: ; o Area of the graph paper seen by PRT-5
solid angle = >
(Distance of the graph paper from PRT-5)
or oo i
56.5
solid angle = Vo v o ko 0.0212 steradian
(51.5)

.
(D)., Calibration of PRT-5
The calibration of PRT-5 was done using a conical blackbody

(Figure 5.2.5), over a temperature range of about 5° C to about 50° C.
The PRT-5 was set up vertically, aimed at the blackbody directly below
it. The tempersture of the blackbody was varied from about 5° C to
about 50° C at temperature intervals of about 1 to 2° C. The blackbody
was kept at a uniform temperature by a constant stirring mechenism (see
Section 5.2 (C)). The results of the calibration are given below in

Table 5.3.1.
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Area Seen by PRT-5=56 5 sq. nches
Height of the Paper from PRT-5 =515 inches

Figure 53.3.4 Fleld of View of FRP4S Portablie Radiation Thermometer
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Table 5.3.1 Pamperature of the Blackbody
vs., Temperature Indicated by the PRT-5

Temperature of the Blackbody Temperature Indicated by the PRT-5
in °C in °C

49,91 50.60.

48.56 49,30

46,30 h7.05

45,28 k6.00

k3,32 43.50 M Scale
44,00 H Seale

k2,01 12,10 M Seale
42,60 H Scale

40.39 k0,60 M Secale
41,10 H Scale

39.08 39.45

37.4b 37.85

35.64 36.25

3k.0b 34,90

32.13 33.00

31.20 32.10

29,52 30.60

27.56 28,90

26.38 27.80

2k, 35 26.00

23.93 25.05

23.01 2k.50

22.08 23,45

20.36 21,70

18.76 20. 40

16.91 19,10

15.89 18.30

15.20 17.50

13.88 15.70

12.63 15.00
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Table 5.3.1 cont.

Temperature of the Blackbody Temperature Indicated by the PRT.5
in °C in °C
10,96 13.k0
10.13 12,95
8.32 11.10
7.00 9.50
6.06 8.90

Note: L-Scale and M-Scale gave the same readings from 10 to 15° C.
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5.4 Ground Truth for Experiments
with Long Wavelength Spectrorasdiometer

The purpose of the grownd truth is to help interpret the data pro-
duced by the spectroradiometer properly and to help find.the causes of
spectral variability within and between the targets of interest. Hoffer
has given the importance of ground truth data in remote sensing. The
word 'spectroradiometer' has been used in this and the subsequent Sec-
tions to mean 'Long Wavelength (IWL) spectroradiometer' (i.e., Indium
Antimonide Channel: 2.8 to 5.6 um and Mercury Cadmium Telluride Channel:

T to 14 um)., Measurement -of gromd truth varisbles like radiant sky
and cloud temperature, 'air temperature, cloud temperature,leaf ares

index, ete. is helpful for proper interpretation of the results obtained

45

from analysis of the spectroradiometric data.

(A) Rediance Sky and Cloud -Pemperature
The values of the sky radiance temperature {also called radiant temper-
ature) and cloud radiance temperé;ure were determined with PRT-5. If
the temperature of the sky and/or cloud was not uniform over the whole
sky and/or cloud, both maximum and minimum values of the radiance temper-—

abtures were recorded. Percentage of cloud cover was roughly estimated
by looking at the sky. The minimum and maximum values of the radisnce
temperature of the clear sky were found to be about 'well below ~20° C'
(FRT-5 cannot measure radiance temperatures below -20° C)} and -10° C
respectively. The radiance temperature of the clouds were usually
found to lie between sbout -5° C to sbout 20° C depending upon the
type of clouds.,
(B} 80il end Air Temperature

The contact temperatures of soil and air were measured using porta-
ble precision thermistor thermometer (Section 5.3(A)). Probe types
TS and TOS s manufactured by Yellow Springs Instruments, were used
for measuring the contact temperatures of soll and air respectively.
These probes, 'prior to their use, were calibrated against Teylor Perma-
fused Precision Thermometers from 5° € to 50° C, as described in Section
5.3(4).

There are & number of errors involved in the measurement of the
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contact temperature of a target by thermistors, thermocouples etel® Thetr
material usually has different emittance than the target (leaf, soil ete.)
and thus experiences a &ifferent radient energy exchange regime. In
addition, they have different heat dissipation mechanisms than the tar-
get (lesaf, soil ete.), having wire leads to carry, but no evaporating
surface.

Soil and air temperature measuremen‘ts vere made on the soil on
which spectroradiometric data was recorded. For each spectral scan of
the target by the spectroradiometer, the temperatures were measured in
the following order:

(i) Sunlit soil temperature was measured at two spots, sbout 3

to 4 feet apart. The spots were selected at random.

Temperature of the soil varies from one spot of the soil to another,
in general. A meaningful tempersture of the s0il can be defined as the
average temperature of the soil, average being taken over the srea of
the soil {Section 2.2). Tt is guestiongble if the measurement of the
temperature of two spots of sunlit soll 13 nearly equal to the average
temperature of the sunlit soil. The temperature measurements were made
at only two spots of the soil because these measurements had to be made
efficlently with each scan of the spectroradiometer. If the target 4did
not heve any sunlit soil, the temperature of the shaded soll vas measured
at four spots instead of two.

(i1) Air temperature near the target was measured in the shade.

(i1i) Same as (i) except that the measurements were made on the
shaded soil.

(iv) Air temverature around the target was measured in the shade.

Unfortunately, the soil and azir temperabures could not be measured
with the spectroradiometer scans of some of the targets because of the
shortage of personnel. At least two persons are needed to measure the
s0ll and air temperatures accurately with each scan of the spectrora-

diometer,

(¢) Temperature of the Plant Leaves

It is very difficult to measure o meaningful terpersture of s plant
leaf accurately and efficiently. The effect of environmentsl variables
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on the plant leaf temperatures was given in Section 2.4, The chenge in
envircnmental varisbles causes a change in the tempersture of a leaf
(Section 2.3(A)). The temperature of s leaf in a field environment
changes rapidly because of a rapld change in the environmental varisbles.
In general, the temperature of & leaf wvaries very rapidly when the wind
is blowing. Thus, if possible, the field experiments with long wave-
length spectroradiometer should be conducted at a time when the wind is
relatively steady.

The temperature of a leaf also varies from one spot of the leaf
to another (Section 2.4(B)}. A meaningful temperature of 2 leaf can be
defined as the average temperature of the leaf over its entire area(Sec-
tion 2.2). Similarly, a mesningful temperature of a plant canopy can
be defined as the average temperature of its leaves.

Most part of the radiant flux density of emitted radiation coming
from a plant canopy, received by the spectroradiometer, comes from the
leaves end the soil directly visible from the spectroradiometer (see
Chapter IV). Thus, to help interpret the data of the long wavelength
spectroradiometer, it is adequate to mesgure the temperéture of only
those leaves which are directly seen by the spectrorasdiometer. However,
in aetual practice, it is quite tedious and impractical {6 measure the
temperature of each small portion of the leaf and average it over the
leaves directly seen by the spectroradj:ometer. Hence, the tempersture

of the leaves was not measured.

(D) FEstimation of Other Varisbles of -Ground Truth
Other variables like solar radiation, net radiaetion, minutes of
sunshine, wind direction, wind velocity, relative humidity, evaporation
rate ete. are recorded constantly (i.e., 24 hours a day) by the weather
station at the Purdue Agronomy Farm and can be used, if needed. The

velues of these varisbles can be assumed to be the same at our experi~
ment site es &t the Veather Station since the experiment site‘ws.s lo-
cated quite close (within a mile) to the Weather Stetion. It should
be pointed out that the scan of the targets was accomplished by both

short vavelength end long wevelength spectroradiometer., The ground
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truth taken for analyzing the data of short wavelength spectroradiometer,
given in Appendix B can also be used if needed.

(8) Recommendations end Concluding Remerks

The spectroradiometer can record the 'data as fast as one second per
spectral scan. In order to collect the ground truth at a time as close
as possible to the time of accomplishing scan of the target with spectro-
radiometer, only the necessary varisbles of the ground truth should be
be measured in a most expedient manner.

With each scan by the spectroradiometer, the soll temperature should
be measured at a number of spots of the soll to get true and meaningful
temperature of the soil., If the soil is partly sunlit and pertly shaded,
temperature measurements should be made ¢n the sunlit as well as on the
shaded soil. If the value of any grownd truth variable ~.- say soil
temperature varies rapidly, both minimum and maximm values of the
variable should be recorded. Probe for the soll temperature measurement
should be kept in the shade and it should come well in contact with the
soil.
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5.5 Evaluation of a Spectroradiometric Method

for Determining Temverature and Spectral Emittance

of a Natural Target

(A) Introduction
It i3 quite important to know the temperature of the natural target -~

say plants -« to detect the subtle changes in their temperature caused
due to stresses by insects, plant diseases, physiological disorders,
nutrient deficiency and adverse environment effects. Optimum temperature
exists for certain biological activity in the organisms. For example,
soil temperatures too hot or too cold inhibit seed germina.tion8 . It is
also necessary to know the temperature of s target for energy balance
celeulations.

NutterTh (1972) has given an excellent review of the radiation
thermometery. BSome authors of the technical literature have given the
plot of spectral radiance temperature (see Section 2.2 for definition of
spectral radisnce temperature) vs. wavelength of some natural targets in
8 certain wavelength range but they have not attempted to find a reason-
ably accurate approximation to the temperature of the target from the
deta of spectral radiance temperature. For example, the plot of spectral
radiance temperature vs. wavelength from a pumber of field scenes in the
wavelength range of 5 to 15 um is given on pp. W7-51 of the LARS Annual
Report63 « It will be showm that the spectral radiance temperature of a
target can be considerably less than the target temperature.

(B) Spectral Radisnce Temperature

and Average Tempersture of a Tarret
It was polnted ocut in Sezction 2.2 that if the temperature of a nat-

ural target is not constant over the whole target, its meaningful tempera-
ture can be defined as the averape temperature of the target over its
entire area., An example is given below to show that the spectral radi-
ance temperature of a typical natural terget having nonuniform tempera-
ture distribution, as measured by a spéctroradiometer, is close to its

average temperature for all practical purposes,
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Consider a target divided into five parts equal in area. Iet the
temperature of the five equal parts be 20° C, 22° ¢, 24° ¢, 26° C and 28°
C respectively. The average temperature of the target, ?AVG = 249 ¢,
let the target fill the field of view of the spectroradiometer, Iet Ts(l)
be the spectral radiance temperature of the target, as given by the spec-
troradiometer, assuming emittence of the target equal to one and neglecting
the experimental errors involved. A plot of TAVG - TS(A) vs. gra.veleng’ch.
is shown in Figure 5.5.1. Figure 5.5.1 shows that T, . - Ts(k) is less
then 0,15° C in the wavelength interval 4 to 1Y% um, which is within the
accuracy of measurement of spectral radisnce temperature by the Exotech

Model 20C Spectroradiometer (Section 5.2).

(C) Definition of Terperature of a Wonblack Target

for Applications to Spectroradiometric Measurements

In general, the temperature of a natural target is not wmiform over
the whole target. Consider a natural target whose temperature need not
be wniform.

Let a spectroradiometer whose radiasnce and wavelength scales have

been calibrated record the spectral radiance coming from the natural far-

get at wavelengths Al, 12 «eo Ao Let the target be opaque (i.e., trans-

mission = 0) in the wavelength region A to AV' Throughout this section,
1 N

i will refer to integers 1, 2, ... 03 J and k will refer to integers

lying between 1 and N. Let p(ki) be the spectral hemispherical direc-

tional reflectanceaT of the natural target in the direction of the

sensor.
s(xi) =1 - p(Ai) (using Kirchhoff's Law) (5.5.1)

vhere
E(Ai) = spectral directional emittance of the target in the direction

of the sensor

The basic assumption made in this analysis is that the reflected
rediation from the target is negligible as compared to the radiation emit-

ted from it, If the sky is clear, this is true for most natural targets
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Figure 5.5.1 Difference Between Average Temperature and Spectral Radi ance Tempera.t}xre
of a Target vs. Wavelength
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for wavelengths longer than approximately. b um (Section 2.5( c)).
Neglecting the reflected radiation from the target, as explained
gbove, and neglecting the gcattering, sbsorption and emission by the

atmosphere 64 s one gets, using Planck's Law with usual notations.
_ _he 1
Ts(2y) = kx, orc? (5.5.2)
log {1+ }
e 2
A 7y
i = l, 2’ - .nb} ~ . 1
where
TS(Ai) = spectral radisnce temperature at wavelength A
Ly = spectral radiance of radiation coming from the target at
i wavelength 3;1
or
I = gpectral radiance of rediation emitted by the target at

k!

wavelength ﬁ

The temperature of a target, for applications to spectroradiometric

meagsurements, is. defined using Planck's Law, as follovws,

he 1

kA .
loge{l + {

T o=
i

Phel c00,) }] (5.5.3)

5
ALy
1

It should be pointed out that in actual practice, the values of temperature,
T, at the wavelengths Al, A

2
experimental errors involved. Throughout this Section the word "temper-

AN may not be equal because of the

ature” of a natural target will be used to mean temperature, T, defined
by Equation (5.5.3).
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(D) Determination of Temperature

and Spectral Emittance of a Natural Target

There are N equations in Equation (5.5.2) and N unknowns, Ts(li),
which can be determined.

Ly p(Teg)) =1, (1) = ed) L, (D) (5.5.4)
i i i
where
L, ,b(Ts(ki)) = blackbody spectral radiance at wavelength A
1 and temperature Ts{xi)
e(li) = spectral emittance of the target at wavelength Ai

From Equstions (5.5.3) and {5.5.4), one cbtains

Ts(li) < T, Ts(li) = T if and only if e(li) = 1 (5.5.5)

There ere N equations in (5.5.4) and N+1 unknowns -~- s(li), i=1,
2, ... N, and T. Therefore, Equation {5.5.4) cannot be solved, in general,
ji.e., the temperature, T, of the target cannot be determined without any
knowledge shout its spectral emittance.

The variables of Equation (5.5.h4) are plotted vs. wavelength in
Figures 5.5.2 to 5.5.7. Although the wavelength range in these Figures
is taken to be 0.5 %o 14 mm for illustrative purposes, we are concerned
only with the wavelength range sbout 4 to 14 um in this Sectiom,

Figures 5.5.2 and 5.5.3 show that the difference between the tempera~
ture, T, and spectral radisnce temperature, Ts(l), increases almost
linesrly as the wavelength increases for a given value of spectral emit~
tance. Figure 5.5.7 shows that [T - Ts(l)]lx vs. wavelength is almost a
constant for a given value of spectral emittance of about 0.8 to 1. To
find a good apnroximation of T, one minimizes [T - Ts(k)] over the wave-
length range of the spectroradiometer. If the target were a gray body
(i.e., speciral emittance is independent of wavelength), min [T - TS(A)]

gk
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will be found at the shortest wavelength of the wavelength range of the
spectroradiometer «- AI. In actual practice, however, the natural target
mey not be a gray body 3O,4T,46 in the wavelength range 4 to 1l um.
Therefore, in general, min [T - Ts(l)] can lie enywhere between 11 and

AN depending on spectral emittance and spectral radiance temperature of
the target. Figures 5.5.4 and 5.5.5 show respectively, that the accuracy
of experimentally determined spectral emittence of a target using a speec~
troradiometer, increases with increasing wavelengths; and the accuracy is
weakly dependent upon the temperature of the target. As pointed out ear-
lier, Equation (5.5.4) cannot be solved in generel. However, the solutions
of some of the special cases of Equation (5.5.%) are discussed ss follows.

() If the target is a blackbody at one or more wavelengths‘ld, 1<3<n,
one gets

j) = max. [Ts("i)]’ 1i=1,2, ... ¥ {5.5.6)

Ay

(b) The spectral emittance at some wavelength AJ is a known function of

the spectral emittance at some other wavelength Ak’ i.e.,

e(AJ) = f[e(kk)] ‘ (5.5.7)

Equations (5.5.1) and (5.5.7) have {N+l) equations and (N+1) unknowns w~-
e(li), i=1,2, ... N and T. Thus, unknowns can be caleculated.

It should be pointed out that if TS(A) = T' = constant (i.e., inde-
pendent of wavelenpgth), it does not imply that the target is a blackbody,
for its spectral emittance, e(}), could be given by

(he/ART _yy  (he/eT gy (5.5.8)

In actual practice, however, it is very unlikely that the spectral
emittance of & natural target is given by Equation (5.5.8). In actual

practice, if TS(A) = constant * e, in the wavelength range sbout T to
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14 um, one could say that the target is probably almost a blackbody with
spectral emittance greater than approximately 0.98; where e = average of
absolute value of the error involved in determination of TS(A) (Figure
5.5.3). A typical value of e is 0.5° C.

(¢) Ilet the upper and/or lower bounds on the spectral emittance of the
target be known in some known wawelengt? intervals AJ : A < Ak. These
bounds may be determined from the availsble data of spectral emittance
in the literature and/or researcher's own experience and krhowledge.

(1) Upper Bowmds
min. e(li) < my, max. s(hi) < m, (5.5.9}

et

i

MX Ts(ki) Tl (fowmd from spectroradiometric data)

(5.5.10)
or max. Ts(ii) =T, (known value)
T>T (Equation (5.5.5)) (5.5.11)
let { } denote the mssumed value. Assume {T}] = 'I'1 and determine wvalues
of {E(Ai)}l using Equation (5.5.4) and check if min. e(li) sm. It

not, then continue taking {T}2 = T, + AT, {'ll.‘}_2 = T, + 2AT ... until at

some {T}z = T, min, s(hi) =m within certain prechosen suitable accuracy.
Here AT is some suitable increment in itemperature. For example, one

cen take AT as the averape of absolute error involved in the determina-
tion of spectral radiance temperature by spectrorsdiometer. Similarlv,
one can determine T_ corresponding to the condition max. E(Ai) = m,.

3
Let

max, [Tl’ Ty T3] =T 4. (5.5.12)
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vhere

Th 1.0, - high lower bound of the temperature T.

If any other lower bound on T is known, it should also be included in E-
quation (5.5.12) to determine T

h.l.b.’
in,ﬁ 0y, T)
O " T ) (5.5.13)
A;sD 1%7h.1.D.
where
E(li)l.u.b. = Jlow upper bound on the spectral emiitance a(li)

(11} Lower Bounds

The same procedure used in "Upper Bounds" (Section D{c)}(i)) can be
folloved to determine Tl.u.b. and e(ki )h.l.b. from the known lower bounds
on spectral emittance.

Let the wavelengths at which min. [a(hi)l
nmax. [£{},}

i'l.u.b.
wavelength range A

Ou-bl], min. [e(Ai)hll.bO]’
h.1.b 1, minimized/maximized over the
to kN occur be Aa’ lb’ lc and\Ad, respectively. Then

] and max. [e(li)

1
min. [s{Ai)] Ties between A and A and max, [s(ki)] lies between A and

A4 respectively. If Ts(lj) > Ts(Ak) for all AJ > N> where 1 < J < N,

1<k <N, it implies that min. e(li) end max. e(hi) would occur at

wavelengths la = Ab’ and lc = Ad’ respectively.

The author emphasizes that for most of the plent