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ABSTRACT

Hand-hel d radi oneters are snall instruments that
neasure radiation that has been reflected or enitted
froma target. Mst have bandpass regions sinmlar to
those of scanners aboard satellites now in orbit or
soon to be launched. Hand-held radioneters are
particularly useful for obtaining frequent spectral
and thermal data over nunerous snall plots having
di fferent treatments such as irrigations or
fertilization. Such experinments allow the devel oprment
of relationships between renotely sensed data and
agronom ¢ variables, as well as relationships needed
for inproved interpretation of satellite data and
their applications to agriculture.

A set of notes was devel oped to aid the begi nner
i n hand-hel d radi onetry. The el ectronmagnetic spectrum
is reviewed, and pertinent terns are defined. View
areas of nultiband radi oneters are devel oped to show
the areas of coincidence of adjacent bands. The
amounts of plant cover seen by radioneters having
different fields of view are described. Vegetation
i ndi ces are derived and di scussed. Response functions
of several radioneters are shown and applied to
spectrometer data taken over 12 wheat plots, to
provi de a conparison of instrunents and bands within
and anong instruments. The cal cul ation of solar tinme
is reviewed and applied to the calculation of the
local time of LANDSAT satellite overpasses for any
particular location in the northern henm sphere. The
use and mi suse of hand-held infrared thernoneters are
di scussed, and a procedure for phot ogr aphi ¢
determ nati on of plant cover is described.

Sone suggesti ons are of f ered concer ni ng
procedures to be followed when collecting hand-held
spectral and thermal data. A list of references
pertinent to hand-held radionetry is included.

KEYWORDS: Hand- hel d radioneters, renote
sensing, reflectance spectra,
thermal infrared, vegetation
i ndi ces.
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HAND-HELD RADIOMETRY

By Ray D. Jackson, Paul J. Pinter, Jr.
Robert J. Reginato, and Sherwood B. |dso?!

INTRODUCTION

Light fromthe sun, reflected fromsoils and plants, can tell us how rmuch
plant material is present in the field, the vigor of the plants, whether plant
di seases or insects have caused danmage, and ot her aspects inportant to the
production of food and fiber. Since 1972, the National Aeronautics and Space
Admi ni stration (NASA) has | aunched three satellites (called LANDSATs) that carry
nmul ti spectral scanners (MSS), instrunents that nmeasure reflected light in
particul ar wavel ength bands. Future satellites of this general type will also
have a band that measures enmitted thermal radiation, fromwhich surface
tenperatures can be inferred. The exploitation of satellite information for
agricultural research and for nanagenent decisions is hanpered by the frequency
of coverage (once every 18 days, if cloud free) and the time required to process
the data. In addition, research data concerning the fundanental relationships
between refl ected and emtted radiati on and various agrononic factors found in
field situations is mninmal. Recent advances in electronic technology now all ow
the construction of small instrunents that nimc the satellite scanners but can
be carried and operated by one person. W call these instrunents hand-held
radi onet ers.

For research purposes, and to aid in the interpretation of satellite data,
rel ati onshi ps nmust be devel oped between renptely sensed spectral data and
agronom ¢ vari ables such as | eaf area index, bionmass, and anpbunt of ground cover.
Such rel ati onshi ps can best be devel oped by obtai ning spectral data over nunerous
small plots where crops are carefully nonitored and researchers can exerci se sone
mani pul ation of cultural variables such as soil water and row orientation. Hand-
hel d radi oneters are ideally suited for these types of experinments because of
their portability. Many neasurements can be made rapidly in experinental fields
i naccessable to vehicles and too small to be included in the resolution el enent
of aircraft- or satellite-based sensors. Additional detail on the useful ness of
hand- hel d radi onetry was given by Tucker (1978b).?2

! Physicist, entonologist, soil scientist, and physicist, respectively,
Sci ence and Educati on Administration, Agricultural Research (SEA/AR), U S. Water
Conservation Laboratory, 4331 East Broadway Road, Phoenix, Ariz. 85040.

2 The year initalic, when it follows the author’s name, refers to Sel ected
Ref erences, p. 61.



An inmportant aspect of rempte sensing research is the problem of conparing
data taken with various instrunents having different characteristics. Sone
guestions that should be addressed within this context are: How do you comnpare
data obtained fromradi ometers that nmeasure radiation in different wavel ength
regi ons? How do you relate data taken with a wide field of view (15° for nost
hand- hel d i nstrunments) to data obtained with different fields of view, or to an
aircraft- or satellite- based scanner where the instantaneous field of viewis
very snall? What does an instrunent see in terns of plants and soil back ground?
What are “vegetation indices,” and how are they used? The overriding question is:
How can we best take spectral data that are understandable and transferable to
ot her situations?

In 1979, the SEA/ AR VWheat Yield Mdeling Goup contracted with NASA to
construct approximately 12 hand-held radi oneters for delivery in 1980. These
radi oneters, designed by Tucker et al. (1980) at the Goddard Space Flight Center
(GSFC), contain three bands that are sinilar to three bands of the Thenmatic
Mapper, the radionmeter that is to be carried on LANDSAT-D (schedul ed for | aunch
as LANDSAT-4 in 1981) (Tucker 1978a). This instrunent, designated as the Mark |
3-band, was devel oped after Tucker had gai ned a consi derabl e anount of
experimental experience with a two-band instrunent described by Pearson et al
(1976) (herein called the PMI 2-band). Another radi oneter adaptable to hand-held
use has been avail able comercially for several years. This is the Exotech nodel
100A “LANDSAT Ground Truth” radioneter, whose bands, as the nane inplies,
correspond to bands 4 through 7 on the MSS carried by the currently orbiting
LANDSATs. All of these instrunents nmeasure portions of the el ectronmagnetic
spectrumthat are in the visible and the near infrared (I R) regions.

Qur introduction to hand-held spectral radi ometers occurred after a neeting
in January 1977 with Barrett Robi nson and Marvin Bauer of the Laboratory for
Applications of Renpte Sensing (LARS), Purdue University. They | oaned us
equi prent, and Barrett Robi nson spent a day instructing us in the use of the
Exot ech nbdel 100A. W are starting our fourth year of neasurenments with the
Exot ech, but due to weather conditions and a few other reasons, we have little
field experience with the Mark Il 3-band.

Many of the sanme researchers who will be using these instruments to neasure
refl ected radiati on have also ordered a newl y devel oped hand-held IR
“therrmoneter” that neasures enmitted thermal radiation in the 8 to 14 pym (or 10.5
to 12.5 um) wavel ength regions, which can be related to surface tenperatures.
This instrunent, produced by the Tel atenp Corporation, weighs about 1.1 kg and
has a pistol grip, which allows it to be held |like a handgun. W have used the
Telatenp for 2 years; and for 4 years preceding that we used a Barnes PRT-5 IR
t her nonet er.

During these years, we have learned a bit about the use of hand-held
radi oneters--nuch of it by trial and error--and as in nost endeavors, hindsight
has been an excellent teacher. Thus, with the inpending deliveries of hand-held
radi oneters to our colleagues, we thought that a workshop, in which we discussed
much of what we know about the use and ni suse of hand-held radioneters, would be
benefi ci al .

In preparing for the workshop, a set of notes devel oped. W share these
notes with a word of caution: W do not have all the answers, some things may



not be conpletely precise,
Nevert hel ess, we hope that they wll
literature and added ot her pertinent

attenpted. W thank Crai g Wegand, SEA/ AR, Wesl aco,
Ml., who were very hel pfu
assi stance to us during the devel opnent of these notes.
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serve a useful
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Thanks al so go to Arnmand
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setting out suggestions for standardi zati on of experinents,
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THE ELECTROVAGNETI C SPECTRUM

A bri ef
whose sophonore physics is a part of the far distant past.
di scussion, see Suits (1975).

review of the electromagnetic spectrum may be useful for those of us
For a detailed

El ectromagnetic radiation is a formof energy derived fromoscillating magnetic
and electrostatic fields. It is capable of being transmtted through space with a
velocity ¢ = 3 x 10® m's. The frequency (v) of electromagnetic radiation is

c = A

related to its wavel ength (1) by

Equation 1 shows that the frequency is inversely proportional to the
wavel ength. An aid to the visualization of this relationship is given in figure
1. It is enphasized that the figure is nerely a representation in

e 1 e 8 Y S
¥ v v L] T 1
(] 1 2 8 Y s
L L3 T 1 ] 1
() 1 2 8 Y s

Figure 1.--Gaphs of the cosine. These curves facilitate the visualization of the
rel ati onshi p between wavel ength and frequency.
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that the proportionality constant was taken as 1 (for diagrammatic purposes)

i nstead of the speed of light (3 x 10® ms) and that cosine curves are not
necessarily the true representation of radiation waves. Wth this in mnd, figure
1, top, shows a cosine with a frequency of 4 and a wavel ength of 1/4. The center
curve is a cosine with a frequency of 2 and a wavel ength of 1/2. At the bottom
the frequency is 1 and the wavelength is 1. Thus, we see that as the wavel ength

i ncreases the frequency decreases.

The el ectromagnetic spectrumis diagraned in figure 2 in terns of both
wavel ength and frequency. Note that wavel engths change fromthe short, but high
energy, gamma rays at 3 x 10-2 Angstrons (A) to the |ong sound waves at 300 km a
factor of 10, and that the visible range is’ only a small part of the entire

spect rum
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Figure 2.--The el ectromagneti c spectrum
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Al t hough sone renpte sensors utilize gama rays and the ultraviolet, nost
use the visible, IR and mcrowave. Qur concern here is with the visible and IR
However, inportant progress is being nade in using active (radar) and passive
nm crowaves to remptely sense agricul tural scenes.

In figure 3, the visible and IR portions of the spectrum are expanded.
Nurmbers on the |l og scale indicate wavelength in mcroneters. Near, internedi-
ate, and far IR regions are shown. The portion of the IR regi on nost useful for
tenperature nmeasurenents is between 8 and 14 um Portable IR thernoneters are
available with either an 8- to 14-umlens or a narrower 10.5- to 12.5-um |l ens.
The narrower wi ndow is nost often used on satellite and aircraft based sensors
because | ess atnospheric absorption occurs in the narrower region
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Figure 3.-- A portion of the electromgnetic spectrumrel ating photographic

infrared, thermal infrared, and infrared thernoneter ranges to the visible and
i nfrared regions.

The thermal IR region is frequently confused with the photographic IR
Phot ographic IR is the transition region fromthe visible to the near IR Col or
IRfilmis sensitive to radiation up to about 0.9 um nuch shorter than the
wavel engt hs of the thermal IR

The visible and near IR regions are expanded in figure 4. The approxi nate
wavel ength intervals for LANDSAT and t he Exotech (shown as MSS bands), the PMI 2-
band, and the Mark Il 3-band are shown. The red bands for the PMI and Mark I
instrunents are nearly the same and both fall entirely within the MSS5 band of
t he Exotech and LANDSAT. In the IR the PMI and the Mark Il have their | ower
wavel ength [imt within the MSS6 band and their upper limts within the MSS7
band. The Mark Il has a third band in 1.55- to 1.75-umregion. This is called the
wat er absorption band, as it is reported to be sensitive to water in vegetation
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are shown.

IRRADIANCE, RADIANCE, REFLECTANCE, AND LAMBERTIAN SURFACES

Two terns that are used extensively in renbte sensing research are radi ance
and reflectance. They are easily confused with one another. W will attenpt to
give a sinple explanation here. For detailed discussions, see Silva (1978) and
Suits (1975).

On a sunny day, a target (e.g., a wheat field) receives both direct and
di ffuse solar radiation. This inconmng radiation is called irradi ance, synbol E,
units of watts per met er 2 (sz). When the radiation strikes the target, sonme is
refl ected, sone is absorbed, and sone is transmitted. The ability of substances
(e.g., soils and plants) to reflect, absorb, and transmt this radiation varies
consi derably, thus presenting us with a method of extracting information about
t he substances. The radiation that is reflected fromthe target is called
radi ance, synbol L, units of Wn% A hand-held radioneter receives radiation
reflected froma target in a direction within the field of view of the
instrunent. The sensors within the instrunent react to the radi ance and produce a
vol tage that can be measured, and by calibration, related to the radi ance. W can
wite

L =c¢Ccv (2)



where Cis a calibration factor and V is the voltage response of the instrunent
to the radi ance L.

We stated earlier that the radiance was radiation that was reflected froma
target, inplying that the anpbunt reflected is a property of the substance
constituting the target. This property is called the refl ectance, synmbol R,
unitless, with values always | ess than one. Thus

L=ER (3)

From equation 3, we see that, with R constant, L is directly proportional to the
irradiance. This relationship limts the direct use of radi ance neasurenents
since the irradi ance must al so be specified. An obvious solution to this problem
is to calculate reflectances; however, this requires a neasurenent of

E. A good approxinmation of E can be obtained by neasuring the radiance froma
target of known reflectance.

Standard refl ectance plates can be made by carefully applying a special BaSO,
paint to a flat nmetal plate after proper pretreatnent of the netal; also, BaSQ
powder can be pressed into a flat sheet (for a discussion of reflectance
standards, see Robinson and Biehl, 1979). Standard plates of this type are highly
reflective, on the order of 90 to 95 percent. \Wen viewed at angles fromO
(nadir) to about 45° or illumnated fromangles |less than 45° fromvertical, they
are usually assunmed to be Lanbertian surfaces, although there are sone
devi ations. A Lanbertian surface, or a "perfectly diffuse" surface, is a surface
that reflects equally in all directions. The radiance of a uniformy illum nated
Lambertian surface of infinite extent is constant for any view ng angle. Precise
definitions and expl anations of Lanbertian surfaces, reflectance factors, and
other terns is beyond the scope of these notes. Silva (1978) presented a thorough
di scussion of optical terns useful in renpte sensing. We recomend reading Silva
(1978) and other articles to obtain conplete definitions.

A standard BaSQ, plate, calibrated with a known surface of radiation, wll
have a constant reflectance R, If we have a plate near the target of interest,
we can nmeasure the radiance fromthe plate to get

L, = ERy (4)

and, in a short interval of tine such that E does not change appreciably, neasure
t he unknown target to get

Ly = ER (5)

If we conbine equation 4 and 5, we get

R = RoL¢/Lp (6)

which is the bidirectional reflectance factor of the target (e.g., wheat field).
If the target (and the plate) approxi mate Lanbertian surfaces, the refl ectance
factor R is independent of irradiance and vi ewi ng angles; however, cropped
fields and soil surfaces are usually not Lanbertian. The radi ances fromthese
surfaces are dependent upon the angle of illum nation and the



viewi ng angle. The term“bidirectional reflectance factor” is used to indicate

t he angul ar dependence of the neasurenents. In the follow ng sections, we have
used the term“reflectance” in a general sense. Were specific nmeasurenents with
a hand- hel d radi oneter are discussed, the term“bidirectional reflectance factor”
may be nore appropriate (Robinson and Biehl, 1979).

VIEW AREAS OF MULTIBAND RADIOMETERS

Mul ti band radi ometers that are small enough to be hand-hel d usually con-
sist of two or nore optical tubes, each containing a | ens and detector assenbly
for a particul ar bandpass. The tubes are nounted parallel with each other so as
to view approxi mately the sane target. Al though the tubes may be just a few
centinmeters apart, the degree of noncoincidence is sufficient to cause differ-
ent bands to view sonewhat different scenes. Thus, over nonhonbgeneous tar- gets,
such as crops planted in rows, one band nmay view predomnminately soil while the
second nay view nostly plants. The severity of this problem decreases as the
hei ght that the radionmeter is held above the target increases and the dis- tance
bet ween the tubes decreases. For hand-held radionetry, the height that a
radi oneter can be held above a crop is not sufficient to conpletely elimnminate the
problem It is instructive to exam ne the geonetry of this situation to gain a
perspective of its significance.

Area of a sector and a segnent of a circle: The areas of coincidence for
two or nore overlapping circles can be cal culated by using fornmulas for the areas
of sectors and segnments of a circle (Larsen, 1958). Figure 5 shows a sector of a
circle with center at A and radius r. The area of the segnent (As), the portion
bounded by the |ine connecting points B and D and the arc of the circle, is the
area of the sector (ar?2) minus the area of the two triangles of identical area,
ABC and ACD. That is,

Ag = (r2/2) (@ - sin ) )

Figure 5.--Sector of a circle. The segnent of the sector is the area
bounded by the arc of the circle and the |ine BD.
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wher e o = 2 cos™l(x/r), and x is the length of the line AC. (8)

Equations 7 and 8 formthe basis for cal culating coincident target areas for
two-, three-, and four-band radi oneters.
Two- band radi oneters: The coincident area for a two-band radioneter is twi ce the
area of the segnent of a circle given by equation 7, i.e.

Ac = r?2 (o - sin @) (9)

here x to be used in equation 8 is one-half of the distance between centers of
the two tubes. Figure 6 shows the target areas and coincident area for a two-band
radi omet er.

Fi gure 6.--Coincident area of two overlapping circles of identical radius
whose centers are at points A and E

Three- band radioneters: For a three-band radi oneter, the coincident area
for any two bands is the sane as for a two-band instrunent. The coincidence area
for all three bands requires a bit nore cal culation. The geonetry is shown in
figure 7. W begin at the center of one of the three circles (A) and draw |ines
to the intersections of two adjoining circles (lines AB and AE). To get one-third
of the coincident area, calculate the area of this segnent and add the areas of
the twotriangl es BCE and CDE

The centers of the three tubes forman equilateral triangle. The distance AF
= x is one-half of the distance between the centers of two tubes. The angle
subt ended by the lines AF and ACis n/6, because it is one-half of one of the /3
angles formng an equilateral triangle. The angle subtending the arc BE is

% = eas~lixfr) = "G {10)

Using a in equation 7, yields the area of the segnment. The distance BDis r
sin(o/2), and the distance CDis r cos(a/2) - x/cos(wn/6). The coincident area is

Ac = 3{(r2/2) (a-sin a) + r sin(a/2)[r cos(a/2) - x/cos(n/6)]} (1)



Figure 7.--Coincident area of three overlapping circles whose centers form an
equilateral triangle. The distance x is the length of the line AF and is one-
hal f of the distance between the centers of two circles.

Four - band radi ometers: Cal culation of the coincident area for two adjoi ning
tubes of a four-band radioneter is the same as for a two-band instrunent. The
di stance x is, again, one-half of the distance between the centers of two
adj oi ning tubes. If the four tubes forma rectangle, the coincident area for
di agonal tubes can be cal cul ated using equations 8 and 9 with x bei ng one-hal f
the di stance between di agonal tubes, which is the square root of two tines the
di stance between adj oi ni ng tubes.

The coincident area for the four tubes can be obtained by cal culating the
area of a segnent, adding the area of two identical triangles, and nmultiplying by
4. Figure 8 shows the coincident area for four overlapping target areas for a
four-band radionmeter. The points A B, E, and H represent centers of the four
tubes with a cormmon center at C.  The sector of interest is ADG The angle
subtending the lines AC and AJ is n/4. The angle subtending the arc DG is
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Figure 8.--Coincident area for four overlapping circles whose centers forma
square. The distance x is the length of the line AJ and is one-half of the
di stance between centers of adjacent circles.

a = 2[cos~ {x/r) - 7/4] {123

The distance DF is r sin(o/2) and the distance CF is r cos(a/2) - 2Y2 x. The
coincident area is

s = &{{rlf2){ @ - gin @) + r sin{a/2)(r coe{a/2) - 21/ 2% 1) (13}

Rati os of coincident areas to target areas: The ratio of a coincident area
to the total target area for a tube can be calculated as a function of height
above a target. The closer this ratio approaches 1, the less error will be
encountered in the spectral data. For this calculation, we need to specify a
field of view (FOV) and the di stances between centers of the optical tubes for
particular instruments. For this discussion, we will use the Mark Il 3-band
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radi oneter and the Exotech 4-band radi oneter. Both instrunents have a 15° FOV
capability. The distance between tubes for the three-band instrunent is 3.8 cm
and 6.35 for the four-band instrunment. The relation between the radius of the
target area and the height of the radioneter (h) is

r=h tan{FOV/2} (14}

For a 15° FOV, r = 0.132 h. The dianeter of a target circle is 26.4 cm when
the radioneter is held at 1 m and 52.7 cmwhen held at 2 m In other words, the
di ameter is roughly one-fourth of the height that the radionmeter is held. This is
a useful approximation when estimating target areas over row crops.

Fi gure 9A shows the ratio of the coincidence area to the target area as a
function of the radioneter height above the target for the Mark Il 3-band and the
Exot ech 4-band instrunents. At 2 min height, any two bands of the three-band
instrument will view about 91 percent of the same area. At 1 m about 82 percent
of the sane area is viewed. The coincident area for all three bands is about 87
percent at 2 m dropping to 74 percent at 1 m

The greater tube separation of the Exotech 4-band causes a smaller
coincident area than for the three-band. Figure 9B shows the ratio for two
adj acent bands, two di agonal bands, and for all four bands for this instrunent.
At 2 m the ratio is 85 percent, dropping to 70 percent at 1 m The ratio for the
four-band coincident area is 71 percent at 2 mand 47 percent at 1 m

W have considered only the height perpendicular to a flat target. In a
field, the soil surface is considered the flat target, and the radioneter is held
vertically a distance h above the soil. Plants, protruding above the surface,
alter the picture somewhat. Consider a situation in a field where the radi oneter
is held 2 mabove the soil surface. If plants are in the scene, the coincident
are will be less for the tops of the plants than at the soil sur face. Figure 10
shows a side view and a top view of what a single band (15° FOV) radi oneter
“sees” when held 2 m above the soil surface. The centers of the plant rows
(designated by the horizontal lines) are 0.3 mapart (approximtely the row
spaci ng of wheat in the northern Geat Plains), the rowwidth is 0.1 mand the
pl ant height is 0.2 m

At 2 m a 15° FOV radioneter will see portions of 1-1/2 rows of plants,
dependi ng upon where the radi oneter was | ocated above the row. Dependi ng upon
|l ocation, it is possible that the radi ometer could view nost of two plant rows in
one instance and only slightly over one rowin another. Since it is difficult to
hand- hol d a radioneter nuch higher than 2 m it is necessary to take a series of
measur enents at various horizontal |ocations (nmaxi num height) across the rows in
order to get an adequate sanple of the reflectance properties of the entire plot.
Thi s problem can be reduced by increasing the field of view of the instrunent;
however, the danger exists of getting portions of the operator’s body in the
radi ometer scene. Figure 11 depicts this possibility in the formof a person
standing on a plank (to increase radi oneter height) holding a radi onmeter. Two
fields of view, 15° and 24°, are shown. The edge of the 24° scene is about 20 cm
fromthe plank. The radiometer is shown level. In practice, it is very difficult
to hold a radioneter sufficiently level to guarantee no “foreign” bodies in the
scene. Furthernore, the total field of viewis usually somewhat |arger than that
specified by the nmanufacturer. Periphera
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Figure 10 --Side and top views of a 15° FOV single band radi oneter
The scale is in neters.

regi ons outside of the target area influence the radi ance neasurenents because
the angl es of acceptance of the | enses are not sharply defined.

RADIOMETRIC PLANT COVER

The concept of radionmetric plant cover originates fromthe geonetric fact
that the side as well as the top of an object protrudi ng above a surface will

be seen if viewed froman angle. Furthernore, the object will obscure part of
the surface as viewed froma radioneter. If the object is a row of plants, nore
vegetation and less soil will be seen as the view angle increases. Jackson et

al . (1979) devel oped a nodel that cal culates the fractions of soils, plants,
and their shadows, as seen by an airborne scanner view ng across plant rows. W
have used a simlar approach to develop a nodel (details will not be presented
here) for the circular view froma hand-held radi oneter. The nodel assunes that
pl ant rows can be approxi mated by rectangul ar bl ocks. W will present sone
calculated results to denonstrate how the fraction of plant cover seen by the
radi ometer may change when the radi oneter height is changed, the plants grow,
the row spacing is changed, and the degree of actual plant cover is changed.
The “actual” plant cover is the fraction of plant material that covers the
ground. It is the row
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Figure 1l.--Side view of an operator holding a radioneter. Two fields of view are
shown. The inner two lines are for a 15° FOV and the outer two for a 24° FOV.
The scale is in neters.

wi dt h divided by row spacing. In this case, plant height is not a factor. The
actual plant cover will serve as a reference by which to conpare the
“radiometric” plant cover

As noted earlier, the radionetric plant cover will depend on the position of
the radi oneter with respect to row structure. The extrenme situations are when the
lens is directly over the center of a plant row and when it is directly over the
center of the exposed soil. W calcul ated what a radi oneter would see at these
extremes for various val ues of radioneter hei ght above the soil sur face for
several plant heights, row spacings, row widths, and for two fields of view (15°
conmon to both the Exotech and the Mark |1 and the 24° of the Mark I1). Figure 12
shows a side and a top view of a radioneter held at heights of 1, 2, and 3 m In
the top view, the inner circle represents the viewfrom1l m the middle circle,
the view from2 m and the outer circle, the view from3 m Exam nation of this
figure shows how the relative fractions of soils and plants change w th changes
in radi ometer height. Subsequent figures in this section will show only the
relative fraction of plant material in the scene of a radioneter held at two
| ocations as the radionmeter is raised from0.5 to 5 m

Case 1, rowspacing = 0.3 m rowwidth = 0.15 m FOV = 15° Figure 13 shows the
radi onmetric plant cover as related to radi ometer height for zero plant height.
This fictitious situation shows the synmetry of the fraction of plant cover

vi ewed by the radi oneter when held over the plant row and over the soil. The
average of the two lines would be the actual plant cover (designated by the
dashed line). The synmbols nerely identify the Iines, the circles designate the
view over a plant row, and the crosses represent the view over the soil sur face
Notice how the lines crisscross as height is increased. At about 1.75 m about
40- percent plant cover is observed when the radioneter is centered over the plant
row and about 60 percent when centered over the soil. The anplitudes of the

swi ngs decrease with height but are still observable at 5 m The significance
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Figure 12.C-Side and top views of a 15° FOV radi oneter held at three heights.
The scale is in neters.
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Figure 13.--Radionetric plant cover as a function of height above soil surface
for a radioneter held over the plant row (circles) and over the exposed soi
(crosses), for a 15° FOV instrunent, plant height/width ratio is zero.
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of the proportion between plants and soil becones clear when one considers that
the refl ectance of soil in the visible (red) region may be as much as 10 tines
that of green plant naterial

Figure 14 shows results of calculation for a plant height/width ratio of 1
i.e., a plant height of 0.15 m Note the asynmetry of the two |ines. The average
of the two would yield a radionetric plant cover of about 53 percent as conpared
with the actual of 50 percent. Figure 15 shows simlar results for a 2:1
hei ght/wi dth ratio. The degree of asymmetry increases, and the average
radi onetric plant cover becones about 56 percent. Wen the height is increased to
0.45 m a 3:1 ratio, the asymretry is greater (fig. 16). After the first cross
over, the lines never go bel ow the actual plant cover line (dashed Iine), and the
average at 5 mis about 58 percent.

Ri= ., 1S
4}
PH=, 1S

i FOV=1S

HEIGHT ABOVE SOIL SURFACE (M)

X %8s 0.6 1o

RADIOMETRIC PLANT COVER

*e
.
®

Figure 14.--Sanme as figure 13 except plant height/width ratio is 1

Case 2, rowspacing = 0.3 m rowwidth = 0.15 m FOV = 24°: Wen the field
of viewis increased, a radionmeter will see nore vegetation. Figure 17 shows the
situation for 1:1 height/width ratio and 24° FOV. The sane pattern holds as did
in figures 13 to 16, but the anplitude of the swings is less and the radionetric
pl ant cover is greater (about 55 percent). Increasing plant height to a 2:1 ratio
yi el ds an average radionetric cover of nearly 60 percent (fig. 18), and a 3:1
ratio (fig. 19) is about 63 percent.

The | ower anplitude of the swings would indicate the desirability of in
creasing the FOV of the radi onmeters; however, this increases the bias towards
plants and the larger field of view nay cause the operator’s feet or other out-
of -target materials to be viewed (see discussion in previous section).

Case 3, rowspacing =1 m rowwidth = 0.5 m FOV = 15° This case is
representative of plants such as cotton and corn. Figure 20 shows cal cul ations
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Figure |5.--Same as figure 13 except plant height/width ratio is 2.
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Figure 16.--Same as figure 13 except plant height/width ratio is 3.

for a plant height of 1 m and a 2:1 height/width ratio. This situation is sini-
lar to a cotton crop in June in Arizona. Cbviously, adequate data could not be
obt ai ned with an operator standing on the soil holding a radioneter. It would be
preferable to have the instrument above 5 m Figure 21 shows cal culations for a
3:1 ratio, somewhat representative of corn. Apparently, adequate
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Figure 17.--Same as figure 13 except 24° FOV, plant height/width ratio of 1.
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Figure 18.--Same as figure 13 except 24° FOV, plant height/width ratio is 2

data coul d not be obtained unless the radi oneter was hel d consi derably higher
than 5 m

The asymretry shown in figures 20 and 21 indicates that taking a reading
over a row and another over the furrow and averaging the two may not yield a
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Figure 19.--Same as figure 13 except 24° FOV, plant height/w dth
ratio is 3.
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Fi gure 20.--Radionetric plant cover versus radi oneter hei ght above soil surface
for a 15° FOV instrument. Row spacing 1 m plant height 1 m roww dth 0.5 m
conditions simlar to cotton in June in Arizona.

sufficiently accurate value for the conposite scene. A nore appropriate schene
may be to take a nunmber of readings as the radioneter is noved fromover the row
to over the furrow. The higher the plants and the wi der the row spacing, the nore
care nmust be used in making the nmeasurenments and in interpreting the data.
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Figure 21.--Same as figure 20 except plant height is 2 in, height/width ratio of
3, conditions simlar to a corn crop

VEGETATI ON | NDI CES

A spectral vegetation index is a quantity obtained directly or by rati oing,
di fferencing, or otherw se transform ng spectral data to represent plant canopy
characteristics such as | eaf area index, biomass, green weight, dry weight, per
cent cover, and so on. This definition was furnished by Craig Wegand in a letter
dated 9 May 1978. In addition, his letter contained conments that are very
pertinent to the subject of this workshop. These coments (edited sonewhat to fit
into this discussion) are represented in the foll ow ng paragraph

There appears to be a growing confusion in the literature and in
conversations with individuals over what a given person neans when the words
“vegetation index” are used. Until recently, nost spectral data in the literature
canme from LANDSAT investigations. Now, however, results are becom ng avail able
fromthe NASA field nmeasurenents program (truck, helicopter, and aircraft nounted
devi ces) and from hand-hel d radi oneters such »as those used by Ji m Tucker at
NASA/ GSFC and sone SEA/ AR groups. Some LANDSAT investigators routinely adjust
readi ngs for seasonal and sun angle variations, and sone |ocations, such as the
Envi ronment al Research Institute of Mchigan (ERIM, have the capability for
adjusting the data for atnospheric attenuation. Thus, both investigators,
sensors, and the nunber of “indices” are proliferating. To reduce the confusion
aut hors can
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(1) Mention the specific wavel engths and describe the sensor system used

(2) dearly indicate whether incident |ight, reflectance standards, or other
normal i zations are used.

(3) Describe any preprocessing of the raw data before it was used to calcul ate
the spectral parameters

(4) WMathematically express the particular paraneter(s) cal culated at | east once
in reports or manuscripts.

We strongly concur with Wegand’s comments. The foll owi ng di scussi ons of
rati os, normalized differences, and other band conbinations to yield vegetation
i ndi ces hopefully will help to reduce confusion. For other discussions of
veget ati on indices, see Richardson and Wegand (1977) and Tucker (1979).

Rati os: The ratio of radiance or reflectance values fromtwo bands is a
si npl e and useful vegetation index, if the bands are properly chosen. One
criterion for choosing two bands for a ratio vegetation index is that data from
one band shoul d decrease with increasing green vegetation in the scene, and data
fromthe other band should increase with increasing green vegetation

Figure 22 shows spectral data fromO0.43 to 1 microneter obtained by Ungar et
al . (1977), using an aircraft nounted spectronmeter. Data for a bare soil field
and for an alfalfa field are given in the same figure to show the difference in
spectra between the two. The alfalfa line is interrupted as it crosses the soi
line for clarity of presentation. Consider these plots only as representative
sanpl es. Spectra for other soils, crops, and even other alfalfa fields may be
somewhat different; however, the general shape will be the sane. The ordinate is
in units of radiance, but the specific values are not pertinent to this
di scussion. O inportance here are the relative differences between soils and
plants as the wavel ength i s changed.
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Figure 22.--Soil and alfalfa spectra (data of Ungar et al. 1977). The dashed
lines indicated by “red” and “IR" show the red and IR bands of the Mark I
hand- hel d radi oneter.
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Starting at about 0.43 um the soil spectrumincreases to a maxi mum at about 0.65
pm and then slowy decreases to a nminimumat about 0.94 um The alfalfa spectrum

starts below the soil, has a small peak near 0.55 pum then decreases to a mini num
at about 0.69 pm followed by a sharp increase (beconi ng al nbst twi ce as high as

the soil spectrum), reaching a maxi num at about 0.75 pum Above 0.75, the alfalfa

spectrum decl i nes but does not go bel ow the soil spectrum

The band between 0.63 and 0.69 umis known as the chlorophyll absorption band and
is shown by dashed lines at 0.63 and 0.69 umin figure 22. Tucker (1979) revi ewed
the vari ous wavel ength regions with respect to their sensitivity for nonitoring
vegetation. Wthin this band, the soil radiance is at a maxi num and pl ant radi ance
is at a mninmum This indicates that a band within the red portion of the visible
spectrumis a sensitive indicator of green vegetation. Figure 22 shows that the

pl ant spectrumis al nost double the soil spectrumw thin the range of about 0.75
to 0.9 um (photographic IR, fig. 4). The IR band of the Mark Il radiometer is

i ndi cated by the second set of dashed lines (0.77 to 0.88 un). Thus, a band in
this region would also be sensitive to vegetation. The ratio of a band that
increases with increasing vegetation (near IR) to a band that decreases with

i ncreasing vegetation (visible red) yields a paraneter that is highly sensitive to
vegetation. A history and a discussion of the IR'red ratio is given by Tucker
(1979).

The above di scussion points out advantages of using an IR'red ratio. Actually,
rati os can be cal culated for any two bands. A second reason for using a ratio as a
vegetation index is that radi ance nmeasurenents can be used directly, w thout
converting to reflectance by ratioing with radi ance values froma standard

refl ectance plate. In sone cases, the instrunent voltages are ratioed; however,
this makes a conparison of data fromdifferent instrunents difficult because
calibration factors nay be different. This can be seen by witing equation 2 for
bands, designated as a and b, and ratioing, i.e.

La/Lp = (Ca/Cp) (Va/Vp) (15)

The radiance ratio differs fromthe voltage ratio by the factor CJ/G. Usually,
the calibration factor for one band is not very different fromthe other; however,
if calibration constants are known, it is preferred to formthe product CV for
each band before ratioi ng.

The ratio of the radiances of two bands nay differ fromthe ratio of the
refl ectances of the same two bands. Again using the subscripts a and b to denote
the two bands, and using equation 3, we have

La/Lb = (Ea/Ep)(Rg/Rp) (16)

Wth equation 4, we can also obtain the irradiance from neasurenents on a standard
refl ectance plate. W have

Ea = Lap/Rap (17)
and Ep = pr/Rbp (18)

formng the ratio EJ/ E, using equations 17 and 18 and subtituting into

23



equation 16 yields,

Lg/Lp = [{Laprﬂ-ap}l"':l.hp.l'lﬂ'bp]]':Ea-'ll:lhj {19}

Thus, the ratio of the radiance will equal the ratio of the reflectance only
when the radi ance measured over a standard reference plate (at very close to the
sanme time as the radi ances over the target are neasured) is equal in the two
bands and when the standard plate reflectances for the two bands are equal

We therefore extend Wegand' s conments to include a request that, when
ratios are reported, the neans of obtaining the ratios be specified (i.e.
voltage ratios, radiance ratios, or reflectance ratios).

Normalized difference: A nornalized difference is a ratio of the difference
bet ween val ues for two bands and the sum of the values for the two bands. This
rati o was devel oped as a vegetation index by Don Deering and Bob Haas during a
LANDSAT-1 rangel and study and was di scussed by Rouse et al. (1973), Deering et
al . (1975), and Deering (1978). They used the LANDSAT IR and red channels to form
the difference ratio and naned this ratio the Vegetation |Index, i.e.

VI = (IR - Red)/(IR + Red) {200

Subsequently, as nore researchers becane involved and nore data became avail abl e,
the term “Vegetation Index” becane applied to alnost all band conbi nati ons used
as a nmeasure of vegetation. Deering (1978) has since proposed that this index be
naned the Normalized Difference (ND). W concur and will use this termin
subsequent di scussions; however, we will not restrict our definition of the ND to
the red and IR bands, but will use it as a general termfor any two band
difference/sumratio.

Witing the NDin terns of radiance, we have

ND = (Ly - Lp}/(Lg + Li) (21}

We see that, as with the ratio, it should be clearly stated what bands are used,
and whether the input data are voltages, radiances, or reflectances. It is left
as an exercise for those interested to use the relation L = CV in equation 21 and
to show that a different value of NDwill obtain if reflectances are used instead
of radiances.

Transfornmed ND: For scenes in which the vegetation density is |ow, ND may
becone negative. This can be seen by exami nation of figure 22. For very | ow
vegetation densities, the radiance will be nearly that of the soil. In this case,
a band in the red region will have a larger value than a band in the IR and the
differences will be negative. To avoid the negative values and to mnimze sone
possi bl e statistical problems, a constant 0.5 was added to the normalized differ-
ence and a square-root transfornmation was applied. Thus,

THD = (WD + 0.5)1/2 (22}
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was defined, and is known as the transformed ND. As a rem nder, the term nol ogy
“Nornalized Difference” is relatively new Mst of the literature uses the terns
“Vegetation I ndex” and “Transformed Vegetation | ndex.”

Nureri cal exanple: The above discussion indicates that ratio and difference
rati o vegetation indices may not be the same for indices cal cul ated using radi-
ance val ues and those cal cul ated using refl ectance val ues. The degree of differ-
ence can readily be seen using sone actual values that were obtained during a
field experiment using an Exotech nodel 100A hand-hel d radioneter. The radi ance
data shown in table 1 were taken over a wheat plot at 1135 MST on 1 February,
1980. Twel ve neasurenments were nade over the plot and 12 were made over a BaSQ,
plate immediately after (within one nmnute). The raw data were averaged and
converted to radi ances using equation 15 and the calibration factors supplied by
the instrument manufacturer. Values for the BaSO, plate reflectance (R,) were for
a plate loaned to us by LARS, Purdue University. The actual plate used in these
experinents was constructed in a simlar manner to the LARS plate; however, the
true values of R, may differ. For this discussion, the absolute value of the
plate reflectance is not inportant. The concepts involved will not be altered by
a small difference in the numbers

Tabl e 1.B-Spectral data taken over a wheat plot and a BaSQ, refl ectance plate,
usi ng an Exotech nodel 100A hand- hel d radi oneter

Spectral band

MSS4 MSS5 MSS6 MSS7
(0.5 to 0.6) (0.6 to 0.7) (0.7 to 0.8) (0.8 to 1.1)

Target radiance

(Lg) (w/m?2) 3.75 4.12 21.11 39.97
BaS0O4 plate .

radiance (Lp)(w/mZ) 75.12 92.01 72.68 95.98
BaS0O4 plate

reflectance (Rp) 0.943 0.942 0.941 0.937
Target reflectance

(Ry) 0.047 0.042 0.273 0.390
Irradiance

(1 = Lp/Rp)(w/mZ) 79.66 97.68 77.24 102.43

I rradi ance val ues were cal cul ated using equations 17 and 18. The data in table
1 were used to calculate ratios and normalized differences for several two-band
conbi nati ons of the four bands of the Exotech. These data are presented
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intable 2. In the table, the bands are assigned the letters a and b to facili-
tate their use in equations 16 and 21

Two vi sible bands, such as MSS4 and MSS5, are not often used to calcul ate
vegetation indices; however, the results in table 2 show that, if used, the
radi ance and refl ectance ratios may differ by about 20 percent, and the ND even
changes sign. The bands MSS6 and MSS5 can be considered as IR and red. The ratio
MBS6/ MBS5 is 27 percent different when radi ances rather than reflectances are
used. The ND is about 9 percent different. MSS7 and MSS5 are two frequently used
bands for calculating the ratio and the ND. These bands show | ess than 5 percent
difference for the ratio, and the ND has | ess than 1 percent difference.

Table 2.--Band ratios and nornalized differences cal cul ated using radi ance ratios
and refl ectance ratios of spectral data obtained over wheat with an Exotech
nmodel 100A hand-hel d radi ometer. The synbols L and R indicate that val ues used
for the indices were radiance and refl ectance, respectively

Ratio Normalized difference
Band combination
used in equations

16 and 21 L R L R

a = MSS5, b = MSS4 1.10 0.89 0.047 -0.06
a = MSS6, b = MSS4 5.63 5.81 .698 .706
a = MSS7, b = MSS4 10.66 8.30 .828 .785
a = MSS6, b = MSS5 5.12 6.50 .673 .733
a = MSS7, b = MSS5 9.70 9.29 .813 .806

Exami nation of equations 17, 18, and 19 shows that the radiance ratio dif-
fers fromthe reflectance ratio nostly by the ratio of the irradiance of the two
bands. The irradi ance values shown in table 2 are, therefore, the key to the
di fferences observed. Irradi ance values of MSS5 and MSS7 are not very different
fromeach other but are quite different from values of M5S4 and MSS6. The use of
MBS5 and MSS7 in vegetation indices would not show rmuch difference whether
radi ance or reflectance val ues were used. Conbinations of bands that show quite
different irradiance values will exhibit the largest difference between those
val ues cal cul ated with radi ances and refl ectances.

Thi s exanpl e underscores the need for carefully describing how various
i ndices are cal cul ated and shows that the irradiance is not the sane in every
band. This latter point plays a role when data obtained frominstrunents with
different band wi dths are conpared
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Per pendi cul ar Vegetation Index: In addition to ratios and difference ratios,
many ot her conbi nations of spectral bands have been used as vegetation indices.
The Perpendi cul ar Vegetation Index (PVlI) of Richardson and Wegand (1977) stands
out anong these. The devel opnment of the PVI follows many of the argunents used by
Kaut h and Thomas (1976) to produce the “tassel ed cap” nodel of vegetation devel -
opnment. Whereas Kauth and Thomas used vector analysis in four dinensional space
to produce a tasseled cap (a plot of the data |ooks like a tasseled cap), Rich-
ardson and Wegand used al gebraic relations in two di nensions. Both groups used
LANDSAT data as the basis for their devel opnments

W will use a two dinmensional approach sinmlar to that of Richardson and
W egand (1977). Kauth and Thomas (1976) and Ri chardson and Wegand (1977) showed
that a plot of LANDSAT digital data frombare soil fields of MSS7 (I R) versus
MBS5 (red), or MsS6 (IR) versus MSS5 (see fig. 4 or table 1 for wave length re-
gi ons corresponding to these band numbers) yielded a straight |ine. R chardson
and W egand comented that the soil |ine appeared constant from one overpass date
to another and that the intercept was not significantly different fromzero. This
comment indicates that the soil line may be constant for various soils and that
wet and dry soil would fall on the sane Iine. Wen vegetation covers part of the
soil, reflectances in the red band will decrease and the IR w Il increase (for
most soils). This is shown schematically in figure 23. Point C represents data
containing vegetation but with sonme soil background showi ng. The PVI is the per-

pendi cul ar distance fromthe soil line to the point in question. To cal cul ate
this distance, an equation for the soil line is needed. W define Y as a band in
the IR (it can be MSS6 or M5S7 or the Mark Il IR band), and X as a band in the
visible (usually in the red region, MSS5 or the Mark Il red band). The soil |ine
is

¥ = ag + apx {23)

The coefficients ag and a; are found by |linear regression of data taken over bare
soils. To find the distance froma line to a point, reduce the equation of the
line to normal form and substitute the coordinates of the point in the equation
(Rider, 1947), i.e.

PVI = (Y] - ayXi — ag)f[1% + (-a;)2]l/2 (24)
where the subscript i indicates that X; and Y; are coordi nates of a point not on
the soil line, which for convenience is called a vegetation point.

Fi gure 23 shows a soil line and five points representing neasurenents over
soils and vegetated surfaces. Points A and B represent bare soil data. Point A
represents the highly reflective dry soil, whereas point B represents the |ess
reflective wet soil. (A rough surface that produced m croshadows woul d have a
simlar effect.) Data for soils at internediate water contents would fall between
points A and B on the soil line. It is possible, in theory, to calibrate a point

onthe line as to its water content. In practice, a quantitative scale would be
difficult to develop, but qualitative neasures of wet, medium and dry eval ua-
tions of the surface soil may be practical for sone soils.

Points Cand Din figure 23 are representative of data taken over a vege-
tated field having about 25 percent plant cover. Point E represents a |location
with essentially 100 percent plant cover. Fromfigure 22, we see that the red
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Figure 23.--Diagram of the soil Iine and vegetation points for use in
cal cul ating the Perpendi cul ar Vegetation | ndex.

band decreases and the IR band increases as one goes fromsoils to vegetation
Points C and D represent the sane anount of vegetation yet plot quite differently
on the graph. This case denonstrates the strength of the PVI as a vegetation in-
dex. The points plot differently, but both are the sane distance fromthe soi
line and therefore would have the sane value for the PVI. This situation could
ari se by taking a neasurenent over the field when the soil was dry (point C),
irrigating the field, and repeating the measurement when the soil was wet (point
D). At point E (100 percent cover), no effect on spectral neasurenents would be
observed by the soil surface changing fromwet to dry. In theory, the PVI renoves
the effect of soil background. The point on the soil |ine where the perpendicul ar
line to the point originates gives some information about soil conditions (if,
for the particular soil, the wet and dry end points on the soil Iine are known),
but only in proportion to the amount of soil viewed. Richardson and W egand
(1977) devel oped the PVI in terms of the coordinates on the soil line, allow ng
themto obtain values for the soil reflectance in the vegetation-soil scene.

ot ai ni ng the coordi nates of the point on the soil line where the line from
the vegetation point is perpendicular requires a little review of al gebra and
geonetry. The equation for the soil lineis Y = ay +aX. Let the line froma vege-
tation point to the soil line be Y = by +bXx. At the point of intersection of the
two lines, the values of Y and the values of X will be the same. Thus, the two
equations are solved sinultaneously for K and Y. W equate

ap + ale = bo + b].XS (25)
and solve for X, yielding
s = (by - ag)/fla] - by} (26)
where the subscripts indicate that the coordinates are on the soil line.

Witing the two equations with X as the dependent variable and solving for
Ys yields
Ys = (ajbg - agby)/(a; - b1) 27)
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The point (Xs, Ys) is represented by a square synbol in figure 23. Equations
26 and 27 are essentially the same as equations 5 and 6 of Richardson and W egand
(1977). (W chose to put the IR band as the ordinate and the red band on the
absci ssa in our devel opnent, opposite to the way Ri chardson and W egand | abel ed
theirs. Both ways are correct.)

We now have val ues for the coordinates at the vegetation point (X, Y;) and

at the intersection of the perpendicular on the soil line (X, Ys). Using the
Pyt hagorean Theorem we can solve for the di stance between the two points, i.e.
PVI = [(Y; - Yg)2 + (X - Xg)211/2 (28)

which is an equivalent formof the PVI devel oped by Ri chardson and Wegand (1977)
(their equation 4). If only the PVI is of interest and information on soil back-
ground is not required, equation 24 requires less conputation. |If the point on
the soil line is of interest, then equations 26 and 27 need to be solved. The

sl ope of the vegetation line (b;) is equal to Cl/a; because the two lines are

per pendi cul ar. The intercept of the vegetation line (by) is Y; +(l1/a;)X;,. The coor-

dinates for the intersection with the soil lines are

Kg = (aj¥i + ¥{ - agap)/{ay? + 1} L29)

Yo = (ap2¥; + ajX; + ag)flagl + 1) (30)
Equati ons 29 and 30 give the soil line coordinates for the perpendicular to the
vegetation point in terns of the coordinates of the vegetati on point and the
coefficients of the equation for the soil line.

In this devel opment of PVI, the equations have deliberately been left in
terns of unevaluated coefficients. An interested person can chose a particul ar
visible band (preferably in the red region) for the X and a near IR band for the
Y, determine the soil line (and thus the coefficients a; and a,), and utilize the
PVI. Richardson and Wegand' s devel opnent was in terns of radiances in specific
LANDSAT MSS bands.

The soil line: The soil line is basic to the PVI of Richardson and W egand
(1977) and to the tasseled cap of Kauth and Thonas (1976). The assunptions are
that the soil line is Iinear and all soils yield data that fall on the |ine.

Adequat e tests of these assunptions using LANDSAT data woul d require a consider-
abl e amount of ground data collection and computer tinme. Hand-hel d radi oneter
data can be used advantageously in this case to provide an insight as to the
validity of the assunption.

At the U S. Water Conservation Laboratory at Phoenix, measurenments of dry
and wet bare soil are a routine part of the spectral neasurenents program Data
for the 1979 season (139 data points) are shown in figure 24. Regression anal ysis
indicates that a linear relation is a good representation of the data (r? =
0.98), supporting the assunption of linearity in the devel opment of the PVI

PWI = 0.647Y - 0.763% - 0,020 (31}

Using the regression coefficients shown in figure 24 in equation 24 yields
Wiere Y refers to the MSS7 refl ectance and X to the MSS5 refl ectance.
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Fi gure 24.C-The soil line (bare soil data) using red (MSS5) and infrared (MsSS7)
bands. Data taken with an Exotech nodel 100 hand-hel d radi oneter.

The data were all taken while the soils were sunlit. In a plant canopy,
portions of the soil viewed by a radioneter may be shaded. Data for shaded soils
would fall close to the origin and probably would not be represented by the ex-
trapol ation of the Iinear line to the point of intersection with the ordinate.
This situation needs additional study.

Sone insight into this situation, and the assunption that different soils
will fall on the sane Iine, can be gleaned fromfigure 25, where data for eight
different porous naterials are shown. In the follow ng discussion of synbols, the
coordinates (X, Y) of the wettest and driest data points for these measurenents
are given. The circular synbols (25 of the 40 data pairs) furnished by J. K
Aase® are for WIlliams | oam near Sidney, which has reflectance coordinates that
range from (0.065, 0.119) to (0.229, 0.313). Three crosses represent wet and dry
Avondal e | oam a light-colored soil from near Phoeni x whose refl ectance coordi -
nate range was (0.123, 0.193) to (0.275, 0.353). Two plus synbols represent a
red-col ored soil, coordinates (0.080, 0.124) and (0.091, 0.150), that had the
smal | est range of all. Two square synbols represent a |light, reddish soil, coor-
dinates (0.147, 0.205) and (0.271, 0.361). Two |azy diamond synbols represent a
m xture of Avondale |oamand a silica sand, coordinates (0.151, 0.210) and
(0.313, 0.403). Two inverted triangles represent a Superstition sand from near
Yuma, Ariz., coordinates (0.283, 0.334) and (0.404, 0.446). Two triangles repre-
sent a white silica sand, coordinates (0.457, 0.547) and (0.583, 0.661). Two
di anonds represent black cinders fromnear Flagstaff, Ariz., coordinates (0.023,
0.030) and (0.064, 0.077).

3Per sonal communi cati on
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The data in figure 25 denonstrate the considerabl e range of reflectance
val ues for different porous materials and al so the range of reflectances for the
same nmaterial when going fromwet to dry (or vice versa). A conclusion that can

be drawn is that the soil Iine is not linear over a wide range of soils and ot her
porous materials. This is in contrast to figure 24, where the data were quite
l'inear. We conclude that when an individual soil is considered and the range of

data fromwet to dry is determined for sunlit conditions, the data are suffi-
ciently linear that the PVI can be used. Additional work is required to account

for the nonlinear nature of the soil |ine when various materials are consi dered.
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Figure 25.--The soil line for eight different porous materials ranging from bl ack
cinders to soils to white silica sand. The circular synbols represent WIlians
| oam data furnished by J. K Aase, Sidney, Mont. Qher synbols are discussed

in the text.

Sone readers nmay have noticed that we have used reflectances exclusively in
this section. Radiances can be used, but since they are directly proportional to
the irradiance their coordinates on a soil line will vary with sun angle. This is
denonstrated in figure 26 where radi ance val ues, taken at 10 time periods (spaced
bet ween 0800 and 1630 hours) during one day, are shown. At first glance, it is
reassuring to see the linearity of the data; however, it can lead to the errone-
ous conclusion that both radi ances and refl ectances can be used directly in cal-

cul ating the PVI

Consi der only the nunerator in equation 24 (the denominator is a constant),
i.e., Y carX ca, If Yand X are in terms of radiance, a change in irradi ance
will change the PVI drastically, since the X and Y terns are of opposite sign. It
is theoretically possible to overcome this problemby adjusting all X and Y val -
ues to constant irradiance |evels.

Sone calcul ated results: The purpose of obtaining vegetation indices is to
gain informati on about vegetative growth. A question thus arises as to what
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Figure 26.--The “soil line” for a set of diurnal neasurenents in terns of radi-
ance. Circular synbols represent dry soil and crosses represent wet soil.

val ues of the several indices mght be expected as a field changes from bare soil
to full green vegetative cover. Al though not considered here, the change from
full green vegetative cover to conpletely senesced dry straw is of equal inter-
est.

Wegand et al. (1974), Richardson et al. (1975), and Jackson et al. (1979)
di scussed a |inear nodel for calculating the spectral reflectance for conposite
scenes (scenes containing both soil and vegetation, sunlit and shaded). The nodel

Be = EyiRel + fydRed + Fg51Rs1 * fdBad (32

can be witten as

where R. = conposite scene reflectance, f,; = fraction of sunlit vegetation,

R, = reflectance of sunlit vegetation, f,q = fraction of shaded vegetation, Ryq
= refl ectance of shaded vegetation, fg; = fraction of sunlit soil, R, =

refl ectance of sunlit soil, fqq = fraction of shaded soil, and Ry = refl ectance
of shaded soil.

Data were taken with an Exotech hand-hel d radi oneter over wet and dry bare
soil and over a dense green sunlit wheat canopy. The neasurenments were repeated
whil e the sun was bl ocked out over the target area to yield values for shaded
refl ectances. The red (MsS5) and one IR (MSS7) band of the Exotech were used.

Refl ect ance val ues were for the red band: R, = 0.0256, Ry; dry = 0.226, Ry wet =
0.136, Ry = 0.15 R;;. Reflectance values for the IR band were R, = 0.535, R, dry
= 0.299, Ry wet = 0.197, and Ry = 0.11 R;;. We assuned that all vegetation was
sunlit, making the fraction f,q4 = 0.
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Cal cul ations were nmade for four cases: sunlit vegetation and sunlit dry
soil (a situation that would occur at solar noon), sunlit plants and sunlit wet
soil (solar noon situation), sunlit plants and shaded dry soil, and sunlit
pl ants and shaded wet soil. The latter two cases would occur for north-south
plant rows during the nmorning hours if the plants are relatively tall. It is a
somewhat fictitious situation at |ow values of plant cover; for |ow plant cover
with conmpletely shaded soil, the solar elevation would be so | ow that other
probl ems woul d beset a reflection nmeasurenent.

Anot her caution that should be kept in mnd about results cal cul ated using
equation 32 is that it is inplicity assunmed that plants absorb or reflect the
i nci dent radiation and thereby produce shadows. This is a reasonable assunption
in the visible region but does not hold for the IR Sone IR radiation is trans-
mtted through plant | eaves, making quite different “shadows” than we see with
our eyes. Allen and Richardson (1968) have shown that IR radiation can penetrate
ei ght layers of plant |eaves before all the energy is reflected or absorbed.
Wegand et al. (1979) stated that the first |eaf absorbs about 10 percent of the
impinging light in the near IR w th the remai nder being divided equally between
transm ssion and reflection. The light transmitted by the first | eaves and the
light that penetrates between the | eaves interacts with lower |eaves until it is
conpletely attenuated at a | eaf area index of 8. This conplex interaction of the
near IR and plants in the field requires some additional nopdeling.

Wth the above cautions in nmind (but unaccounted for), we proceed to cal -
culate the IR'red ratios, ND, and the PVI over the range of 0 to full green
pl ant cover. Figure 27 shows results for the IR'red ratio. For the sunlit soi
conditions (both wet and dry, representative of solar noon neasurenents), the
ratio is not very sensitive to plant cover. For shaded soil conditions

25

CALCULATED RATIO MSS7/MSSS

FRACTION OF PLANT COVER

Figure 27.--Calculated IR'red ratio as a function of plant cover for the condi-
tions of sunlit plants and sunlit and shaded, wet and dry soil
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(rmorning or afternoon), the ratio is nearly linearly related to plant cover.
Essentially, the opposite obtains with the ND, shown in figure 28. The val ues for
the sunlit soil conditions, representative of solar noon, are nearly linear with
pl ant cover. For shaded conditions, the values increase rapidly for |ow val ues of
pl ant cover and becone insensitive to plant cover changes as the fraction becones
| arge and approaches 1. These cal cul ations show the relative nerits of the two
indices with respect to sensitivity to plant cover.

CALCULATED NORMALIZED DIFFERENCE

of N " - " " " . -

FRACTION OF PLANT COVER

Fi gure 28.--Cal cul ated nornalized difference using a red (MsS5) and an infrared
(MBS7) band as a function of plant cover for the conditions of sunlit plants
and sunlit and shaded, wet and dry soil.

Cal cul ations for the reflectance PVI are shown in figure 29. They show t hat
the PVI increases linearly with plant cover. Essentially, no difference can be

seen between wet and dry soil, showing the ability for the PVI to renove the soi
background. The lines for shaded soil have a negative intercept. This is an
i ndication that the soil line, extrapolated fromsunlit conditions (figs. 23 and

24), is not a conplete representation of the total situation and needs additiona
wor k.

RADIOMETER RESPONSE FUNCTIONS

We have used the term*“band” to signify a wavel ength interval and have
identified these bands with names (i.e., red, IR) and given nunbers to specify

t he bounds (exanple, red band of Mark Il, 0.63 to 0.69 um. This inplies that al
of the radiation (fromO0.63 to 0.69 un) striking the radi oneter detectors is
measured. In practice, filters do not cut off radiation at precisely a given

wavel engt h. Some radi ation |l ess than 0.63 um (for our exanmple) is detected, and
not all of the radiation greater than 0.63 is detected. The value of 0.63 is a
nom nal value. A plot of the fraction of the radiation received versus the
wavel ength is known as a response function. In figure 22 of the
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CALCULATED PVI

FRACTION OF PLANT COVER

Fi gure 29.--Cal cul at ed Perpendi cul ar Vegetation Index (PVI) val ues using MsS5 and
MBS7 of the Exotech as a function of plant cover for the scene conditions,
sunlit plants, sunlit wet and dry soil, and shaded wet and dry soil

| ast section, spectra for soil and alfalfa were shown for the wavel ength regi on of
0.4to 1.0 um In that figure, dashed lines were used to delineate the nom na
band boundaries. Using response functions at each wavel ength, the relative re-
sponse can be nmultiplied by the spectrumfor a particular target (e.g., alfalfa
and soils) and sunmed to yield a value proportional to the actual response of a
radi ometer if used over the sane target for which the spectrumwas neasured. Thus
with sets of spectra and with response functions for several instrunents, differ-
ent bands can be conpared as to their sensitivity to vegetation, and vegetation

i ndi ces can be cal cul ated and conpared anong i nstrunents.

Rel ati ve response functions for four radi oneters: Relative response functions
for the PMI 2-band and the Mark Il 3-band are shown in figures 30 and 31. These
data were provided by C. J. Tucker.* Figure 32 shows the response functions for
the Exotech 4-band instrunment (data provided in the instruction manual), and fig-
ure 33 presents data for the LANDSAT-1 MSS (taken from Slater 1979). The four
figures have identical values for the ordinate and the abscissa to facilitate
conpari sons. The synbols shown in figures 32 and 33 are for the purpose of identi-
fication because of the overlapping of the bands. They are not intended to inply
data points.

A conparison the PMI and the Mark Il instrunents shows that the red bands are
nearly identical in width, whereas the IR band of the Mark Il is alnbst tw ce as
wide as is the IR band of the PMI. The Mark Il has a band (called the water ab-

sorption band) at 1.55 to 1.75 umthat the other three devices do not have.

“Per sonal communi cati on
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Figure 30.--Relative response functions for the PMI 2-band radi oneter.

The Exotech and LANDSAT bands are rmuch wi der than any of the visible or IR
bands for the PMI or the Mark Il. The MsS5 band (identified with crosses in figs.
32 and 33) includes nost of the area covered by the red bands of the PMI and Mark
I'l, but is wider toward the | ower wavel engths. The IR bands of the PMI and Mark
Il are partially included in MSS6 and are al nost conpletely included in MSS7.

A conparison of the Exotech and the LANDSAT response functions shows that
M5S4, MSS5, and MSS6 are reasonably similar, but MSS7 differs in that the
Exot ech appears to have about a 0.05-um shift towards the shorter wavel engths.
The significance (or nonsignificance) of the different band wi dths becones evi dent
when rel ative response to spectra is cal cul ated.

Fiel d spectrometer data: In early April 1979, a team from NASA/ GSFC® brought
a field spectroneter to Phoenix to gather spectra over wheat plots at the U S.
Wat er Conservation Laboratory. Measurenments were nmade over three plots, each plot
contai ning four subplots. The three plots had been planted at different tine in-
tervals (Nov., Dec., Feb.), and the subplots received different irrigation treat-
ments. Spectra for 2 of the 12 subplots are shown in figures 34 and 35. In figure
34, the data are for a well-watered plot planted in

SE. Chappel |l e headed the team and provi ded the spectroneter data.
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Figure 3l.--Relative response functions for the Mark Il 3-band radi oneter.

Decenber 1978. The plants had just begun headi ng and covered about 95 percent of

the soil. The plants were nostly green with only a very few brown | eaves showi ng.
Fi gure 35 shows spectra for a plot planted in February 1979. At the tine of nea-

surenent, the plants had not yet headed and covered about 40 percent of the soil

In addition to late planting, this plot received fewer than the opti num nunber of
irrigations.

Digitized spectroneter data were interpolated to yield values at every
nanoneter (1/1000 of a microneter). Response functions were digitized at each
nanoneter, and the product of the response function and the spectra at each
nanoneter within a band width was fornmed and sunmed to yield a spectral response
val ue for each waveband on each of the four radioneters for spectra fromthe 12
wheat subpl ots. The absol ute value of the sumation is not of interest, but the
rel ati ve magni tudes anong bands and instrunents allow a conparison to be nmade of
t he various bands.

The digital count range for MSS4, MSS5, and MSS6 on LANDSAT is 0 to 127. For
MBS7, the range is 0 to 63. To nake our results somewhat conparable to LANDSAT,
we divided the summed val ues of response tinmes spectra by two. W will not con-
sider atnospheric effects on radiative transnmission to satellite altitudes in
this discussion. Atnospheric effects have been treated by Turner et al. (1971),
Turner and Spencer (1972), and Richardson et al. (1980).
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Figure 32.--Rel ative response functions for the Exotech 4-band radi oneter. The
synbols are for band identification purposes and do not inply data points.

Conpari son of bands anong instruments: We chose the Mark Il instrument to
conmpare with the other three radionmeters in the followi ng figures. A high corre-
| ation coefficient indicates that one instrunent has no advantage over the other
for obtaining informati on about vegetation conditions. A low coefficient indi-
cates that one band may contain information not shown by the other.

Fi gure 36 conpares the red band of the Mark Il with the red band of the PMI
2-band instrument. As one woul d expect fromthe close alinenent of the response
functions (figs. 30 and 31), the correlation between the two instruments is very
good, with an r? = 0.999. The red band of Mark Il is conpared with the M5S4 and
MBS5 of the Exotech in figure 37. A relatively high correlation exists between
the bands, especially with MSS5, which includes the red region. Sinilar good cor-
relations exist between the Mark Il and the LANDSAT MSS4 and MSS5 as shown in
figure 38

Fi gures 39, 40, and 41 conpare the Mark It IR band with the PMI 2-band IR
and the Exotech and LANDSAT MSS6 and MSS7 bands. Although sone difference in band
wi dt hs was noted for the PMI and Mark Il, the IR bands are correlated with a co-
efficient of 0.996, indicating that the band width is not too critical if it is

at a | onger wavel ength than about 0.75 um (fig. 34). This statenent gains
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Figure 33.--Relative response functions for the LANDSAT-1 nulti spectral scanner
The synbols are for band identification purposes and do not inply data points.

addi tional support fromdata in figures 40 and 41 where the Exotech and LANDSAT
MBS7 bands are related to the Mark Il IR band with a correl ation coefficient of
0.995 and 0.991, respectively. MS6, which enconpasses the abrupt shift from | ow
to high reflectance over vegetation, shows much | ess correlation, having coeffi-
cients of 0.768 and 0. 753.

We concl ude, fromthe above discussion, that the red bands of the Mark Il and
PMI' 2-band and the MSS5 of the Exotech and LANDSAT will yield equally good results
over a wheat crop. Also, the Mark Il and PMI IR bands and MsS7 of the Exotech and
LANDSAT will give equally good results.

The wat er absorption band of the Mark Il instrument has no conparabl e bands
on the other three instrunents. Figure 42 shows that it is not correlated with
the IR band, but, as shown in figure 43, it is reasonably well correlated with the
red band. Correlations (r? made between all pairs of the 13 bands on the four
instruments are presented in table 3. The data show that the water absorption band
is reasonably well correlated with the MSS4 bands on the Exotech and LANDSAT
(0.935 and 0.934), and slightly less well correlated with the MSS5 bands (0.92).
The red bands on the PMI and the Mark Il have coefficients of 0.896 and
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Fi gure 34.--Spectrum obtai ned over a well-watered wheat plot planted i n Decenber
1978 at Phoeni x (data furnished by E. Chappelle, NASA/ GSFC). Plant cover was
about 95 percent.

0.901, respectively. These correlations raise the question: How nuch additiona
information is contained in the water absorption band that is not in the visible
green and red bands? W pose this only as a question since we are working with a

limted data set. Extensive field use of the Mark Il should show the val ue of
t hi s band.
Conpari son of vegetation indices anong instrunments: |In addition to com

paring individual bands, it is of interest to conpare vegetation indices as would
be obtained over the sane target with different instrunents. The IR/red ratios
for the Mark Il and the MSS7/MsSS5 ratios (also IR'red but wider band w dths) for
the Exotech were calculated and plotted in figure 44. Linear regression anal yses
indicate the two ratios are linearly related with a correlation coefficient of
0.996. W conclude that over a range of vegetation densities, from about 40 per-
cent to 100 percent cover, the ratio data fromthe two instrunents could be
readily conpared using a linear transformation; however, for sparse vegetation
and bare soils the data may not fit the linear function given in figure 44.
Clarification of the relation for sparsely covered soils awaits nore experinenta
dat a.
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Fi gure 35.--Spectrum obtai ned over a water stressed wheat plot planted in Febru-
ary 1979 at Phoenix (data furnished by E. Chappelle, NASA/ CSFC). Pl ant cover
was about 40 percent.

The ND's for the two instrunents are shown in figure 45. Over the range of
pl ant densities shown here, the relationship is linear with an r? value of 0.999;
however, the nonzero intercept indicates that the relation may not be |linear over
the entire range fromO percent to 100 percent plant cover

The water absorption band: The water absorption band is sensitive to water
in plants and exhibits the greatest contrast between green vegetation and bare
soil (Learner et al. 1978). This sensitivity to water could greatly inprove our
ability to detect the presence of water stress and other factors that inhibit
wat er uptake by plants. Wth a nunber of radioneters in this band, data should
soon be available to evaluate its potential. Sone questions to be answered are:
Shoul d this band be ratioed with another? If so, which one? What form of vegeta-
tion indices can enhance information in this band? Must we use reflectances or
can radi ances be readily corrected for sun angl e?

Answers to the above and other questions await data fromfield experinments.
The information gai ned by hand-hel d radi ometers should prove to be a val uabl e
guide to the interpretation of Thematic Mapper data that should be avail abl e
after the launch of LANDSAT D.
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RED BAND OF PMT 2-BAND

RED BAND OfF MARK II

Figure 36.--A conparison of the red bands on the Mark Il and the PMI 2-band. Data are
for 12 wheat subplots.

EXOTECH BANDS 4 & S

o s N " 2 A A o

RED BAND OF MARK II

Figure 37.--A conparison of the red bands on the Mark Il with MSS4 and MSS5 of
the Exotech. Data are for 12 wheat subplots.

CALCULATI ON OF APPROXI MATE LOCAL STANDARD Tl ME FOR LANDSAT OVERPASSES

LANDSAT satellites were launched in sun synchronous orbits inclined 99° from
the Equator, causing the satellites to cross the United States in a south-
sout hwestwardly direction, crossing the Equator nomi nally at 0930 |ocal civil
time in descendi ng node. Precise know edge of the |ocal standard tinme that the
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RED BAND OF MARK II

Figure 38.--A conparison of the red bands on the Mark Il with MSS4 and MSS5
of LANDSAT-1. Data are for 12 wheat subpl ots.
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IR BAND OF MARK II

Figure 39 .--A conparison of the IR band on the Mark Il with the IR band on the
PMI 2-band. Data are for 12 wheat plots.

satellite will overfly particular sites in the United States is inportant for

pl anni ng experinents in which aircraft and ground data are to be a simultaneously
obt ai ned. Duggin (1977) and Jackson et al. (1979) have shown that spectral data
taken over row crops are affected by the solar elevation, and hence tine of day,
necessitating coincident tinmes for satellite-aircraft and ground data coll ection
to mnimze discrepancies caused by sol ar el evation changes.
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IR BAND OF MARK II

Figure 40.--Correlation of the IR band of the Mark Il with MSS6 and MSS7 of the
Exotech. Data are for 12 wheat subplots.

LANDSAT BANDS 6 & 7

IR BAND OF MARK II

Figure 4l .--A conparison of the IR band of the Mark Il with MSS6 and MSS7
of LANDSAT-1. Data are for 12 wheat subpl ots.

Time: Tinme is calculated fromthe Geenwi ch neridian (zero |ongitude).
There are three commonly used ways of reporting tinme: standard time, civil tine,
and solar tinme. Acivil day is defined as precisely 24 hours. Thus, for each de-
gree of longitude, the tine change is 1440 m n/360° = 4 m n/degree. For any par-
ticular west longitude, the local civil tinme (LCT) is less than Geenwi ch tine by
4 m n/ degree.
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Fi gure 42.--A conparison of the water absorption and the IR bands of the Mark
Il. Data are for 12 wheat subplots.
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Fi gure 43.--A conparison of the water absorption and the red bands of the Mark
Il. Data are for 12 wheat subplots.

The i nconveni ence of using LCT for everyday use is readily apparent when
one considers that every location in east-west directions has a different tine.
Thus, tinme zones have been defined with the LCT of a designated neridian near the
center of the zone used for the entire zone. For the United States, these neridi-
ans are 75° W longitude (Eastern standard tine), 90° W |ongitude (Central stan-
dard tine), 105° W |ongitude (Mountain standard tine), and 120° W | ongitude
(Pacific standard tine). Note that the difference between the neridians is 15°
| ongi tude or one hour of civil tine.
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Figure 44.--A conparison of the IR/red ratios for the Mark Il and the Exotech
for plant cover ranging from40 to 100 percent.

Figure 45.--A conparison of the normalized differences for the Exotech MSS5 and
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MBS7 bands and the Mark Il IR and red bands for plant cover ranging from40 to

100 percent.

At a particular longitude (x), the difference between the LCT and the | oca
standard tinme is:

AT (longitude) = 4(longitude of standard nmeridian in time zone C x) (33)
and the LCT at X is

LCT{X} = LCT(M} + AT [34)
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where M designates the standard neridian within the time zone, and LCT(M repre-
sents the standard tine for that tinme zone.

For exanpl e, Phoenix is at about 112° W

LCT(Phoenix) = LCT (105" W.) + & (105 - 112) (35)
= LeT (105" W.) - 28 min

Since LCT (105° W) is Muntain standard time (MST), it is 1132 MST in Phoeni x
when it is civil noon at 105° W Conversely, civil noon at Phoeni x occurs at 1228
hours.

Solar time, the time shown by a sundial, differs fromcivil tine by the equa-
tion of tinme (Threlkeld 1962). This difference is caused by irregularities in the
earth’s rotation, obliquity of the earth’s orbit, and other factors. Values for
the equation of time are given in table 4. These data, interpolated fromtable
14.2 of Threlkeld (1962), are for 1958. Threl kel d stated that, for practical pur-
poses, these values could be used for any year, and that for any one day the equa-
tion of time may be considered constant. Leap year causes only a small error. From
table 4, the equation of tine for 15 February is about mnus 14 mn and for 1
Novernber about plus 16 min. The value in table 4, for a particul ar day, added
al gebraically to LCT at the longitude of interested yields solar tinme. Thus, solar
time at Phoenix is LCT at 105° W minus 28 plus equation of time, and conversely,
the LCT at a particular solar tine is solar time plus 28 minus equation of tine.
As an exanpl e, solar noon at Phoenix on 15 February and 1 Novermber woul d be: 1200
+ 28 + 14 = 1242, and 1200 + 28 - 16 = 1212 MST, respectively.

LANDSAT overpass tinmes: The usual response to a query as to when LANDSAT
passes over is 0930. This is the nominal time that LANDSAT crosses the Equator and
is given in terns of LCT. Sone literature may refer to the LCT as the | ocal nean
time. If the orbits were perfectly sun synchronous, the equatorial crossing tine
(ECT) would be constant at near the nom nal 0930; however, the three LANDSAT sat -
ellites have been slightly nonsun synchronous, and the ECT's have changed over the
years (fig. 46). The ECT for LANDSAT-1 changed about 1 hour and 45 min during 6
years of operation. LANDSAT-2 underwent an orbit adjust during the period 2 No-
venber 1977 to 2 February 1978. LANDSAT-3 appears to be closest to a sun synchro-
nous orbit of the three satellites.

The ECT versus tine path can be closely approximted with a quadratic equa-
tion. For LANDSAT-3, the equation is

ECT = 9,47558 + 3.628% x 10~% T - 5.2089) x 10-7 1 {36)

where T is the tinme in consecutive days since 1 January 1978. Equation 36 wll
approxi mate the ECT for LANDSAT-3 only until orbital adjustnents are nade. Data
are periodically available fromthe GSFC. |If extensive experinents are planned in
whi ch accurate LANDSAT crossover tinmes are needed, consult w th NASA.

Since the satellites cross the United States in a south-southwesterly direc-
tion, the orbital paths will cross a specific U S. location at LCT sonme mi nutes
ahead of the local civil ECT. The orbital path will cross several degrees of |on-
gitude in traveling froma point over the United States to a point over
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interpolated froma table given by Threl kel d (1962)

Table 4.--Daily (Julian Day) values for the equation of tine (EQTMin
m nut es)
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Figure 46.--Equatorial crossing tine (local civil or mean tine) for the three
LANDSAT satellites. The | ast data shown are for 23 July 1979. (Data furnished
by John Price, NASA/ GSFC).

the Equator. The exact number of degrees displacenment depends upon the |atitudi-
nal distance of the ground site of interest fromthe equator. Figure 47 shows the
time difference that adjusts the ECT to a particular latitude in the northern
hem sphere. These data account for the |ongitudi nal change. For Phoeni x (33026’
N, 112701 W), the tine difference is about 21 min, assuming that the orbital

path is directly above Phoeni x. An approxi mate equation for this tine difference
is

AT (latitude) = 0.433098 L + 6.58729 x 103 L2 (37

where AT (latitude) is in mnutes and L is in degrees north |atitude.

To calculate the local standard tinme for a LANDSAT-3 overpass for a
particul ar latitude and | ongitude:

(a)Use equation 36 to estimate the ECT for the particul ar day.
(b)Use equation 37 to estimate the AT (latitude) adjustnment (in mnutes).
(c)Cal cul ate AT (longitude) fromequation 33 (in mnutes).
(d)Add (a) + (b) + (c). 0
5
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Figure 47.--The tine difference in mnutes between the local civil tine at a
particular north latitude and the local civil time of equatorial crossing
(data furnished by NASA/ GSFC).

Exanpl e: The LANDSAT-3 overpass time for 18 July 1979 on the nearest orbital
track over Phoeni x was

(a) 18 July 1979 was day 365 + 199 = 564. Using equation 36,
ECT = 9.515 hours (0931).

(b) AT (330 lat.) = 21.46 mn (round to 21).

(c) AT (1120 long.) = 28 nmin.

(d) 0931 + 21 min + 28 nmin = 1020 MBT.

The val ue of 1020 will decrease slightly with tine until the orbit is
adjusted. If no orbital adjustnents are made, on 1 January 1981, the overpass
time will be at approxinmately 1004 MST.

LANDSAT orbit tracks are approximately 1.430 of |ongitude apart. This
translates to 5.7 min. Therefore, the overpass time is bracketed by 2.9 mn
to allow for the fact that the satellite may not be directly overhead. Maps
showi ng the orbit path are avail able from NASA. These maps al so give the date
of overpass. LANDSAT s repeat cycle is 18 days.

| NFRARED THERMOMETERS

I R thermoneters provide a noncontact neans for neasuring the apparent
emitted thermal radiation froman object. |If the em ssivity®of the object is
known (the em ssivity of npbst vegetation and soil surfaces is between 0.93 and

SEm ssivity refers to the relative efficiency with which an object enits
radiation. Swain and Davis (1978) define it as "the ratio of the radiation
given off by a surface to the radiation given off by a blackbody at the sane
tenperature; a blackbody has an emissivity of 1, other objects between 0 and
1.
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0.97, for conplex canopy structures it approaches 1.0), the absolute
tenperature can then be determ ned. Scanning IR thernoneters nounted in
aircraft and satellite platforns are able to collect data over broad
regi ons, while portabl e hand-held devices can be used on the ground to
provide tenperatures of nore linted, identified targets. Two nmjor
advantages of IR thernoneters are their capability to rapidly determ ne
tenperatures renotely and nondestructively and to integrate tenperatures
areally over the entire field of view, thus avoiding single point
measur enent and the associ ated sanpling probl ens.

Many types of hand-held IR thernoneters are avail able. The February
1980 i ssue of "Measurenents and Control" gives an extensive |ist of
commercially available instruments, with specifications, prices, and
manuf act urer’ s addr esses.

Field use: To obtain representative canopy tenperatures, it is
desirable to point the IR thernoneter so that a nmaxi num anmount of
vegetation is viewed by the sensor. This can be acconplished by view ng the
target obliquely and at right angles to any structures that m ght be
present in the field. The target area viewed by a circular field-of-view
i nstrument when depl oyed in an oblique fashion is teardrop shaped, and the
upper edge of the target is nuch higher than one night intuitively expect
(especially with larger, i.e., 200, field-of- viewlenses). W usually take
readi ngs |l ooking in several different directions to mnimze effects that
i nsol ation angle and view ng azinuth angle may have on apparent target
tenperature. Qur routine nmeasurenents are taken 1 to 2 hours follow ng
sol ar noon, a tinme when a nmaxi num di fference between canopy and air
tenperature usually occurs. Routine weather observations, i.e., cloud
cover, w ndspeed, precipitation, target conditions, and wet and dry bulb
air tenperatures, are recorded whenever canopy tenperatures are neasured.

Calibrations: Experience has shown us that the readout tenperature on
nost factory calibrated instrunents is not an accurate representation of
appar ent bl ackbody tenperatures. This probably results fromthe fact that
calibration is a tedious and difficult procedure for which good standards
have not yet been devised and al so because the calibrations of each
instrument tend to drift with age of the electronics, the sensors, and the
wear and tear of field usage. For these reasons, we calibrate al
instruments as precisely as possibl e under standardi zed conditions using a
preci si on bl ackbody calibration device. Such calibrations are routinely
carried out at 2- to 4-week intervals and whenever an instrument is
suspected to be in error. Care is taken to calibrate instrunents as cl ose
as possible to the manner in which they are used in the field. For exanple,
both the PRT-5 and Tel atenp are calibrated on battery rather than line
power because they are rarely used in the field on line power. Since the
calibrations of our IR thernometers are usually linear, it is a sinple
matter to arrive at corrected apparent tenperatures in the field either
with a portable calculator or a calibration curve, or after collecting
i nstrument readout data, to nake the corrections on a conputer

To keep constant check on thernoneters between calibrations, we have
found it helpful to institute a two-tenperature calibration check each tinme
the instrunments are used. W suspended a bl ack cavity into an inexpensive
circulating water bath and then sinmultaneously recorded the tenperature of
the water with a nmercury-in-glass thernoneter and the tenperature of the
bl ack cavity with the IR thernonmeter. A heater in the water bath was used
to raise the tenperature
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of the water by 1000 to 150C so that about 20 min later, after canopy
tenperatures were taken, a second calibration check at the higher
tenperature could be made. Any deviation fromthe expected is an indication
that the IR thernoneter needs recalibration. Certain manufacturers will
provi de a bl ack-body plate with a thernonmeter inbedded in it to perform
these daily checks. Used in a fairly stable environnment with no direct
insolation falling on the plate, these will probably provide an excell ent
way to check the daily performance of the IR thernonmeter. W cannot
overstress the inmportance of good calibration and regular daily checks.

Precautions: W have noted the follow ng precautions in the use of IR
thermoneters, which we share with other users with the hope it will spare
them having to discover it for thensel ves.

a) Tenperature equilibriumand warm up periods. Laboratory
calibrations have determ ned that the nost reliable data can be expected
when the instruments have been equilibrated out-of-doors in the shade for
about 30 min prior to the readings. This allows the electronics and the
housing of the instrument to cone to equilibriumw th the air tenperature
and generally gives nore stable readings. In addition, the air-tenperature
sensor provided on the AG42 will not give correct target-air differentials
unless this procedure is followed. Taking the IR thernmoneter out of a air-
conditioned pickup and i mediately using it in 1100F air tenperatures is
not suggested when target-air differentials are required. Al so, the target-
air differential nust be calibrated in a known tenperature room before the
data in that node can be trusted, because the factory calibration of the
therm stor air temperature device may be in error. The PRT-5 requires an
initial warmup so that the internal reference tenperature will heat up
sufficiently and stabilize. The AG 42 does not require "on" time to warm
up. The instrument "cones to life" instantly upon denmand.

b) Operation in a "noisy" environnent. Instruments should not be
calibrated or operated in any area that m ght be considered noisy froman
el ectrical signal standpoint. W have found that stray signals from
el ectroni c devices and CB radi os can change the output of some instrunents.

c) Operation in dusty environnent. This should be avoi ded when
possi bl e. Dust should not be allowed to accunul ate on the optics of the
instruments. It can be renoved by blasts of Dust Of, a commmercially
avai | abl e product used in the photography industry.

Caution: Do not use Dust Of prior to or during any neasurenents or
calibrations. The refrigerant propellant 2,2-4 dichloro-difluoroethane
used in that product is an effective filter in a portion of the thernal
spectrum It will alter apparent tenperatures significantly, especially if
the target tenperature is different fromair tenperature. After a bl ast of
Dust O f, we found that apparent tenperature of a target was 360IC when its
true tenperature was 400C and the air tenperature was 250C. W found this
ef fect persists much | onger than expected (15 to 30 min).

d) M scell aneous precautions and procedures. Do not allow instrunents
to get wet or allow water to enter the lens areas. Leave the instrunments on
charge when they are not in use. Both the PRT-5 and Tel atenp have trickle
charging circuits so that the batteries cannot be overcharged. Do not point
the sensor at the sun
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Due to the tine constants of the AG 42, nore tine (~5 sec) nust be given for
the thernoneter to reach a stable reading when targets alternate between
very hot soil to cool plants than if the targets are consistently within the
sanme tenperature range

The AG 42 has the capability of neasuring not only the target surface
tenperature but also the target-air tenperature differential. This latter
paraneter is obtained by nerely pulling the trigger on the gun when pointing
it at the surface of interest. A few precautions are in order in using this
capability. The therm stor, which senses air tenperatures, is housed in the
front part of the gun and consequently is slightly influenced by the
surrounding netal. Equilibrating the gun out-of-doors for about 30 mn tends
to mninmze the influence of the housing on the reading of the thernmi stor
however, we have found in sone of our |aboratory tests that the therm stor
may actually be reading about a degree |ower than the anbient air
tenperature. As a consequence, a separate calibration should be nmade if the
AG 42 is to be used in the target- air differential node.

We have observed that it is not possible to get an accurate reading while
wal king with the PRT-5 due to the needle fluctuations of the anal og readout.

Shade nmust be provided for the AG 42 digital readout. The red LED displ ay
washes out in normal daylight. Shading can be effected by slipping the

| eat her holster or a length of 3-inch-dianeter black PVC over the rear of
t he gun.

A hel pful exercise for each operator to go through before using an IR
thermometer is to deternine its field of view Munt the instrument on a
tripod at about the same height and angle that would be used in the field
when | ooking at a crop. Wile one person observes the readout, another
person should be on one side of the estimated field of viewwith a snall
piece of alumnumfoil. Place the foil on the ground and nove it towards the
field of view. The operator can tell fromthe output of the IR thernoneter
when the foil cones within the field of view as the tenperature will drop
consi derably. (Al um numhas an em ssivity of ~0.08.) Place a stake at this
particul ar point tangent to the field of view. The foil nover can go around
the field of view of the instrunment placing stakes and can mark out fairly
wel |l the area seen by the instrunent when held in the nornmal oblique
position. The sane procedure can be used if the gun is to be held | ooking
strai ght down.

PHOTOGRAPHIC DETERMINATION OF CANOPY COVER

An estinmate of percent plant canopy cover is useful when interpreting
renotely sensed neasurenents. It is inportant to know what proportion of the
target area viewed by a radioneter is green canopy and how nuch is bare soi
or senescent brown or yellow | eaves. W have found that color slides taken
at weekly intervals throughout the growi ng season are sufficient to quantify
these cover rel ationships. The technique is inexpensive, fairly rapid, and
yi el ds reproducible results. In addition to providing a neans for
quantifying cover relationships in situ, photographs are invaluable for
docunenting the general growth patterns and vigor of the plants, deternining
phenol ogi cal grow h stages, and docunenting canopy architecture, | odging,
and visual synptons of nutrient
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deficiency, disease, and insect damage. In sone instances, it is possible
to nonitor a plant’s short-termresponse to water stress such as | eaf
rolling or curling--a condition that can not be easily docunented by ot her
measur enent techni ques.

We take two nadir-oriented and one oblique photograph per plot each week.
The nadir-oriented pictures are taken | ooking straight dowmn at the sane
target areas each time froma height of about 2 m Photographs are normally
taken at 1/60 sec using ASA 64 color slide filmand focusing approxi mtely
one-third of the way into the canopy. The photographs are usually taken
around sol ar-noon so that the depth of light penetration into the canopy is
near maxi mum and the high light levels result in the greatest possible
depth of field. W use an autonatic exposure, notor-driven, 35-nmm canera,
equi pped with a 50-mm focal length, f. 1.8 lens, which has a horizonta
field-of-view of about 4600. It also has a data back, which enabl es each
frame to be labeled with a scene identification code or the cal endar date.
Resul tant slides are projected onto a 50C by 70-cm screen of white gridded
post erboard on which 200 dots were randomy positioned. Each dot is
classified according to the type of target it "hits." The grid network on
the screen reduces the chances of double counting a particul ar dot.
Tabulation is facilitated by a mechani cal counter. The categories we use to
classify hits are bare soil, sunlit and shaded; green |eaves, sunlit and
shaded; brown |eaves, sunlit and shaded; heads, sunlit and shaded; awes;
uncl assi fi ed shadow, and comments. Exanpl es of percent green cover, percent
brown cover, and percent bare soil data are given in figure 48. The data
show the type of results one m ght expect from wheat canopies planted at
different times of the year.

There is a systematic bias introduced whenever a lens with a field-of-view
greater than zero is used. Al though w de-angle |enses may seem attractive
because of the relatively larger target area that can be viewed, their use
shoul d be avoided. Plants at the perimeter of inmages taken with w de-angle
Il enses (i.e., focal length <50 mm) will be viewed obliquely and thus
present nore cross-sectional percent cover than would occur if one were to
| ook straight down on the images. This is the same problemthat exists with
radio nmeters as was discussed in section 5. The data presented in figure 48
have not been corrected for field-of-viewinduced bias; however, we
attenpted to nmininize this error by projecting the slides so that only the
center two-thirds of the photograph is analyzed. WIlianms (1979) presented
an error analysis of the photographic technique for measuring percent
vegetative cover.

STANDARDIZATION OF MEASUREMENTS AND RECORDING OF ENVIRONMENTAL
CONDITIONS

During the American Society of Agronony nmeetings at Ft. Collins, Colo.
(August 1979), the yield nodeling group met to devel op a set of standards
to strive for uniformity in data collection with hand-held radi oneters.
Armand Bauer collected the various comrents and put together an excellent
set of instructions. The following is taken directly fromBauer’s letter of
13 August

1979.

1. Maintain two bare soil areas as a reference in the field in which
measurenents are made. One should be kept "natural" (exposed to
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Figure 8.--Fraction of bare soil, green bionmass, and brown biomass for three

wheat plots over a grow ng season.

air) and other made wet before nmeasurenent is made. Surface should be snooth
or shoul d have the sane surface roughness as the field in which neasurenents
are made. If tillage is a variable, maintain areas of surface roughness
included in the experinent.

2. Be consistent in the tinme of day that reflection neasurenents are made

a. Record the exact |ocation of each site. Specify by latitude and
| ongi t ude.

b. Record tine of day neasurenents are nmade (begin, end). Solar noon
.one hour is preferred.

c. Daily measurenents are preferred - best results usually are obtained
on sunny days.

d. Keep a log of prevailing weather conditions during tine of
measur ement .

e. Record the row direction.

. Caution

(1) Onset of stress, or stress affects reflectance.

(2) Wnd increases the "error" in data.

(3) Avoid days with high cirrus clouds; days as free of clouds as
possi bl e are preferred.

—
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A

Nunber of neasurenents per plot.

a.

b

Depends on growt h stage, but a mnimmof six per plot is
recomended. Don't stand in one plot to nake these. Take the first
one over the row (eyeballed) - take step - take reading - take step -
t ake reading, etc.

Ray Jackson can be contacted if nore detailed information is needed.

Hei ght above crop that radionmeter is to be held.

Recommend a mini nrum of one meter above top of crop canopy. Precision
is greater with heights above one neter.

Orientation while holding instrunment when nmeasurenents are nade.

a.

b

C.

Whenever possible, stand to north and extend hand-hel d radi o neter
toward sout h.

Avoi d neasurenents in shadows cast by reader or by other extraneous
sour ces.

Be consistent.

I nstrunment bearer should avoid wearing |ight-colored clothes; avoid
white shoes or bare feet.

BaSO, plates for calibration will be supplied with the instrunent. Avoid
scratching, abrasion, etc. Keep protected fromel enents of weather when
not in use. Insects (especially grasshoppers) are "bad news" if they
crawl on the plates.

Renenber to maintain a | og of "standardi zed" plant data. (Percent cover
etc.; take pictures when possible.)

Keep track of everything you do. This may provide clues to inprovenent
in use of the instrunent.

PROCEDURES IN SUPPORT OF HAND-HELD RADIOMETER OBSERVATIONS

At the SEA/AR Yield Group neeting in August 1979 at Ft. Collins, Colo.
Craig Wegand was asked to provide information in addition to that contained in
Armand Bauer’'s letter (previous section). Wegand's material is presented in
this section.

Hand- hel d radi onet er neasurenents

1.

Record the tine of each plot or treatnent observations to the nearest 5
m nutes (ideally a daily check of the National Bureau of Standards,
Greenwich neridian time fromradio stati on WW woul d be hel pful).

Soi | background show ng through the canopy will affect readings.
Therefore, (a) renove plants froma small area (in plots or turn-row)
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that are tilled the sane as the area where canopy neasurenents are
made, and nake sanme spectral observations as over canopies, (b) note
whet her soil surface is visibly wet or dry at tinme of observations,
and (c) work, if can, in fields that have been soil mapped by SCS
and superinpose this informati on on experinental areas used, and (d)
graph bare soil readings along with canopy readings as a f(tine).
The spectral observations for the canopy variabl es should
extrapolate to the soil background observation at zero |eaf area

i ndex, bionass or plant height if surface conditions of the soil are
the sane at bare soil sites as at the cropped sites.

The proportion of the incident sunlight that is specul ar versus

di ffuse on a given nmeasurenent day may prove to be a usefu
characterizer of atmospheric condition. Thus, it may prove useful to
obt ai n radi ance neasurenments of sel ected canopy sites, the reference
panel, and the bare soil areas when shaded and unshaded. Shadi ng can
be acconplished by fixing a piece of plywod, sheet alum num or
even cardboard to a pole and shading the area where nmeasurenents are
made. Size of the shaded area should be such that the field of view
of the hand-held radioneter is conpletely filled by shadow. A

m ni mum si ze shade i s probably about twice the size of the

refl ectance standard; it should be held high enough above the target
that 10 percent or less of the sky is obscured.

a. The shadowed observations yield infornmation on the signal expected
fromthe shadows within the canopies. (The major conponents of the
spectral signals are sunlit vegetation, sunlit soil, and shadowed
| eaves and soil.)

b. Note: Irradiance is a neasure of heni spherical downwelling energy
influx; it is usually measured with the sensor pointing upward
with a cosine response diffuser over the sensor. Radiance
nmeasurenents are made | ooki ng downward wi th an instrument that has
a small solid angle field of view (say from2 to 20 degrees) such
as the hand- hel d radi oneters have. (See attached reference on
term nol ogy.) The radi ance neasurenent for the sunlit reference
panel is proportional to the specul ar solar plus diffuse sky
i rradi ance. The shaded panel reading represents the diffuse (or
sky) irradiance. Subtraction of the shaded reading fromthe sunlit
readi ng yields the specul ar irradi ance conponent of the incident
flux.

Cauti on: For irradiance to be inferred fromradi ance
nmeasurenents the surfaces have to be Lanbertian (perfect
di ffusers). The BaSQ, panel, plant |eaves and soil are not
perfectly Lanbertian but cone fairly close.

Al t hough signals will be | ower, bidirectional reflectance theory
such as Suits’' indicates that observati ons under overcast conditions
are neani ngf ul

Caution: Lower signals are subject to greater influence by the sane
noi se than full sun readi ngs woul d be.

The refl ectance standard nmust be | evel, not obscured fromthe sky by
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pl ants or other surroundi ng objects - such as the observer - and the
radi omet er should be perpendicular to it. The sane holds for plant
canopy observati ons.

B. Plant observations

1

Table 5 gives the sinple correlati on between various spectral intervals
and percent ground cover, |eaf area index, fresh bionmass, dry bionmass, and
pl ant water content of spring wheat (Aldrich et al. 1978). In the visible
(0.40 to 0.74 un) and water absorption bands (1.3 to 2.5 um the
correlations are negative because plants are obscuring the nore reflective
soi | background. In these wavel engths, plant |eaves are efficient
absorbers - by pignments and water, respectively. Wthin the reflective
infrared (0.74 to 1.3 un) wavelength interval, the correlations are
positive due to multiple transm ssion and refl ectance of inpinging |ight
by the translucent |eaves and | eaf |ayers.

Pl ant hei ght should al so be neasured routinely. It is an easy, non-
destructive neasurenent that can be taken at sites of repetitive spectra
measurenents. It will differ somewhat fromyear to year for a given
species at a location just as yields and the other plant paraneters do.

Table 5.--The linear correlations (r) of the proposed thematic mapper and LANDSAT
MSS wavel ength bands with percent soil cover, leaf area index, fresh and dry
bi omass, and plant water content of spring wheat (from Aldrich et al. 1978)

Percent Leaf Plant
Wavelength soil area Fresh Dry water
band (um) cover index biomass biomass content
Thematic Mapper:
0.45-0.52 -0.79 -0.75 -0.69 -0.54 -0.74
0.52-0.60 - .78 - .74 = .74 - .59 - .78
0.63-0.69 - .84 - .83 - .67 - .48 - .75
0.76-0.90 .91 .89 .68 A48 .76
1.55-1.75 - .81 - .76 - .76 - .61 - .80
2.08-2.35 - .89 - .81 - .81 - .66 - .B5
LANDSAT MSS:
0.5-0.6 - .79 - .75 - .74 - .59 - .78
0.6-0.7 - .B4 - .82 - .68 - .49 - .76
0.7-0.8 .79 .B0 A7 .27 .55
0.8-1.1 .90 .87 .70 .32 717
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It can be neasured by sighting across the tops of plants to a meter stick
as distance ground to tip of uplifted |eaf (or inflorescence), or as

di stance fromground (or crown) to the uppernost leaf ligule (or collar)
that conpletely surrounds the stem or pseudostem Unfortunately, there
seens to be no standardization

3. Plant popul ation per unit ground area is useful. It need be obtained only
once - when the stand is firnly established.

Caution: |If sorghumor corn, e.g., are planted in a "clunsy" pattern, sone
plants will be puny and barren. Thus even in nontillering crops, nunber of
plants present is not necessarily synonynous with the nunber of heads or
ears produced per unit ground area.

4. Episodic events, such as leaf or stemrust infestation, foliage-danmaging
freezes, insect infestations sufficient to damage the plants or | ower
yield, hot winds, etc., need to be noted.

5. Phenol ogi ¢ events during plant devel opment, such as those in the Feekes
scale for small grains, should be recorded.

C. \Wather data
Measure and record the foll owi ng when feasible:
1. Maxi num and mini mum daily tenperature.

2. Insolation.
3. Daily precipitation

D. Sampling
1. Al observations should be representative of the field or plot being ob-
served.
a. ldeally spectral observations should enconpass the area occupi ed by at

| east three rows and mddles. Not so difficult for snall grains, but
nore of a problem for corn, soybeans, cotton, etc. Alternative here may
be a permanently positioned pipe that the pole supporting the radioneter
can be inserted into. Then, length of the arm supporting the radioneter
beconmes a design consideration also. If a pernmanently positioned pipe is
used, and the arm supporting the radionmeter is the row w dth, beginning
measurenents over the row the permanent pipe is in and continuing every
451 around the circle formed by pivoting the armyields four
observati ons over rows and four over niddles between rows. Those two
sets will differ until the | eaves overlap in the middles. These readi ngs
made | ooking into the sun could differ fromthose | ooking with the sun
if proportion of sunlit |eaves versus shadow differ in the two | ook
directions.

b. Phenol ogi cal nmeasurenents on four or five representative plants that
can be averaged have been adequate in ny experience. Heading, anthesis,
etc., however, are often based on their observation on half the plants
or tillers present, so that subjective judgenment is al nbost al ways
i nvol ved.
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c. There are statistical guides such as the follow ng for determ ning
nunber of observations or sanples to take: The nunber of sanples
required to estimate the true plot mean within 10 percent is given by

t2 s2

d
wher ei n,
t is the abscissa of the normal curve which cuts off an area o at the

tails (inthis case o« = 0.05, t2 ~ 4), S? is the variance,
dis the amount of error allowed, (0.10) (mean).

d. Experiments should be restricted to what can be done well. A lot of
poorly docunented treatnents are | ess valuable than a restricted
nunber that are nore adequately characterized. (Small is beautiful.)

E. G ound phot ography
See PHOTOGRAPHI C DETERM NATI ON OF CANOPY COVER

F. Term nol ogy

See p. 58-63, Vol. |, "Manual of Renote Sensing,'
Phot ogranmmetry, Falls Church, Va. 1975.
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