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SUMIARY
Chapter I1--APPLICATIONS

Use of Apcllo 9 50-65 Experiment Color Recombinations for Soil Survey and
Agricultural Feafure Studies.

Color recombination imagery of the Southeast Texas Gulf Coast areas,
provided by Long Island University under contract with NASA, Houston, was
studied for agricultural features of Interest, namely soil associations,
bare flelds, cropped fields, and water bodies, The agreement was good
between soil associations evident on the color recombined SO-65 imagery and
generalized county soil surveys, More scil associations were general ly
identified in the maps Than could be discerned on the space imagery and
transitions between associations were more subfle than Indicated on soil
survey maps. |T is concluded that space imagery would be a tremendpusly
useful tool in soil survey,

Where there were actively growing plants in cultivated fields or dense
natural vegetation, the very high refiectance of plants in The photographic
Infrared compared with the green and red spectral bands caused the infrared
sighature fo dominate the recombinations in which I+ was used. Provision
for differing the exposure Indices for vegetated versus barren targets in
future manned spacecraft photography is recommended.

The Influence of Ammonia |nduced Cellular Discoloration Within Coffon Leaves
(Gossypium hirsutum L.) EE_LighT Ref lectance, Transmittance and Absorptance.

Cellular discoloration within leaves has important practical implications.
The effect on decreasing reflectance (rounding of the plateau) within the wave-
length range from 700 to 1350 nm (nanometers), should be useful for detecting
non-visual symptoms of plant leaf stress by remote sensing applications. A
wavelength band of 700 to 900 nm may be best, since This contains the sharp
drop in reflectance from the plateau shoulder caused by chlorophyll absorptance.

Reflectance of Single Leaves and Field PloTs of Cycocel~treated Cotton
(Gossypium hirsutum L.) in Refation to Leat Strucfure.

The results of this experiment relate laboratory measurements of reflec-
t+ance and transmittance on cotton leaves from field plots to response of
Kodak Ektachrome Infrared zero film Imagery of the same plots. The effects
of chlorophyl| content and leaf intercellular space variations Induced by a
plant growth regulating chemical, Cycocel, on remote sensing imagery are
demonstrated.



Detection of Insect Activity on Cifrus Foliage With Aerial Infrared Color
Photography.

The detection of brown soft scale infestations of c¢itrus tress with Kodak
Ektachrome infrared aero fiim, type 8443, has been demonstrated. Texas citrus
mite and citrus rust mite were not detectable. Their presence may be detected
remotely by mulfispectral systems which have not yet been employed, or by more
careful use of the visible part of the spectrum where reflectance measurements
indicate their damage has i+s strongest influence on the spectral signature.

Early detection of Insect damage Is beneficial +o growers in itwo ways:
(1} spot spraying instead of general spraying reduces direct production cests,
and (2) condition of the trees and quality of the fruit can both be maintained.
Remote sensing survey methods are attractive fo research and regulatory agencies
because ground crew surveys are expensive and conseguently restrict surveys to
sample rather than popuiation surveys.

Detection of Foot Rot Disease of Grapefruit Trees With Infrared Color Film.

The light refiectance, transmitiance, and absorptance of leaves from the
foot-rot-affected trees and the nonaffected frees were measured at the
450 (blue), 550 (green), and 650 (red) nm wavelengths. Reflectance was
3.3, 31.4, and 23.9 percent higher; transmittance was 0.0, 16.5, and 8.3
percent higher; and, absorptance was 3.3, 47.9, and 32.2 percent lower for
the foot-rot-affected than for the nonaffected leaves, respectively, at
450, 550, and 650 nm.

On photographs taken with Kodak Ektachrome infrared aero film and a
Zeiss D light-orange fitter (approximate 100 percent absorption edge at
500 nm), the foot-rot-affected trees appeared as white images compared with
red images for unaffected trees. To the eye the affected trees were yellowish-
white whereas the healthy trees were green.

The results demenstrate that the incidence of advanced cases of grapefruit
tree foot rot could be readily detected by aerial survey.
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CHAPTER !1. (NTEPACTIOM OF LIGHT WITH PLANTS

In order to interpret remote sensing data acquired from altcraft and
spacecraft, understanding is required of the reflectance produced by
features on the surface of the earth. The specific problem in agriculture
is interpretation of reflectance produced by vegetation usually super-
imposed upon a soil background,

Inferaction of Isofropic Light with a Compact Plant Leaf.

Leaves constitute the bulk of +he piant mass which interacts with light.
Leaves of certain species such as corn are devoid of air spaces and are
termed compact leaves. In this contribution the reflectance and trans-
mittance of a typical compact plant leaf are derived from fundamental con-
siderations. A transparent ptate with rough plane-parailel surfaces is The
theoretical model used. The analysis yields the effective optical constants
of the corn leaf over the 500 to 2500 nm wavelength interval over which
experimental reflectance and transmittance data are available. The effecTive
index of refraction in the visible is consistent with the refractive index
of epicuticular vax and the effective absorption spectrum is evidently a
superposition of the absorption coefficients of chlorophyll and pure liquid
water. The model of a compact leaf used also permits one Fo calculate the
water covtent of the leaf from the reflectance and fransmittance measure—
ments.

Plant Canopy lrradiance Specified by the Duntley Equations.

The Duntley equations for propagation of specular light through a
diffusing medium have been generalized and interpreted to account for The
effect of sun angle on crop canopy irradiance. The Duntley opTical coeffi-
cients associated with the specular component of light were assumed fo vary
as the secant of the zenith angle to the sun., Generalization of the Duntley
relations was required in order to predict values of irradiance within the
canopy and to account for the effect of background reflectance from the
soil. Five Independent measurements of canopy irradiance suffice to determine
the Duntley parameters. Twenty-four measurements of irradiance within the
canopy were utilized, however, in a least-squares program to obtain the
best fit of the Duntley equations to tThe corn canopy. The equations fit the
experimental results within 3.2% for a period from noon to sundown. |f the
laboratory measurements of optical constants for a single corn leaf are used
as constraints, the Duntley equations fitT the data fo within 3.7%.

These resulfs show that it is possible to predict remote sensor response
to reflectance from vegetation over the 500 to 2500 nm wavelength interval,

Characterization of Incldent and Reflected Short Wavelength Radiation.

ISCO spectroradiometers which are responsive In the 450 to [550 nano-
meter wavelength Interval were mounted 7 meters above row crops; incident
solar radlation and reflectance from the integrated crop and soi! back-
ground were measured. for isolated measurements of the crop or the soil
The sensors were mounted 50 cm. above the surface being measured. In the
400 to 700 nm Interval soil has a higher reflectance than vegetation; in

Th?l700 to 1600 nm wavelength interval vegetation Is more reflective than
sol }.
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CHAPTER 11, RELATION OF LIGHT REFLECTANCE TO COTTON LEAF MATURITY

Relation of Light Reflectance to Cotton Leaf iaturity (Gossypium hirsutum L.

Plant leaves yield most of the signal measured by remote sensors in aircraft or
spacecraft viewing cropped fields. In this contribution the experimentaliy measured
change in diffuse light reflectance and +fransmittance of cotton leaves as they
mature and the theoretical and histological bases for the change are presented.

Cotton and most other crop plant leaves are very compact when they first unfoid.
As the leaves expand intercellular air spaces develop rapidly and the leaves thick-
en. |In this study, between 3.5 and 8.0 days after macroscopically visible leaves
were Tagged, they expanded approximately fivefold, numbers of interceliular spaces
approximately doubled, and thicknesses increased 14%. Total reflectance increased
and tofal fransmittance decreased over the wavelength interval 500 to 2500 nm up to

an after-tagging-age of 12 days. After |2 days, reflectance decreased and trans-
mittance increased.

A leaf with intercellular air spaces can be regarded as a pile of N compact
layers separated by air spaces. The vold areca index (VAl) of a leaf with inter-
cellular spaces (a noncompact leaf) is given by N-| where N is not necessarily an
integer. An eguivalent water thickness (EWT) Is the thickness of the leaf required
to yield the reflectance and transmittance of a water layer of thickness D.

A young nonexpanded cotton leaf has a value of D/N about 180 microns which is
essential ly the leaf thickness. As intercellular air spaces develop during leaf
expansion D/N decreases o a value of about 130 microns. Finally the leaf cells
increase in size with essentially no increase in infercellular air spaces, thlis
phase is characterized by a D/N of about 140 microns. During the leaf expansion
period reflectance increased about 5% for laboratory-reared planis and about 5%
for field-grown plants In the wavelength interval 750 to 1350 nm. Maximum
reflectance corresponds to a minimum value of D/N.

This understanding of the interaction of near infrared radiation with plant
ieaves contributes much to understanding the response of remote sensors aimed at
crops and provides a basis for anticipating differences among crops. The results
also furnish additional evidence that the reflectance and transmittance characteris-
tics of leaves are dominated by their structure and pigment contents in the 500 fo

1350 nm wavelength interval and by their water content in the 1350 to 2500 nm wave-
tength intervat.
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CHAPTER 1¥. PHOTOGRAPHY AND OTHER iMAGERY INTERPRETATION

Aerial Film and its Interpretation.

The fiim fypes being used and the proceduras being developed fo exiract
quantitative digital data from f1im records by measuring optical density of
the ¥1Im to light transmittal by various filters are described, The contri-
bution amounts to a primer on the films and filters used,

Shadow and other Background Effects on Optical Density of Film Transparencies,

The influence of crop shadows and sunlit furrows on processed Kodak Ekta-
chrome infrared aero film can be detected by using red and blue bandpass
filters in a microdensitometer. Responses due to shadows and sunlit soil
can be separated from that of the crop plants alone.

Current Methods of Film Analysis.

In the past, optical density of film fransparencies has been used
directly in trying to identify soil, crops, and ground cover conditions.
in this contribution differences between the optical densities measured
with different bandpass filters which divide the visible spectrum roughiy
into thirds and represent the complements of each of the three dye layers
in Kodak Ektachrome film, types 8442 and 8443, are investigated for identi-
fication and correlation with ground fruth. Differences in f? stop setting,
shutter speed, cloud conditions, fiim speed, filters, and other factors
affect the optical density differences amonq bandpass filters much less
than The optical densitles themselves. -

The method has been extended by fitting the optical density differences
to regression equations over the range of film density to white !ight en-
countered, ¥hen film density to white light is taken into account, and
The regression of film optical density differences are expressed accordingly,
variation in a given targetis signature among film rolls taken on different
days, different times of the day, and differing in manufacture and processing
are minimized. Computer programs have been written for the procedures used
in Part | of This report. Resulfs of use of these procedures are illustrated
in Chapters | and V of this report.
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Bendix Happer lmagery.

The Dendix mapper was leased for a six week period in the summer of
1968 to provide imagery in the 700 to 2500 and 3500 to 5500 nm (0.7 to
2.5 and 3.5 to 5.5 microns, respectively) wavelength intervals on a con-
tinuing basis.

_ Imagery obtained with the mapper in the 0.7 o 2.5.micron region was
similar to black and white IR film (response to 0.9 micron} imagery since
both respond +o the high reflectance of crop surfaces which begins at
about 0.7 micron and extends to |.4 microns.

Imagery obtained with the scanner in the 3.5 to 5.5 micron region was
similar in appearance to black and white Plus-X film imagery in that plant
surfaces which are not very reflective in the visible are also cool. How-
ever, low reflective surfaces which were hot had opposite response. Our
conctusion Is that at agricultural feature femperatures (around 310°K)
the signal to noise ratio is unfavorable for use of the 3.5 to 5.5 micron
wavelength interval: the 8 to 14 micron interval is favored for thermal
scanning.

Care, Exposure, and Processing of Kodak Ektachrome Film and Paper.

The experience and recommendations of the photographic faboratory staff
at Weslaco for storing, exposing, and processing Ekiachrome film and paper
are summarized.



CHAPTER V. SPECTRUIM MATCHING AND PATTERN RECOGMITION

Discrimination of Yegetation by Multispectral Reflectance Measurements.

The leaves of corn, squash, and sorghum grown in the greenhouse and of
sorghum, wheat, mature corn, cotton, sugar beets, potatoes, young corn,
tomatoes, cabbage, and onions collected from the field have been analyzed
for discrimination signatures based upon diffuse reflectance and trans-
mittance measured in The laboratory over the speciral range 500 to 2500
nm. The discrimination criterion used was the infinite reflectance R,
defined as the maximum reflectance achieved by leaves stacked sufficiently
deep. The largest differences in R, among species occur in the atmospheric
windows 1500 to 1750 nm and 2000 to 2400 nm. Thus discrimination procedures
using measurements of reflectance from space in these wavelength intervals
show considerable promise.

The physicai quantity indirectly sensed by a measurement of R_ is the
extent to which the water in a leaf has been subdivided by the cellular
structure of the leaf. Over the wavelength interval 1400 fo 2500 nm, the
absorption spectra for fypical leaves are not statistically different from
that of pure liquid water. A practical reflectance maximum is reached
when leaves are stacked two deep, corresponding to a leaf area index of 2,
at the useful wavelengths.

Crop Species and Soil Condition Discrimination from Apollo 9 Imagery.

Ground truth from flight line I15A of the Imperial Valley was used fo
Ffest the ability of Kodak Ektachrome infrared film type SO 180 to discri-~
minate crop species or soil condition categories on S0-65 experiment 70 mm
space photography on which the 303 fields occupy 12 square millimeters on
the Image. The signatures of 50 fields were selected for study. A pro-
cedure utilizing film optical density differences was employed. Salft flats
and sugar beet fields were reliably identififed. Alfalfa, barley, and bare
fields could not be properiy identified but 200X photomicrographs of the
imagery reveal inhomogeneity in signatures of some fields. The overall
percentage correct identification was 549,

IT was concluded that the signaturesof crop species at the photographic
scale worked with are insufficiently different at the photographic wave-
tengths To have good discrimination capability using optical density
differences. Absolute reflectance data are also presented for the wave-
lengths 550, 650, and 800 nanometers corresponding to the wavelengths of
peak response of the three Ektachrome infrared aero film dye layers.
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Cotton, Sorghum, and Bare Soil Discrimination on Ektachrome infrared
Imagery of the Lower Ric Grande Val ley.

A computer program was developed to recognize fields of cotton, sorghum,
and bare soil from their film optical density differences. Standard signa~
tures are developed for each crop or scoil condition of interest and a sum
of squares of differences from the crop standards is obfained for each
unknown. The unknown is identified as the crop or soil condition from
which its signature differs minimally.

Of The four optical densities routinely obtained corresponding To red,
green, and blue bandpass filters and no filter in the 1ight beam of the
microdensitometer, it is shown that only two of the optical density differ-
ences (red - none} and (green = none) suffice fo unambiguously identify
cotton, sorghum, and bare soil. The technique can be readily expanded to
include more crop species and soii condition categories.

Bendix 9-channel Scanner Data Studies.

Overflights with the Bendix 9~channel scanner were made on April I3,
May 8 and 9, June 6, and July 9, 1969, of lines on which over 440 fieids have
been ground fruthed for each overflight. iNo analyses have been made since
data are yet to be received. Ground truth, auxiliary measurements, and
analyses planned are described. The dats should yield much of scientific
value as well as aid in defining an operational multi-channei scanner data
handling capability, since NASA, Bendix, and USDA will cooperate in a
signature data processing study using these data.
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CHAPTER V1, EQUIPMENT CALIBRATION AND DEVELOPHENT

Procurement of a field spectrometer.

One of the aims of research in remote sensing at Veslaco is determination
of the wavelength bands of energy reflected and emitted from crops and soils
that are characteristic and useful for earth resources survey purposes. No
tnstrument is available in Agriculture for the detailed studies that need to
be made from an aerial lift which can remain over a target site over a period
of time when soil moisture and growth changes are occurring or for diurnal
studies when light intensity and sun angle are changing.

An instrument is being built for making measurements in The wavelength
inferval 0.35 to 14 microns, Four sensors will be used to measure the
spectral energy in various bands. Each band will be scanned by rotating
a circular variable filter (CVF) in the beam striking the sensor. Con¥inuous
recording of the output of +the sensors will give a scan of the spectrum from
the target area. The farget areas will alfernate between the ground surface
and upward looking diffusion plate.

Random errors associated with measurement of the Kubelka-Munk parameters
of a leaf.

The near~infrared reflectance and transmittance of plant leaves stacked
in a spectrophotom=ter have been described by the Kubelka-Munk (K-M) theory
for propagation of ltight through a diffusing medium. Either single leaves
or a stack of leaves may be used., Use of stacked leaves enables one to
detect instrument errors but requires a supplementary error analysis of the
variance due fo experimental uncertainties. Once instrument biases have
been isclated and removed, the question of measuring single or stacked
leaves becomes a matter of preference.

Equations for calculating the variances and standard errors of the
optical constants absorpvion coefficient and scattering coefficient, as
weli as the Stokes coefricient a and b are presented.
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CHAPTER V11, FOREIGN COOPERATION PROGRANM

Dr. Leamer of the USDA, ARS, SWC staff at Weslaco, Texas has been designated
the agriculfure representative of the USDA to NASA's International Participation
Program. |In this capacity he accompanied represenfaflves of oceanography,
hydrology, geology, and forestry to Brazil in January 1969 on The mission
planning tour when sites were picked and objectives chosen for NASA's Mission
96 flown in July 1969, He also accompanied NASA's operation crew to Mexico
for Mission 96 in April 1969. He was at the sites during fiights over Toluca
and Ixthahuaca and visited the Chapingo and Papaloapan test sites. He
participated in the review session with NASA and Mexican representatives
at MSC Houston of the photography and thermal imagery #taken during the Mexican
mission. Continuing cooperative efforts are anticipated.



USE OF APOLLO 9 S0-65 EXPERIMENT COLOR RECOMBINATIONS

FOR SOIL SURVEY AND AGRICULTURAL FEATURE STUDIES

by

C. L. Wiegand, R. W. Leamer, and A. H. Gerbermann

introduction:

Soil surveys by ground crews are exXpensive and time-consuming to
make; ‘the survey of a single county frequently takes 5 years or longer.
The surveys are usually aided by low altitude black and white photography.
One objective of this work was the assessment of the usefulness of space
photography for delineating soil asscociations. A longer report has been
furnished NASAY; in +this report we present only enough data to illustrate
the imagery and its application.

Methods and Procedures:

The S0-65 Experiment, "Multispectral Terrain Photography®, was one
of the scientific experiments conducted during the Apolio 9 mission.
For this experiment 4 Hasselblad cameras were mounted in a common frame
and triggered simultaneously. The film magazine of one camera contained
black and white infrared film. The magazine of fwo cameras contained
black and white Panatomic X fiim but filters were used so that in one
case the film was exposed to the green wavelengths and in the other the
red, Ektachrome infrared film was used in the fourth camera., The maga-
zine designations, filters, bandpass of the filiters and wavelengihs of
peak sensitivity of the film are as follows (Apoito 9 Preliminary Plotting
and Indexing Report, 1969):

Wavelength of

Magazine Fiim type peak or plateau Nominal filter
designation and filter film sensitivity bandpass
A SO 180, Ektachrome Green, 550 nm 510 - 890 nm
infrared; Photar 15 Red, 650 nm
Infrared, 800 nm a/
B 3400, Panatomic X/ Green, 525 nm 470 - 610 nm
Photar 58 B
C Black-and-white infrared, 800 nm 680 ~ 890 nm
IR; Photar 89°B
D 3400, Panatomic X; Red, 645 nm 590 - 715 nm
Photar 25 A

a/ There is a small peak at 750 nm and a broad plateau beyond it.

1 Crop Species and Soil Condition Discrimination on Ektachrome Infrared

Apollo 9 Imagery and Interpretation of Agricultural Features on S0-65
Experiment Color Recombinations.
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The astronauts took pictures of ﬁreselecfed sites and targeis of

opportunity between March 8 and {2, 1969. Among them were targets of
interest to Agriculture.

lmmediately following the science screening in April, a request was
made through NASA for two duplicate 70 mm TransparenC|es of each of the
four SO-65 images of frame AS-9-26A-3726 whrch is designated '"Texas,
Matagorda, Eagle Lake, and Freeport.”

Simultaneous!ly the Long Island University Science Engineering Group
was requested to enhance, through celor reconstitution (Yost and Wenderoth,
1968; Yost and Yenderoth, 1969) the vegetated fields, bare fields, perma-
nent vegetation (frees, brush) and water bodies (ponds, fakes, and streams)
depicted in the imagery. Positives processed to a gamma of 2.0 with a
minimum density value equivalent Yo the base plus fog level of the fiim
must be available to produce color recombinations (Yost and Wenderoth,
1969). Therefore, the Long Island University group had to make new inter-
negatives and positives fo obtain suitable scene brightness range and
contrast,

Generat soil maps of the following Texas counties were obtained from
the Solil Conservation Service, USDA, and the Agricultural Information
Office, Texas AdM University: Wharton, Colorado, Matagorda, Jackson.

Resul+ts and Discussion:

Direct positive transparency to positive contact prints are presented
of the Ektachrome infrared and multiband imagery of the 50-65 Experiment
in Figure |. 1n Figure | the Ektachrome infrared film image (upper lefi}
is very sharp. The black and white transparencies seem to have become
fogged during duplication. Exposures are good, however, except for the
green band (upper right).

The color recombinations are presented in Figure 2. In Figure 2
the corners and edges of the space imagery are deleted from The color
enhancements, Since 70 mm renditions of both are presented, the scales
involved necessarily differ. This must be considered in comparing the
resolvable features in the two formats.

The overlays for Figure 2 identify the highways, cities, streams,
counties, soil associations, and water bodies, respectively. Interstafe
Highway 10 15 visible over more of its length than is U.S. 59. Inter-
state highways, particularly if under construction, are discernible on
space photographs,



One of the surprising things about the stream locations of the
Colorado and Brazos Rivers is that they are not always where they appear
To be. They have meandered and created flood plains which have since
been subjected to agriculfure. One sees a pattern he would associate
with a river but the river isn't there. The stream of the Colorado
River in the vicinity of Wharton is particulariy deceiving.

The San Bernard River was very difficult to see even on enlarge-
ments.

Descripitons of the soil associations enumerated in the overlay of
Figure 2 are given in Table I. The agreement between generalized county
soil surveys and the appearance of the associations on the space imagery
Is good. The change from one soil association to another is more subtle
in the space imagery usually than in the generalized soil maps. Variation
in tThe color of the surface soi! seems to be a big factor in obtaining
signature differences in the recombinations.

There are very Interesting differences in the tones of the water
bodies in the color enhancements. The letters a, b, ¢, d, e, and f
identify some of the more interesting ones.

Summary:

Color recombination imagery of the Southeast Texas Guif Coast areas
provided by Long Island University under contract with NASA, Houston,
was studied for agricuitural features of interest, namely soil associa-
tions, bare fields, cropped fields, and water bodies. The agreement
between soil associations evident on the color recombined SO-65 imagery
and generalized county soil surveys was good. More soil associations
were generally identified in the maps than could be discerned on the
space imagery and transitions between associations were more subtle than
indicated on soil survey maps. |t is concluded that space imagery would
be a tremendousiy useful tool in soil survey.

Where there were actively growing plants in cultivated fields or dense
natural vegetation, the very high reflectance of plants in the infrared
compared with The green and red spectral bands caused the infrared response
to dominate the recombinations in which it was used. Provision for differ-
ing The exposure indices for vegetated versus barren targets in future
manned spacecraft photography is recommended.
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Table -1.~~S0i| associations, characteristics, natural color, and coior on
recombination imagery of southeast Texas.

No. on Characteristic Natural Color on 2/
Fig. 2 Soil asscciation and occurrence cotor  recombination
I Lake Charles Swelling, ¢layey, Black to Biuish brown

upland dark gray
2 Edna-Barnard Poorly drained, Light gray Bluish tones
ioamy, upland to grayish
brown
3 Mi [ fer-Norwood Clayey and Reddish Off-white
silty, brown

4 Katy-Edna

5 Katy~Kenny

floodpiain

Fine sandy loam, Gray and Tan or beige
upland, acid grayish
brown °
Sandy loam to Gray to Tan or beige
foamy sand, grayish
acid, upland brown

a/ On the recombination with the soils indicated on its overlay.
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AS9 - 26A - 3726 A ASO - 26B - 3726 B

AS9 - 26C - 3726 C AS9 - 26D - 3726 D

Fig. |I. Apollo 9 frame 3726 Ektachrome infrared (top left), Panatomic X green
band (top right), black and white infrared (lower left), and Panatomic X red
band (lower right) images of the Freeport, Matagorda, Eagle Lake area of south-
east Texas.




COUNTIES awp SHUS




3726 Red Band - Green 3726 Green Band - Blue

CX-17-1 IR Band - Red Red Band - Green
CX-17-2 IR Band - Red

3726 Red Band - Red 3726 Green Band - Green

2 B Red Band - Red
CX-17-3 IR Band - Green CX-17-4 IR Band - Blue

Fig. 2. Four color reconstituted images of the southeast Texas area. For the
color reconstituted Images, the information ahead-of the hyphen under each image
gives the wavelength bands of Fig. | black and white imagery used; the color after
the hyphen is the color of filter used in reconstituting the band.




THE INFLUENCE OF AMMONIA INDUCED CELLULAR DiSCOLORATION

WITHIN COTTON LEAVES (Gossypium hirsutum L.} ON LiGHT

REFLECTANCE, TRANSHITTANCE, AND ABSORFTANCE

R. Cardenas, H. W. Gausman, Y. A. Allen,

and Marcia Schupp

ABSTRACT

Cotton plants were grown hydroponically in a controlled environment,
Five leaves of the same chronological age, third node down from pilant
apexes, were randomiy harvested from |0 uniform plants, Eéch leaf was
divided into lateral haives (sections) at the midrib. The right sec-
tions were left untreated (controls), and the left sections were freated
with approximately 10,000 ppm anhydrous ammonia. Spectrophotometric re-
flectance and transmitfance measurements were made at 50-mu increments
within the wavelength interval 500 - 2500 myu.

Ammonia—treated compared with untreated leaf sections had a progres-—
sive reduction in reflectance and fransmittance and a progressive
increase in absorptance within the near-infrared light interval from
1000 - 750 mu. Reflectance decreased 4.1, 20.0, and 29.8%; transmit-
tance decreased 9.9, 26.5, and 39.5%; and absorptance increased 14.1,
46.5, and 69.2% at 1000, 850, and 750 mu, respectively. At the green
wave length, 550 mu, reflectance and transmittance were decreased approx-

imately 4 and 10% and absorptance was increased 203, respectively,



Microscopic examination of ammonia-treated, transverse leaf sections
revealed that a brownish discoloration occurred mainly within palisade
and spongy parenchyma cells. Cell walls were intact. Some chloroplasts
were ruptured and discolored but many appeared to be unaffected by
ammonia treatment. The cell cytoplasm was usually discolored and often
appeared To be coagulated. Theoretically, the brownish pigmentation
was caused by saponification of chiorophyil and oxidation and polymer-
ization of phenol oxidases. !Internal discoloration caused leaves to
become more opaque, and absorptance of near-infrared and visible light
was increased.

Results with ammonia~treated leaves are compared with other studies
where reduced reflectance occurred, particularly over the wavelength in-
terval 750 - 900 mu. |t is possible that this wavelength band may
become useful in remote sensing for identifying certain non-visual

symptoms of plant leaf stresses.



INTRODUCT 1 ON

Spectrophotometric light re%lecTance, transmi ttance, and absorptance
of individual plant leaves has been intensively studied in the wave-
length interval 400 ~ 2500 mp. From 400 - 750 mp plant leaf-reflectance
is relatively low, with a peak of approximately 10% at 550 mp in the
green region. The reflectance of a leaf increases to about 50% in the
near-infrared region and is relatively cpns+an+ over the wavelength in-
terval 750 - 1350 mu, a spectral interval for plant materials commoniy
called the plateau region. A transmitiance spectrum has the same shape
and approximately the same magnitude as a reflectance spectrum. Ab-
sorptance is high in the visible region because of leaf pigments and
in the infrared beyond 1350 my because of water, but absorptance is at
the most | or 2% in the 750 ~ 1350 mu plateau region {(Gausman, Allen,

and Cardenas, 1969).
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Colwell (1956), while working primarily with cereal rusts, suggested
the use of infrared fiim for recording any disease which Inferfered with
the internal reflection of light within leaves. Keegan (1956), with
Colwell’s assistance in collecting leaf specimens, did extensive re-

search on effects of stem rust (Puccinia graminis tritici) and leaf rust

(Puccinia friticina or Puccinia rubigo-vera tritic) of wheat on light

reflectance. Keegan's data showed that severe compared with Jow rust
Infestation caused a rounding of the shoulder of the plateau or a de-
crease in reflectance from {000 -~ 750 mu. This same response in reflec-
tance was noted by Gausman and Cardenas (1968) affter hafr removal on

upper leaf surfaces of the velvet plant (Gynura aurantiaca). 1t was

noted by Allen and Richardson (unpublished data) that the hair removal
of leaf hairs had litiie effect on the refractive index of the velvet
pilant's upper leaf surfaces, but leaf absorptance was greatly Increased
within wavelength interval 750 - 1000 my. |1 was theorized that oxida-
tion of polyphenols caused a brownish discoioration of the exudate from
“stumps” affer hair removal, thus increasing leaf opaqueness with a
subsequent increase in absorptance and decrease in reflectance (Gausman
and Cardenas, [969).

The research summarized herein considers the influence of cellular

discoloration within leaves on near-infrared light reflectance.
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MATERIALS AND METHODS

Cotton IeaQes (Gossypium nirsutum L., Texas Planting Seed Associa-
tion |10) were obtained from plants grown hydropenically in acid-washed,
20-30 mesh testing sand in 23-cm-diameter glazed, 7.6 liter capacity
crocks. The sand was rewashed with .00l N nitric acid TS remove chlo-
ride and leached several Times with chloride-free water (silver nitrate
test) .

The basic nutrient solution used was after Hoagland and Arnon (1938).
fron was added as iron-ethylenediaminetetraacetic acid (Nieman and
Poulsen, 1967). The nutrient sclution had a pH of 7.

All plants received one-fourth~strength nutrient solution in their
first week of growth., Thereafter, full strength nutrient solution was
used. Copious applications of nutrient solutions were made by surface
Irrigation to maintain uniform matric water suction in the substratum.

Cotton plants were grown with controlled environment using a |2-hour

light-dark cycle. Light illuminance approximated 800 fi-c (8.6 x lO~I

lumen cm"z): 50 cm above the substratum surface. Ranges of other param-
eters were as follows: day temperature, 28.6° - 30.5°C, night fempera-
ture, 24.0° - 25.5°C; day relative humidity, 39 - 40%, night relative
humidity, 40 - 45%.

Five leaves of the same chronological age from the third node down
from plant apexes were randomly harvested from |0 uniform plants. Each
teaf was divided info two sections by removing the midrib. The right

leaf sections were left untreated (controis) and the left leaf sections

were freated with anhydrous ammonia.
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Five leaf sections were placed on & screen in each of two, air-tight
desiccators, each having a 9,040 cc capacity. A water-saturated sponge
with a volume of }110.5 cm3 had been placed on the bottom of each desicca-
tor to prevent leaves from drying out. The wire screen with 0.5 em?
holes was placed above each sponge To separate the leaves from the water-
saturated sponges. Both desiccators had the same light and femperature
(20°C) conditions. The desiccator used for treatment was injected with
89 cc of anhydrous ammonia to give a concentration of approximately
10,000 ppm after correcting for the sponge volume. The leaf sections
were removed from both desiccators after 3 hours and fmmediately wrapped
in Saran ! to avoid water loss.

Thickness measurements were made on each leaf section before and
after treatment at two locations with a linear displacement Transducer
and digitai voltmeter (Heilman et al., 1968},

Reflectance and transmittance measurements were made on upper sur—
faces of leaf sections with a Beckman Mode! DK-2A spectrophotometer at
50-mu increments within tThe wavelength interval 500 - 2500 mu. Data
have been corrected for a decrease In reflectance of the Mg0 reference
caused by deterioration during aging (Sanders and Middieton, 1953).
Analyses of variance were conducted on spectral data (Steel and Torrie,

19601 .

Trade names and company names are included for the benefit of the
reader and do not imply an endorsement or preferential treatment

of the product listed by +he U. S. Department of Agricultfure.
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Pieces of leaf tissue were taken near the cenfer of leaves approxi -
mately 2 cm on either side of the midrib, They were fixed in formalin-
acetic acid-alcohol (Jensen, 1962). Tissues were dehydrated with
tertiary butyl alcohol and embedded with paraffin (melting point about
52°C). Transverse sections were obtained with a rotary microtome.

Photomicrographs were made with a Zeiss Standard Universal Photo-
microscope at a magnification of 100 X. The 4 X enlargement of a
photomicrograph in Fig., 4 represents transections having a thickness

of 14 yu.
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RESULTS AND DISCUSSION

Figure | shows the influence of ammonia and control treatments on
total light reflectance of leaf sections over wavelength interval 500 -
2500 mu. Discoloration of leaf sections became noticeable soon after
placing them in the ammonia atmosphere. As shown later, the discolor-
ation occurred mainly in chioroplast-containing palisade and spongy
parenchyma cetls. The difference befween +reated and control spectral
means was statistically significant, p = .0l. Ammonia treatment of
leat sections reduced reflectance about 4.5% at the green peak of 550
my compared with unireated leaf sections. Between 1000 - 750 my, a
rounding of the plateau or decrease In reflectance of 4.1, 20.0, and
29.8% occurred at 1000, 850, and 750 my, respectively. Ammonia Treat-
ment had no statistically significant effect on |eaf thickness. Over
the wavelength interval (000 - 2500 mu, ammonia-treated leaf sections
had about 2% higher reflectance than the controls with crossing-over
{lower reflectance) occurring at 150 mu. It was suspected that The
increase in reflectance was caused by water loss because the ammonia
was anhydrous. There was no significant difference, however, in leaf
water moisture. An average of 77.8 and 77.4% water was present {oven
dry weight basis at 68?0) for untreated and treated leaf sections,
respectively. Further study on the influence of ammonia on light re-

filectance needs to be made over the wavelength interval 11350 - 2500 my.
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Figure 2 illustrates the effects of ammonia and control treatments
on light transmittance of leaf sections over wavelength Interval 500 -
2500 mu. Ammonia compared with the contro! treatment reduced trans-

mi ttance about 17.0% at the 550 mu green peak. Rounding of the plateau,
decrease In Transmittance, occurred in the interval 1350 - 750 mp. This
effect was essentially linear (progressive decrease} from 1000 ~ 750 mu.
Approximate values were 9.9, 26.5, and 39.5% for 1000, 850, and 750 mu,
respectively.

Figure 3 Indicates absorptance of light over wavelenglth interval
500 to 2500 mu, calculated as absorptance = 100 - (% reflectance + %
transmittance). It is apparent that the reduced reflectance and trans-
mittance revealed in Fig. | and 2, at the 500 my green peak and over
the wavelength interval 750 - 1350 mu, were caused by the increased ab-
sorptance shown in Fig. 3. Absorptance progressively increased for
treated leaves from [000 - 750 mp. Values were 4.1, 46.5, and 69.2%

for 1000, 850, and 750 my, respectively.
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Figure 4 Is a representative, unstained transection of an ammonia-
freated leaf section showing Internal discoleration. It is evident
that a brownish discoloration occurred within chioroplast-—-containing
palisade and spongy parenchyma cells. Very littie discoloration
occurred in upper or lower epidermal ceils. Microscopic examinations
revealed that cell walls of discolored celis were intact. Some chioro-
plasts were deformed or ruptured and discolored, but many appeared to
be unaffec%ed by ammonia freatment. The cetl cytoplasm was usually
discolored and often appeared to be coagulated. Anhydrous ammonia
probably reacted with water in the leaf sections to form ammonium
hydroxide (NH,OH) which coagulated the cytoplasmic proteins. A leaf
is normally highly transparent o light over the wavelength inferval
750 - 1350 mp. I is theorized that the brownish discolcration in-
creased leaf opaqueness and thereby increased absorptance and reduced
reflectance and transmittance over wavelength intervals 750 -~ 1350 mp

{near infrared} and 500 ~ 750 mu.
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Since anhydrous ammonia would probably react with water in leaf sec-
tions fo form'NH4OH, the discoloration may have been caused by the re-
action of NH4OH with chlorophyil. 1t is well documented (i.e, Goodwin,
1966) that Treatment of chiorophyil in vitro with a hot alkali (saponi-
fication), usually sodium or potassium hydroxide, yields porphyrins
containing four pyrrole nuciei. These are red compounds. |f saponi-
fication of chlorophylil is conducted in vitro In methy!l alcohol, a
brown color is produced. Al{ porphyrins have four absorption bands
between 500 - 700 mu (Robinson, 1963).

Figure 5 describes a second chemical reaction which produces brown
pigmentation (Bonner and Galston, 1952}, which probably occurred con-
currently with chlorophyll saponification. The severe Treatment with
anhydrous ammonia ruptured some chioroplasts and undoubtedly affected
the permeability of the chloroplastic membranes, thus releasing poly-
phenoloxidase into }he celiular cytoplasm. Then oxidation and
polymerization of polyphenoloxidese to a brown pigmentation would

occur,
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This discoloration was also noted when pubescent (hairy) leaves of

Gynura aurantiaca {velvet plant) were shaven with an electric razor

(Gausman and Cardenas, 1968). The exudates developed a brownish color
on the “stumps®™, which remained after hair removal by shaving. The above
examples and other conditions which also caused decreased reflectances
are illustrated in Fig. 6 for the wavelength interval 750 - 900 mu. This
spectral range may have practical possibilities as a wavelength band for
detecting non-visual symptoms of plant leaf stresses by remote sensing.
As shown in Fig. 6, reflectance in this range was reduced by severe rust
infection on Westar wheat leaves (Keegan, 1956), benzene vapor on cotton

leaves, natural freezing of Coccolobis uvifera (sea grape) leaves

(Cardenas and Gausman, unpublished data), ammonia treatment of cotion
teaves (this paper), and hair removal by shaving veivet plant ieaves
{Gausman and Cardenas, 1968). AT 800 mu, decreases in reflectances com-
pared with experimental controls were 26.2, 10.8, 4.8, 3.6, and 2.0% for
ammonia, wheat rust, benzene, hair removal, and natural freezing studies,
respectively., Hair removal, ammonia and benzene treatment, and freezing
caused discoloration which increased leaf opaqueness, decreased reflec-
tance and increased absorptance. Relative to rust damage, Bawden (1933},
Clark (1946), and Colwell (1956), theorized that fungus hyphae penetrate
the intercellular spaces and release by-products that absorb infrared
radiation. The fungal hyphae, however, which penefrafe plant celis and
form haustoria are hyalin (transtucent). If cell damage occurs by hyphae
penetration, it would seem feasible that some oxidation and polymeriza-
Tion of polyphenoloxidase would occur with a resuliing brown color as

postulated for results of the ammonia treatment of leaf sections.
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CONCLUS1ON
Cellulér discoloration within leaves has important practical impli-
cations. The effect on decreasing reflectance (rounding of the plateau)
within The wavetength range from 1350 ~ 750 or 700 mu, should be useful
for detecting non-visual symptoms of plant leaf stress by remote sensing
applications. A wavelength band of 700 - 900 mu may be besT, since this
contains the sharp drop In reftectance from the plateau shoulder caused

by chiorophy!! absorptance.
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Fig. {. Total light reflectance of upper surfaces of cotton leaf sections, control (untreated) and ammonja-
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Each spectrum Js an average of flve leaf sections.
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Fig. 4. Photomicrograph representing unstained, transverse sections
of ammonia-treated cotton leaves
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Fig. 6. Influence of (1) treatmeni of cotton leaves with ammonia
and (2) benzene gases, (3) rust infection of Westar wheat leaves,
(4) hair removal from the velvet plant by shaving, and (5) natural
freezing of sea grape leaves on reducing light reflectance from
their upper surfaces over the wavelength interval 750-900 mu.
Values plotted in the figure are decreases in reflectances
compared with corresponding experimental contfrols.
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REFLECTANCE OF SINGLE LEAYES AND FIELD PLOTS OF

CYCOCEL~TREATED COTTON (Gossypium hirsutum L.)

IN RELATION TO LEAF STRUCTURE

H. W. Gausman, W. A. Allen, V. |. Myers,

R. Cardenas, and R. W. Leamer

SUMMARY

Leaves from cotton plants sprayed with 100 gm/ha Cycocel in a field
experiment were about 40% thicker and 20% larger in surface dimension
than non-Cycocel-sprayed leaves. Cycocel-treated leaves had an approxi-
mate threefold increase in numbers of interce!lular spaces within Their
mesophylis. Spectrophotometric measurements of spectra of individual
leaves over the wavelength interval 500 - 2500 mu revealed a 5% increase
in reflectance over the wavelength interval 500 - 1350 mu and a 6% de-
crease in transmittance over the entire 500 ~ 2500 muhin+ervai for treated
compared with untreated leaves. Increased reflectance and decreased
transmittance over the wavelength interval 750 - 1350 mp were mainly
associated with increased numbers of air spaces in leaf mesophylis. De-
creased transmittance of Cycecel-treated leaves over wavelength intervals
500 - 750 and 1350 - 2500 mp was due to increased absorptance caused by
increased chlorophyll and water contents, respectively. The Cycocel
treatment increased absorptance i13% at the chlorophyil absorption band,
350 my; only 2 - 3% over the wavelength interval 750 - 1350 my; and 10
and 11% at the water absorption bands approximating 1450 and 1950 my,

respectively. Near-infrared light reflectance from single leaves,
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measured with a spectrophotometer, was inverseiy related and visible light
reflectance was directly related to the reflectivity of field plots of
cotton recorded on Kodak Ektachrome infrared aero film, type 8443, with a

Kodak Wratten No. 15(G)}, lighf-orange fiiter, during an overfiight.

INTRODUCT ION

Tolbert (1960a and 1960b} first reported the plant growth reguiating
properties of CCC or Cycocel ! ({(2-chloroethy!) trimethy!-ammonium
chioride). Its chemical formula is: (CHg) N*-CH-CH,CI-CI .

Cycocel was tested on cotton (Thomas, 1964) with the objective of
dwarfing pliants o facilitate defoliant appliéa+ion and mechanical har-
vesting.

Cycoce! induced wider, thicker, and greener leaves; and shorter inter-
nodes on several plant species (Humphries and Wheeler, 1963; Appleby et
al., 1966; Goodin et al., 1966; Larter, 1967; and Adedipe et al., 1968),
It increased cell wall thickness and number of vascular bundles in the
wheat stem {(Mayr and Presoly, 1963).

I+ was surmised that the use of Cycocel would cause changes in inter-
nal leaf structure. Preliminary investigations (unpublished data,
Gausman, Allen, and Cardenas) indicated that Cycocel~treated compared
with untreated cotton leaves were wider with more intercellular spaces
within thelr mesophylls. The primary purposes of This paper are fo re-
late Cycocel-induced increases in numbers of air spaces in cotton leaf
mesophylis fto (1) spectrophotometiric measurements made on individual
leaves, and (2) to tonal respenses on an infrared photegraph faken from

an overfiight of the experimental plots.

! Trade names and company names are included for the benefit of the

reader and do not impiy an endorsement or preferential treatment of
the product listed by the U. S. Department of Agriculture.
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MATERIALS AND METHODS

Cotton leaves, variety Stoneville A, were sampled from one block of
a replicated field experiment with Cycocel conducted by Heilman, Gonzalez,
and Salinas on the research farm of the U. S. Department of Agriculture
at Wesltaco, Texas. Treatments considered in this paper are: Cycocel at
100 gm/ha (.545 1b./A.} applied as a spray in enough water to produce
runoff at the square stage of plant development, 76 days after planting;
and a control (untreated) where plants were sprayed with only The amount
of water used for applying the Cycocel freatment,

Fifteen leaves were harvested for each treaiment, 92 days after plant-
ing (16 Qays affter treatment), from the fourth node down from apexes of
cotton plants. The leaves were wrapped immediately in Saran fo minimize
water joss. The leaves were essentially the same chronological age,
since treated and untreated plants had equal numbers of nodes. In the
laboratory, five leaves were randomly selected from each group of I5
teaves for spectrophotometric measuremenis. The time between excising of
leaves and measurement of their reflectance and fransmittance was approx-
imately 4 hours. Spectra presented herein represent mean values for each
set of five leaves.

The thickness of each leaf was measured at three locations with a
linear displacement transducer and digital voltmeter (Heilman et al.,

1968}, leaf area was determined by the method of Johnson (1967).
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Spectral diffuse reflectance on upper (adaxial) surfaces of single
leaves and transmittance were measured over the wavelength interval 500
to 2500 my with a Beckman Mode! DK-2A spectrophotometer and its reflec-
tance attachment. Data have been corrected for the reflectance of the
MgO0 standard (Sanders and Middleton, 1953) to obtain absolute radiome-
tric values,

For histological studies, leaf tissue was fixed in FAA {(formalin-
acetic acid-alcohol); dehydrated with a tertiary butyl alcchol series;
infiltrated and embedded with paraffin {meiting point about 52°C); and
stained with safranin-fast green (Jensen, 1962). Photomicrographs of
transverse sections, 12 y thick, were made with a Zeiss Standard Univer-
sal Photomicroscope.

An overflight of the experimental plofs was made at an altitude of
3000 ft+. at t1:56 a.m., daylight saving time, June 21, 1968, one day
affer leaf samples were faken, 17 days after treatments were applied.
Photographs were taken with a 50 mm lens, Hasselblad camera, using 70 mm
Kodak Ektachrome infrared aero film, type 8443; and a Kodak Wratten no.
15(6), light-orange filter. Color densities of the treated and untreated
plots on the positive transparency were compared with a densichron densi-
tometer using a blue band pass filter. A black and white infrared
negative, film exposed with a Kodak 89(B) filter to exclude visibie light
under conditions comparable to those for the Ektachrome infrared aero
film, was also scanned with the densitometer. This was done To help de-
termine if Cycocef-treated or untreated cotton piants were reflecting

the most near-infrared light.
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Kodak Ektachrome Infrared aero film, type 8443, has threec image lay-
ers sensitized to green, red, and infrared radiation (Fritz, 1967). A
light-orange filter, Kodak Wratten No. 12 or |5 or equivalent, is used
over the camera lens to absorb approximately 100% of the blue radiation
to which all three layers are sensitive. Upon processing, process E-3,
yeliow, magenta (purplish-red), and cyan (greenish-blue) positive images
appear in the green-, red-, and infrared-sensitive layers, respectively.
The relative exposure produced in each film layer determines the many
possible colors or tonal responses. Healthy plant leaves reflect
“brightly” in infrared which produces a light-toned cyan image allowing
the red formed in the other layers to predominate.

Statistical techniques were applied to the data (Steel and Torrie,
1960) .

RESULTS AND DISCUSSION

Cycocel-treated cotton plants had shortened internodes on growth pro-
duced affer treatment, and thicker, larger leaves. Average heights of
untreated and Cycocel-treated plants, 4 days after leaf sampling, were
significantly different, p = .0l, and were 106 and 83 cm, respectively.
Percentages of ground cover, however, in treated and untreated plofs were
essentially alike,

In discussing spectrophotometric results, the spectral responses with-
in the wavelength interval 750 ~ 1350 mp will be stressed, because they
are affected largely by internal leaf structure (Gausman et al., 1969},
Absorptance by pigments dominates the 500~ to 750-my interval, and the re-
gion above 1350 mu is influenced greatly by the amount of water in the

leaf - strongest water absorption bands occur at approximately 1450 and

1950 my.
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Figure | shows that treatment of cotton leaves with (00 gm/ha of
Cycocel, compared with results from untreated leaves, increased their re-
flectance approximately 5% (statistically significant, p = .0l) over the
wavelength interval 750 - 1350 mu. As shown later, increased reflectance
was associated with more EnTche{lular spaces in the mesophylls of
Cycocel~Treated leaves, which increased light scattering. {ncreased |ight
scattering for Cycocel~treated leaves is also apparent over the wavelength
interval 1600 ~ 1900 my, but beyond 1900 mu, |ight absorptance by water
offset the effects of increased scattering and, therefore, the two spectra
coincide. In this respect, Cycocel treatment significantly increased,

p = .0{, the percentage of water in leaves based on oven drying at 68°C.
Average values were 67.] and 59.1% for the Cycocel-treated and untreated
leaves, respectively.

The 100-gm/ha Cycocel treatment significantly decreased, p = .0,
transmittance over the entire wavelength interval 500 - 2500 mu, Fig. 2.
The decrease in fransmittance over the 500-to 750~my interval was probably
caused by increased absorptance as a result of increased plastid pigment
confent. Although chlorophyl | deferminafiéns were not made in this study,
Cycocel-treated leaves were darker green, and it is weli documented in the
literature that Cycocel increases the chlorophy!l content of leaves; e.g.,
(Appleby et al., 1966). The decrease in transmittance over the range
750 - {350 mp was caused by changes in the internal structure of leaves
which enhanced !ight scattering; thereby increasing reflectance and de-
creasing Transmittance. Beyond 1350 mu, the decrease in fransmittance

may be atfributed to additive effects of water absorptance and scattering.
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Absorptance of light was calculated as: % absorptance = {00 -
(¢ reflectance + % fransmittance). The Cycocel treatment increased ab-
sorptance 13% at The chlorophyl{ absorption band of 550 my, only about
2 ~ 3% over the wavelength interval 750 - 1350 myu, and 10 and 11% at
water absorption bands approximating 1450 and 1950 mu, respectively.

Figure 3 shows photomicrographs of transverse sections of cotton
leaves from untreated (upper photomicrograph) and Cycocel~freated plants
{ lower photomicrograph}., Untreated leaves had a more compact cellular
arrangement in the ieaf mesophylls, with fewer and smaller infercelliular
spaces. This type of structure was associated with lower reflectance
and higher transmittance over the wavelength intervail 750 - 1350 my,
Fig. | and 2. Treatment with Cycocel induced statistically significant,
p = .01, expansion and thickening of the leaf which gave an approximate
threefold increase in number of intercellular spaces in the leaf meso~
phylls. This type of structure gave higher reflectance and lower trans-
mittance over the wavelength interval 750 - {350 mu, Fig. | and 2.
Average areas per leaf were 96 and 77 cm® and average thicknesses were
.23 and .18 mm for Cycocel-treated and untreated leaves, respectively.
Results support the theory of Willstatter and Stoll (i913). Reflectance
of Cycocel-treated teaves was increased because of an increase in num-

bers of iIntercellular spaces.,
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Figure 4 is a photograph (40 X enlargement of a positive print from a
positive transparency) taken over the experimental piois with Kodak Ekta—
chrome infrared aero film. Plot A with highest reflectivity (lighter
tone} and plot B with lowest reflectivity (darker tone) represent un-
treated and Cycocel~treated cotton, respectively. A significant differ-
ence, p = .0i, existed between average densitometer readings, using a
biue filter and the positive transparency, cerresponding to 8.5 and 4.4%
transmission for the untreated and freated plots, respectively.

Spectrophotometric and histological results on individual leaves
relative to near-infrared iight reflectance, Fig, |, 2, and 3, are in-
versely related with the reflectivity (tonal responses) from the un-
treated and Cycocel-treated plots, Fig. 4. Individual leaves from the
Cycocel-treated plot B {darker tone on photograph), compared with indi-
vidual leaves from untreated plot A (lighter tone on photograph), had
higher reflectance and lower transmittance over the wavelength inferval
750 = 1350 mu, primarily because of the approximate Threefoid increase
in the numbers of intercellular spaces in thelr mesophylls. Thus, low
reflectivity (dark tone) for plot B is associated with high infrared re-
flectance from individual leaves from its cotton plants, and high reflec~
tivity (lightT tone) for plot A is associated with low infrared reflectance
of individual {eaves from ifs cotton plants. This inverse relation has
been noted in other studies. Thomas et al. (1967) found that reflec-
tance from single leaves increased as soll salinity increased, but aerial
photographs of field cotton on nonsaline and saline soils showed greater

reflectivity from cotton not affected by salt (Ektachrome infrared aero

film was used).
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Two possible reasons for the inverse relation between spectrophotome-
tric near-infrared reflectance measurements on individual leaves and the
reflectivity recorded on photographic film from overflights are: () suc~
cessive layers of stacked leaves, simulating a plant canopy, enhances
near-infrared |ight reflectance (Myers and Aflen, 1968); (2) leaves near
apexes of cofton plants have more compact mesophylis than some older,
subtended leaves (Gausman et al., 1969). Reflectance of light for wave-
tength interval 750 - 1350 my was positively correlated with feaf matura-
tion, leaves sampled down the stem in succession, until leaves on the
eighth node down from plant apexes were sampied, when leaf Thicknesses
and numbers of interceliular spaces in leaf mesophylls ceased increasing.

Stacking of leaves Increases reflectance and decreases transmittance
(Myers et al., 1966). The interaction of light with stacked leaves has
been explained with the Kubelka-Munk theory (Allen and Richardson, 1968).
Calculated reflectances of infinite thicknesses of stacked leaves from
untreated and Cycoce!-treated plots were determined to be 75 and 73%,
respectively, at 850 mu. The difference in reflectance between Cycocel-
treated and untreated leaves was reversed in sign when reflectances were
calcuiated for an infinite stack of leaves. Reflectance from stacked
teaves increases directly with the number of leaves, but approaches a
maximum value R asymptotically. |t has been demonstrated in a paper
now in press that R, is inversely related to t+he mean distance between
refraction within the leaf. Thick or thin leaves with fthe same internal
structure produce the same value of R_. Reflectance from a single leaf,
however, is a function of its thickness. The reversal indicated in this

paper is interesting but is not surprising.
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In addition, the siight difference in the calculated reflectances is
not adequate to explain the large difference in reflectivity between plots
A and B, Fig. 4. Instead, the Kodak Ektachrome infrared aero film, infra-
red sensitivity range is about 700 - 900 mu, was affected by radiation
from the visible region. A correlation exists between the darker green
leaves of Cycocel-treated plants in plot B, with Increased absorptance of
visible ltight, 500 -~ 700 my, and the darker tone of plot B in the photo-
graph. Apparently the darker tone of Cycocel-treated plot B was caused
by the chlorophyll-induced reduction in the amount of visible light im-
pinging on the magenta and yellow dye-forming film layers on the color-
infrared fiim (Fritz, 1967); resulting in the formation of a high density
of the yellow and magenta dyes, which produced a dark, red color that
showed through a lighf-toned cyan image. For unfreated plet A, the yei-
low and magenta layers were exposed To more visible light and they
became less dense or brighter, thereby giving a red color of a lighter
tone. Therefore, visible light reflectance of individual leaves measured
spectrophotometrically was directly related to tonal responses (reflec-

tivity) of field plofts of cotton, Fig. 1, 2, and 3.



I-31

Densitometer fracings on a negative from a black and white infrared
fiim exposed with visible iighf excluded, indicated that the near-infrared
reflectance of vegetafion was slightly greater for the untreated plot A
with the lighter tone than the Cycocel-treated plot B with the darker
tone. This is a reverse relation compared with the increased reflectance
shown for individual leaves from Cycocel-treated plants, Fig. |. It was
suspected that +here were background differences in reflectance between
treated and unireated plo%s. AlThough the leaf area indices were not
determined, densitometer tracings indicated that plofs A and B had essen-
tially the same background scil reflectance. It Is possible, however,
that the type of plant canopy influenced reflectance, since Cycocel-
treated plants had shorter internodes than untreated planits. More re-
search 1s needed To explain this phenomenon.

CONCLUS IONS

Near~infrared |ight reflectance, 750 -~ 1350 mu, measured in the {ab-
oratory, with a spectrophotometer, was higher for individual leaves from
the fourth node down from plant apexes of Cycocel-treated coiton plants
compared with teaves of the same chronological age from untreated plants,
because Cycocel treatment increased intercellular air spaces in leaf
mesophylls. Cycocel freatment also increased the chlorophyll content
of leaves (darker green color); thereby increasing absorption of light

in the 500~ fto 750-mu wavelength interval.
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Near-infrared !ight reflectance from single leaves was inversely re-
lated and visible light reflectance was directly related to the refiec-
Tivity of field plots of cotton recorded on Kodak Ektachrome infrared
aero film, Many factors such as type of plant canopy {(geometry), back-
ground soil reflectance, and differences in maturity of leaves on a
plant mask the contribution of a single plant leaf to the reflectance
of light from a plant canopy.

The Tonal response on Kodak Ektachrome infrared aero film was darker
red for Cycocel-treated plots than for unfreated plots. This was caused
mainly by increased chlorophyil contents (darker green color} in leaves
of Cycocel-treated plants, which reduced the reflectance of visible light,
causing denser yellow and magenta positive images in the film layers sen-
sitive to green and red radiation.

Experiments can be de;igned to chemically induce changes in internal
teaf structure (compactness) or in crop geometry. Such experiments are
useful to study the relation of spectrophotometrically measured reflec-
tance and transmittance on single leaves with the reflech;?;; from a
piant canopy recorded on photographic film.
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Fig. 3. |Internal structure of cotton leaves from
untreated (upper photomicrograph) and Cycocel-treated
plants (lower photomicrograph). Magnification is
identical in the two photomicrographs.




Fig. 4. Photograph (40 X enlargement) of the experimental plots
from an overflight using Ektachrome infrared aero film, showing
the untreated (A) and Cycocel-treated (B) plots from which |eaves
were sampled.
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DETECTION OF INSECT ACTIVITY ON CITRUS FOLIAGE WITH

AERIAL INFRARED COLOR PHOTOGRAPHY

Craig L. Wiegand and William G. Hart

I NTRODUCT 10N
Since the summer of 1965, the Entomology Research Division and the
Soit and Water Conservation Research Division of the U. S. Department
of Agriculture at Weslaco, Texas, have worked ccoperatively on detecting
insect infestations in citrus. In this report, applications are brought
up to date.

Brown soft scale (Coccus hesperidum L.)

The brown soft scale organism excretes large quantities of a sugary
solution known as -honeydew soon after establishment on the citrus leaf.

The biack scoty mold fungus, Capnodium citri, Berk. and Desm., develops

rapidly when the honeydew is abundant and forms a dense black coating of
interwoven filaments. |f the coating is heavy and remalns on the tree,

i+ interferes with the physiology of the plant and impairs growth and pro-
duction. Figure |, taken from Hart and Myers (1968), shows the effect on
reflectance of no, light, medium, and heavy deposits of scoty mold on
tight reflectance in the visible and near infrared. Notice that the de-
crease in reflectance is very pronounced in the 700 to 900 nanometer wave-
length inferval. There is also considerable decrease in the visibie but

the percent reflectance is very low in the visible fo begin with.
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Figure 2 shows a grove taken with type 8442 Ektachrome film (top) and
Ektachrome Infrared type 8443 (bottom). The bright red frees on The in-
frared film image are healthy, nonaffected trees, whereas the darkened
ones are brown soft scale infested. The effects are bareily azpparent in
the visible {type 8442 film) but are very pronounced on the near infra-
red radiation sensitive film (Type 8443).

Since 1962, the Entomology Research Division has been making time~
consuming monthly ground surveys of 20 citrus groves between Roma and
Brownsville, a distance of |10 miles, to determine the status of the
brown soft scale. WMonthly labor costs are $359 and vehicle expenses are
$64 for a total of $423 per month. The estimated monthly cost of flying
the groves is estimated at $150 plus $87 for film, processing, and labor.
The difference in cost annually would be $2,232 in favor of the photo-
graphic survey for these 20 groves alone. Since there are 4,000 groves
in the Lower Rio Grande Valley, it would be impossible to ground survey
them all, but very feasible to photograph them ali and ground check only
for Indicated infestations.

A commercial service to the growers has definite possibilifies., IT
could function much as ground entomological surveys now function, i.e.,
for a nominal fee the commerciat service would aerial survey The trees,
ground check suspicious areas in the groves, and make recommendations for

spot or general spraying of the orchard.
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Texas cifrus mite, Eutetranychus banksi (McGregh)

Texas citrus mites inflict damage fto the leaf when they insert their
mouth-parts to feed. The demage done results in a siivering or bronzing
of the leaf which increases the reflectance in both the visible and
photographlic infrared. Figure 3 (after Hart and Wiegand, [969) shows
that the reflectance at 1000 millimicrons is increased about 7 percent
by moderate infestation. Figure 3 suggests that the part of the spec-
trum To use 1s the visible, however, not the infrared since proportion~
ately the effect i's much greater in the visible than in the infrared.

There is difficuity In separating mite damage from new growth and a
number of other complicating variables; in winter, mesophy!| coliapse
which occurs during conditions of low humidity and high windspeed
(passage of cold fronts) causes a similar plant response.

Citrus rust mite, Phyllocoptruta oleivora (Ashmead)

bnjury from this pest results primariiy in a russeting of the frult,
although some browning of the leaves also occurs. Damage by this insect
has not been detectable from the elevations usually flown, 200-3000 feet.

DISCUSSION

The traditional way fo survey for insect infestations is with ground
crews. Such surveys are time-consuming and costly. The success re-
ported herein for detecting brown soft scale encourages investigating
remote sensing procedures for detection of other insects or manifesta-

tions of their presence.
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As refinements are made in sensing simultaneously in two or more wave-
length bands, detection of smaller and smaller differences from the
normal condition should become possibie. Discoloration, defoliation,
geometric distortion, and unusual deposits on leaf surfaces should be
detectable. The techniques would apply to aphids, lepidopterous larvae,
weevils, root and stem borers, and ants, Early detection would enable us
to delimit Infestations and start conitrol procedures while the pests are
confined to 1imited areas. The reduction in Insecticide application costs
would be considerabte.

SUMMARY

The detection of brown soft scale infestations of citrus trees with
Ektachrome infrared fiim type 8443 has been demonstrated. Texas citrus
mite and citrus rust mite were not detectable. Their presence may be
detected remotely by multispectral systems which have not yet been em-
ployed, or by more careful use of the visibie part of the spectrum where
reflectance measurements indicate their damage has its strongest infiuence
on the spectral signaturas.

Early detection of insect damage is beneficial to growers in two ways:
(1) spot spraying instead of general spraying reduces direct production
costs, and (2) condition of the trees and quallty of the fruit can both
be maintained. Remote sensing survey methods are attractive to research
and regulatory agencies because ground crew surveys are expensive and

consequently restrict surveys to sample rather than population surveys,
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DETECTION OF FOOT ROT DISEASE OF GRAPEFRUIT TREES

¥WITH INFRARED COLOR FILM

H. W. Gausman, Y%. A. Allen, and R. Cardenas

SUMMARY

Leaves of grapefruit trees affected with foot rot were yellowish-
white compared with green-appearing leaves from unaffected plants. Spec-
Trophotometric measurements of individua! leaves revealed that foot rot
affected light reflectance, transmittance, and absorptance in The visible
range, 400 fo 750 nm. The reflectance, transmittance, and absorptance of
leaves from the foot-rot-affected trees and the nonaffected frees were
measured aT‘The 450 (blue), 550 (green), and 650 (red) nm wavelengths.
Reflectance was 3.3, 31.4, and 23.9% higher; transmittance was-0.0, 16.5,
and 8.3% higher; and, absorptance was 3.3, 47.9, and 32.2% lower for the
foot-rot-affected than for the nonaffected leaves, reépecfively, at 450,
550, and 650 nm. On photographs taken with Kodak Ekfachrome infrared
aero film and a Zeiss D light-orange filter (approximate [00% absorption
edge at 500 nm), the foot-rot-affected trees appeared as white images

compared with red images for unaffected frees *.

1 Trade names and company names are Included for the benefit of the

reader and do not imply an endorsement or preferential treatment of

the product listed by the U. S. Department of Agriculture.
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INTRODUCT I1ON
Citrus foot rot is a fungal disease caused by Phytophthora

citrophthora (Sm. & Sm.) Leoniarn and Phytophthora parasitica Dast.

(Brandes et al., 1959). These fungi produce a gummy exudate at or near
the graft union on citrus trees; wood rots underneath, leaves lose col-
or, and decline sets In.

This paper relates foot-rot-induced changes In grapefruit leaves
with: (1) spectrophotometric measurements on individuai leaves and
(2) Kodak Ekfachrome infrared aero fiim sensing of reflectance from

overflights of a grapefrult orchard.

MATERIALS AND METHODS

An overflight of a grapefruit citrus orchard, Citrus paradise #Macf.,

Nucel lar ~ CES-3 selection of Red Blush on Citrus aurantium Linn. Sour

Orange rooTsToék, near Monte Alto, Texas, was made at an altitude of
2,000 ft., with clear to moderate haze, at [1:29 a.m., central standard
Time, December 5, 1968, in an easterly direction. Photographs were
Taken with a Zeiss, 6~in. focal length camera, using 9~in. Kodak Ekta-
chrome infrared aero film, type 8443, and a Zeiss D light-orange filter,

approximate [00% absorption edge at 500 nm.
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Kodak Ektachrome infrared aero film, Type 8443, has three Image
layers sensitized to green, red, and infrared radiation (Fritz, 1967).
A tight-orange filter, Zeiss D, Kodak Wratten No. 12 or 15 or equiva-
lent, is used over the camera lens to absorb approximately 100% of the
blue radiation to which all three layers are sensitive. Upon process-
ing, process E-3, yellow, magenta (purplish-red), and cyan (greenish-
blue) positive images appear in the green~, red-, and infrared-
sensitive layers, respectively. The relative exposure produced in
each film layer determines the many possible colors or tonal responses.
HealThy plant leaves reflect “brightly" in infrared which produces a
light-toned cyan image allowing the red formed in the other layers fo
predominate.

Fifteen leaves of approximately the same size and age were sampled
from a foot-rot-affected tree and an unaffected tree (normal appearance
by visual observation) five days after the overflight. The leaves on
the foot-rot-affected tree were yellowish~white, blooming was profuse,
leaf defoliation was beginning, and the foot rot canker did not encir-
cle the trunk. Spectra were determined on five leaves randomly

selected from each group of |3 leaves.
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Spectral diffuse reflectance on upper fadaxial) surfaces of single
leaves and transtittance were measured over the wavelength interval 300
to 2500 nm with a Beckman Model DK--2A spectrophotometer and its reflec-
tance attachment. Data have been corrected for decay of the Mg0
reference (Sanders and Middleton, 1953) to obtain absolute radiomeiric
values,

Statistical techniques were applied to the data (Steel and Torrie,_

1960) .

RESULTS AND DISCUSSION
The spectral responses within the wavelength interval 750 to {330 nm
are affected largely by Internal leaf structure (Gausman et al., 1969}.
Absorptance by pigments dominates the 500 to 750 nm interval, and the
region above 1350 nm is influenced greatly by the amount of water in
the leaf - strongest water absorption bands occur at approximately 1430

and 1950 nm,
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Figure | is a Kodak Ektaprinit, |7 X enlargement, from Kodak Ekta-
chrome infrared aerc film exposed on an overftight of a grapefruif
orchard. Various degrees of white-appearing ¥rees were detected among
the expected red-appearing trees. . An outstanding example of a very
white-appearing tree is shown in the lower center of the photograph.
Later investigation revealed that this free and others like it had foot
rot. |Iis leaves were yellowish-white as compared with green leaves of
unaffected trees as judged by the normal appearance of their foliage,
Fig. 2. Trees investigated were large, and their frunks were not en-
circled with foot rot cankers. A distingulshing feature of foot rot is
that one side of a free may be sound while the other side is dying

(Brandes et al., 1959).
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Leaves of approximately the same age and size were samp led from the
affected tree and from the unaffected tree above and next to the affected
tree in the same row, Fig. !. Spectrophotometric measurements on Indi-
vidual leaves over the wavelength interval 500 to 2500 nm indicated that
main differences in response, statistically significant, p = .0l, were
in the visible region. Accordingly, refilectance and transmiftance spec-
tra were obtained over the wavelength interval 400 to 750 nm. Data,
average of values for five [eaves for each spectrum, are presented In
Table |. Foot-rot-affected trees, compared with unaffected trees, had
higher vafues of 3.3, 31.4, and 23.9% for reflectance; 0.0 and higher
values of 16.5 and 8.3% for transmittance; and Eoweé values of 3.3,
47.9, and 32.2% for absorptance, at 450 (blue), 550 (green), and 650
{red) nm wavelengths, respectively. Spectrum colors can be combined
To give non-spectrum colors., A proper mixture of blue and red produces
magenta, and a proper ccmbination of red, blue, and green gives white
light (Strandberg, 1968). Reflectance of radiation from aerial photo-
graphs of foot-rot-affected trees produéed white images, compared wiTh
red images for unaffected trees; on processed Kodak Ektachrome infrared
aero film used with a Zeiss D, light-orange filter having an approximate
t00¢% absorption edge at 500 nm., Exposure of the yellow, magenta, and
cyan dye layers on the film to green, red, and infrared radiations,
respectively, gave the proper combination of blue, green, and red colors

to produce white light or a white-appearing image on the processed fiim.
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CONCLUS HON
Foot rot disease of citrus can be detected with aerial photography
using Kodak Ektachrome infrared aero fiilm and a light orange filfer.
Affected foliage of citrus trees give white images on the developed

film in contrast to red images for foiiage of healThy “rees.
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Table |. The spectra over waveiength Interval 400 o 750 nm of foot-rot-affected, yellowish-white
grapefruit leaves, compared with unaffected, green leaves. Each spectrum Is tThe mean for
five leaves.

Wavelengith, nm

Leaves 400 430 500 550 600 650 700 750

~~~~~~~~~~~~~~~ Reflectance (Percent) - = = = = = = w w o = = o = -

Affected 4.56 8.14 {8.56 44.68 41.16 28.64 56.06 60.88

Unaffected 4.44 4.88 5.56 [3.30 7.42 4,72 27.38 60.92

Difference 12 3.26 13.00 31.38 33.74 23.92 28.68 ~.04

~~~~~~~~~~~~~~~ Transmi ttance (Percent) ~ = = = = = « « « w w o o o

Affected 0 0 2.98 16.70 15.06 8,26 24,34 28,24

Unaffected 0 0 0 .18 0 0 4.94 25.62

Difference 0 0 2.08 16.52 15.06 8.26 19.40 2.62

~~~~~~~~~~~~~~~~~ Absorptance (Percent) A e e -

Affected 95.44 91.86 78.46 38.62 43,78 63.10 19.60 10.88

Unaffected 95.56 95.12 94.44 86.52 92.58 95.28 67.68 13,46

Difference -.12 -3.26 ~15.98 ~47.90 -48.80 ~32.18 ~-48.08 ~2.58

a/  Absorptance = 100 - (% transmittance + % reflectance).

G—1



NOT REPRODUCIBLE

Fig. |. Kodak Ektaprint, 17 X enlargement, from an overflight of
a grapefruit orchard showing images of white-appearing, foot-rot-
affected trees, center, and red-appearing, unaffected trees.




NOT REPRODUCIBLE

Fig. 2. Ektachrome color (film type B) photographic comparison of
yel lowish-white grapefruit leaf on left from foot-rot-affected tree
with green leaf on right from unaffected tree.
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Interaction of Isofropic Light With A Compact Plant Leaf

Wiltiam A. Allen, Harold W. Gausman,
Arthur J. Richardson, and James R. Thomas

ABSTRACT

A transparent plate with rough plane~parallel surfaces is used
as a theoretical model fo explain the interaction of diffuse light
with a compact plant leaf. Effective optical constants of a corn
leat have been determined from leaf reflectance and transmittance
measured over the spectral range 0.5 - 2.5 p with a recording spectro-
phofometer. The effective index of refraction at 0.5 p for the corn leaf
is not inconsistent with the refractive index of epicuticular wax. The
effective absorption specira of the corn leaf appears to be a super-
position of the absorption coefficients of chlorophyll and pure liquid
water. Residual spectral data from other leaf constifuents are at the
resolution {imit of the spectrophotometer. The plate model| of a leaf
is also used to determine moisture content of the corn leaf from

reflectance and transmittance measurements.
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INTRODUCT I1ON

Allen and Richardson® have described the near-infrared reflectance
and fransmittance of plant leaves stacked in a spactrophotometer by
means of the Kubelka-Munk (K-M) '!‘heory2 for propagation of [ight through
a diffusing medium. Basic entities in application of the K-M theory to
leaves are the reflectance and transmiitance of a single leaf. The
purpose of this paper is to derive the reflectance and transmittance of
a single typical compact plant teaf from fundamental considerations.

Willstdtter and Stol!®, as reported by Gates", explained reflec-
tance and transmittance of a plant leaf on the basis of critical reflection
of light at the cell wall-alr interface of spongy mesophyll tissue. According
to Myers and Allen®, the K-M scattering coefficient for a typical leaf
can be explained by Fresnel refiections at normal incidence from thirty-
five air interfaces along the mean optical path through the feaf. Gausman,
Cardenas, and Allen® noted that If oblique:reflections are considered,
fewer interfaces account for the results. These previous concepts
emerge naturally, without additional assumptions, from the leaf model

investigated in this paper.
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The requirement of isotropy is equivalent to The assumption that the
plate surfaces are rough with respect to the wavelength of light; that is,
the surfaces are assumed to be lambertian’, Walsh, as reported by Dunfleye,
and Stern® calculated the reflectivity of isotropic light of all polari-
zations, for an interface between two dietectrics. Theory oxists?lst1
for evaiuating reflectance and transmitiance of a plate provided that the
reflectivity of each surface and the fransmissivity of the plate medium

are known. Cenversely, if reflectance and fransmittance for diffuse

light are known, the optical constants of the plate can be determined.

REFLECTANCE AND TRANSMITTANCE OF A PLATE IN ISOTROPIC LIGHT

Figure | illustrates unit isotropic radiant flux IO emanating from
medium i, inferacting with the interface between media | and 2, passing
through medium 2 of thickness D, interacting with the interface between

media 2 and 3, and emerging eventually into both media | and 3. Light

emergence into medium | is designated reflectance R and |ight emergence
info medium 3 is termed fransmittance T. Media | and 3 will be regarded
as air and medium 2 will be specified by the relative index of refraction

n between air and medium 2 and by the absorption coefficient k of medium

2. Transmissivity at an interface between media i and j will be designated

j =

associated with muitiple reflections within the plate are referenced in

Tij5 the corresponding reflectivity is given by Ri; = I-TiJ. The irradiances

Fig. | by regions 2, 6, 8, 12 ..., and 3, 5, 9, Il ... . These regions
are assumed to be infinifesimally close to the surface. Analytical values

associated with the various regions in Fig. | are listed in Table .
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Reflectance R is determined by contributions from regions |, 7, i3, ... ;
transmittance is defermined by contributions from regions 4, 10, ... .

‘Reflectance R and fransmittance T, respectively, consist of the sums of

the infinite series

= 2 2 voo
R = RlZ + T32 TZ[ T R23 (I+t R23 RZI + ), (1

(2)

—
I

—— 2 oo a

The subscripts in Eqs. (i-2) refer fo media 1, 2, and 3; the quantity

T is the transmissivity of the plate. We sum Egqs. (I-2) fo ob¥ain the

relations
. T| 2T Ry3To,
R = R!Z + & &Y Lt , (3)
2
E"‘T R23Rzi
T, 1T
T2 2 , @
2

Equations (3-4) describe a plane-parallel rough transparent plate in
isotropic light. Diffuse light is frapped by the second medium for those

rays that exceed the critical angle, thus T, # T23‘ The fransmissivities

Tyy = T,5 can be calculated either by the relation T, = ”-ZTIZ ® or

measured by procedures suggested by Duntley®. |f the calculated value of

TZI is used, Egqs. (3-4) can be written in the forms
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2T, ,2(n2-T,,)
= (=T p) + —i2 |2 , (5)
nk—Tz (nz"Tiz)z

A
|

Tn4T, ,2
T = {2 . (6)
n‘*mTz(nz—le)2

The absorptance of the plate can be expressed by the relation

T)2(-Tn?
{~R-T = . (7)
n*=1 (n?-T|5)

INDEX OF REFRACTICN OF A PLATE
Equations (5-6) can be used to evaluate the index of refraction n
of a plate if R and T are known., Eliminate T from Egs. (5-6) to obtain

the relation

F(ME [T2-(R-R ) *] (02T 5)-T| 2 (R-R|5) = 0 . (8)
The ftransmissivity TIZ = l"RIZ for diffuse light at an interface
between two dielectrics of relative index of refraction n can be

written® in the forms

4 2ntl
3 (n+l)?
an*(n2+2n-1) 2n2(n+ ) 2n%(n%*-1)?2 ni{n+1)
Ty = - flog n + — log N 8 10D

(n?+1)2(n%-')  (n2-1)% (n%+1)3 e |
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The subscript | in Egs. (9-10) designates the case in which the electric
vector 1s perpendicular %o the plane of incidence, and the subscript 2
pertains to the case in which the electric vector lies in the pia%e of
incidence. Light transmissivity of intermediate polarization can be

written in the form

where | > p > 0. We set u = 1/2 for the case of random polarization.
The appropriate root of Eq. (8) can be evaluated by means of the

Newton-Raphson!? method in which the relation
Fi(n) = 2n[T?-(R-R, ;)] - [T3+T,%4+2n(R-R|5)~(R-R5) *1dT | ,/dn (12)

must be used. The quantity dTIZ/dn = UdT;/dn + (I-u)dTQ/dn can be
calculated exactly, but with some difficulty, from Eqs. (9~11). OQver
the restricted range 1.2 < n < |.5, however, the quaniity dT|2/dn can be
calculated with requisite accuracy from the approximation cubics

T = Ai+Bin+Ci”2+Din3 where The polynomial coefficients of T; are listed

in Table }11.
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TRANSMISSIVITY OF A PLATE IN 1SOTROPIC LIGHT

The transmissivity T of a plate in isotropic light can be obtained

from Eq. (5) in The form

n"(R—-Rlz)

.rZ...

= (13)
2r.2 2 2

The transmissivity T of the plate can be reiated fo the absorption
coefficient k of the plate medium. The transmissivity of the plate
is the irradiance at the lower surface in Fig. | reiative o the
irradiance at the upper surface. Let k be The abscorption coefficient
of the plate medium. The length of a typical slant ray through the
plate of Fig. | can be designated D sec 0, where 0 is measured from the
plate normal. The transmissivity of the plate along this slant ray is
given by exp(-kD sec 08). Flux emerging from unit area of a rough or
tambertian surface varies as cos 6. The total flux emanating from
unit area of the upper plate surface that reaches the lower surface
is obtained by straightforward Integration of all flux over the
hemisphere 0<6<w/2. The transmissivity t for isotropic light passing
through a rough plate of thickness D is given by the relation

o

G(k) 21 - (i-z)e %-22 J xleXax =0 (14)

z

where z = kb.



The exponential integrai in Eq. (14) is a febulated function.'?
The root of Eq. (14) can be evaluated readily by means of the Newton-

Raphson method where the relation
=]

‘61 (k) = 20[e %~z f w7
Z

e “dx] (15)

must be used.
EXPERIMENTAL VERIFICATION

The elementary theory advanced in this paper applies to a compact
leaf, an immature leaf, or a leaf in which the intercelluiar space has
been infiltrated with water. A corn leaf, for example, is a compact
leaf; that is, the leaf structure is characterized by relative absence
of intercelluiar space, Figure 2 is the effective dispersion curve
of a typical corn leaf, determined from reflectance and transmittance
measurements. The effective dispersion curve of this leaf is not
inconsistent with values of The epicuticular wax'* found on the
surfaces of many leaves. The additional data point at 0.5 u is the
average published!® index of refraction, n = 1.4687 at 40° C, for
carnauba wax, a substance obtained from the leaf surface of the

carnauba palm, Capernicia cerifera.
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The solid line in Fig. 3 is the effective absorption spectrum
of fthe corn ieaf, calculated by use of the plate model presented in this
paper. The data points in Fig. 3 are the published absorption coefticients

of pure liquid water.'®

The equivalent water thickness D of the corn leaf
was determined by fitting the plate model fo the Curcio'® data over the
spectral range 1.4 - 2.5 u. The equivalent water thickness was determined
to be 146 U while the measured leaf thickness was 188 . Justification

of the above procedure for moisiure determination is based upon the
premise that abscrption of the corn leaf in the spectral range |.4 - 2.5 Y
is caused principally by pure {iquid water. The dashed lines in Fig. 3
are the measured effective absorption curves resclved into components
corresponding to pure liquid water and chlorophy!l. Residuals between

the leaf absorption curve and data for pure liquid water over the range
i.4 - 2,5 yu may be regarded as differential absorption spectra of leaf
substances other than water and/or uncertainties of the fundamental

constants for pure liquid water.
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The plate-model theory of a ieaf advanced in This paper contains
two substantial improvements upon the K-M formuiation. First, the K-M
scattering coefficient s has been interpreted in ferms of Fresnel
refliections from the leaf or cell surfaces. Polarization phencmena
have been included in the plate theory in a natural manner. Second,
the absorption coefficient of a leaf determined by the plate model Is
in closer agreement with that of pure liquid water than calculations
made from the K-M formulation.

Teble 1}l indicates the agreement between absorption coefficients k
calculated from Eq. (14) and those values k0 observed for pure liguid
water'® for the 23 spectral velues u = .40, 1.45,..., 2.50 u. Table Il
also illustrates the agreement between fthe K~M absorption coefficient k and
those for pure liquid water for the same spectral values. in both the plate
and K-M comparisons, an optimum constant water thickness D over the range
1.4 - 2.5 U1 was assumed in order to obtain the best fit on a semilog plot

such as Fig. 3. The Gauss criterion for goodness of Fitl?

= 2 _ .2
&= = E [log (ko/k)] = a minimum (16)
was used. The values n = 23 and m = | were assumed in Eq. (18).
Preliminary calculations listed in Table 1| suggest that the plate-model

values for Q are substantially better than corresponding K-M values
over the same spectral region. The genera listed In Table |1l correspond,

respectively, to a compact leaf, an immature leaf, and a leaf infiltrated

with water.
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The theory advanced in this paper can be extended easily 1o a non-
compact leaf. Such a leaf can be regarded as a pile of N compact cell
tayers separated by N-| air spaces, where N need not be an integer.
With this interpretation, the resutts of reference | apply. A conse-
quence of the modified Theory }s that a measure can be obtained for

The intercellular air space of a leaf.

CONCLUS |ONS

The reflectance and transmittance spectra of a typical compact
plant leaf can be synthesized with considerable accuracy by interaction
of isofropic light with a fransparent plate, The plate model of a |eaf
has been justified by successful predictions. The effective index of
refraction of a corn leaf is not inconsistent with The published value
of epicuticular wax. The effective absorption coefficient of a
corn leaf is largely a superposition of two partial coefficients
associated, respectively, with chlorophyll and pure liquid water.

Differential specira due to other leaf substances have not been established.
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TABLE I. trradiance for regions shown in Fig. 1.
Region I rradiance

| Ry,

2 T,

3 Ty

4 le T T23

5 TI2 T R23

6 T, T2 Ry

7 T, T Rys Ty

8 Ti2 T Ryg Ry

9 Tia T Rz Ry

0 Tio T Ras Ry Toz
¥ T T° Ros Ry) Ros
12 Tip T Ryz® Ry
13 Ti2 T Rps® Ry Ty




TABLE 11. Coefficients of approximation cubics T = Ai+Bin+Cin2+Din3

for transmissivity of polarized diffuse light across a

a

diefectric interface. The coefficients Ti are'used in

calcutation of dng/dn of Eq. {12).

I1-15

Coefficlents i =1 i =2
A; +1.435 228 +1.516 853
Bi -0.549 374 ~1.117 852
Ci +0.127 332 +0,779 349
Di -0.013 {36 -.186 815

@ Valid for the range 1.2 < n < 1.5,
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TABLE [11. Values of € in Gauss criterion ° for the best fit between
the absorption coefficients of the corn leaf and those of
pure liquid water over the spectral range .4 - 2.5 u.

The equivalent water thickness D is heid constant over the

range.

Genera K-M theory Plate theory
Corn P 0.0161 0.0035
Cotton © 0.0159 0.0027
Citrus @ 0.0227 0.0077

8 Equation (16).

b Compact leaf.
< lmmature leaf.
d

Infiltrated with water.



Fig. 1. Multiple reflections produced by a transparent plate with
rough surfaces. -



-INDEX OF REFRACTION n
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Fig. 2. Effective refractive index of a typical corn leaf. Arrows mark absorption
bands due fo chlorophy!l and liquid water. The additional ‘Q point at 0.5 u
is the published index of refraction for Carnauba wax.

25



ABSORPTION COEFFICIENT K (CM™)

WAVELENGTH (MICRONS)

Fig: 3. The solid line indicates the equivalent absorption coefficient of a typical corn leat with 146 1
equivalent water thickness (EWT). The dashed |ines are components due to chlorophyll and pure liquid
water. The data points are-the Curcio values for pure liquid waver.
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Ptant Canopy Irradiance Specified by the

Duntley Equations

Mitliam A. Allen, T. Vincent Gayle, and

Arthur J. Richardson

ABSTRACT

The Duntley equations for propagation of specular {ight through
a diffusing medium have been generalized and Interpreted to account for
the diurnal nature of radiation measured in an lthaca, New York corn
canopy. The Duntiey optical coefficients associated with the specular com-
ponent of |ight were assumed fo vary as the secant of the zenith angle to
the sun., Generalization of the Duntley relations was required in order to
predict values of irradiance within the canopy and to account for the effect
of background reflectance from the soil. Five independent measurements of
canopy irradiance suffice to determine the Duntiey parameters. Twenty-four
measurements of irradiance within the canopy were utilized, however, in a
least-squares program to obtain the best fit of the Duntiey equations to the
corn canopy. The equations fit the experimental results within 3.2% for a
period from noon to sundrwn. If the laboratory measurements of optical
constants for a single corn leaf are used as constraints, the Duntley

equations fit the data to within 3.7%.
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INTRODUCT 10N

In order to Interpret remote sensing data acquired from aircraft and
spacecraft, understanding is required of the reflectance produced by
features on the surface of the earth. The specific problem in agriculture
is interpretation of reflectance produced by vegetation. Reflectance from
vegetation is a result of light interaction within The plant canopy.

tnteraction of light with a typical plant canopy has been described
elsewhere!’? by means of a two-parameter representation involving an
absorption coefficient and a scattering coefficient. An equivalent treat-
ment? involves effective optical constants of the leaf materials. A fypical
two-parameter representation, such as the Kubelka-Munk (K-} Theory“, is
adequate for many agriculfural purposes. The K-M theory, however, is exact
only for perfectly isotropic light and an ideal diffusing medium. These
conditions are offen approximated sufficiently weli in agriculfural
applications of the theory. The K-M refations apply accurately to the case

of typical leaves®

stacked in a DK-ZA spec‘rr:ophoi'omefer5 in spifte of the
fact that the DK-2A irradiates the specimen with a directed beam instead
of with diffuse light, Although a typical leaf such as corn has strong

specular reflection®, the internal structure of a corn feaf is such that
the transmitted light is very diffuse,

The K- theory has a fair likelihood of representing the irradiance
within a plant canopy illuminated by skyllght or by light emanating from
an overcast or cloudy sky because The light, in these cases, is largely
di ffuse. The relative irradiance of specular, cloud reflected, and sky

light is well known?’.
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‘The K-M theory was never intended for use in situations where the
incident light is specular. In the case of an actual plant canopy the
specular component of the incident light cannot, in general, be ignored.
The inadequacy of the K-M representation to account for the directional
compenent of radiation has been noted by Allen and Brown® in the case of
a corn canopy. The K-M theory does not account for the observed
variation of plant canopy albedo with sun anglea. The K-M theory is
indeed applicabte to a plant canopy after the incident specular light
has been reduced to diffuse light. In nature, however, a fotal leaf-area
index (LA1)® in excess of five is required to etiminate essentially all sun
flecks on the background soit. Most mature plants do not greatly exceed
a LAl of five even when mature. The mature corn canopy discussed by Alien
and Brown?, for example, was 250 cm in height with a LAl of 4.33.

When a plant canopy is iltuminated by direct sunlight, the K-i fwo-
parameter theory must be generalized to additional parameters in order
to account for phenomena produced by sun angfe, leaf orientation, or other
attributes of the actual physical situation. Theoretical machinery was
developed by Duntiey in 1942 '® that generalizes the K-M relations to five
or more adjustable parameters. The Duntley equations can be fitted exactly
to five Independent values of irrad}ance measured within the plant canopy.
Regardless of the physics involved, the use of more than two parameters will
improve agresment between +theory and experiment. Use of five parameters
permits leaf orientation, sun angle, and one other independent plant

attribute to be considered.
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The purpose of this paper is fo demonstrate that the Duntley equations,

a generalization of the K-M theory, can be interpreted fo include the effects
of sun angle on a plant canopy. The reason for restricting the generalization
to only one additional canopy property Is that accurate data on plant canopy
attributes are unavailable.

The Duntley theory, like the K-M representation, is one-dimensional.
Restriction fo ane dimension, however, does not tmply that Irradiance within
a plant canoﬁy cannot be diurnal. The one-dimensional interpretation simply
meané that conditions at the same depth are identical throughout the canopy.
in other words, the irradiance profile is assumed to be invariant over the
entire éanopy. Edge problems, Introduced by rows in cultivated fields, must

be freated by special methods.

THECRY

The Duntley equgfions will be derived at this point for three reasons,
First, the calculations are simple and will be included for completeness.
Second, the Duntley equations must be generalized fo provide vaiuves of
irradiance within the plant canopy since published forms of the equations
apply only to irradiance measured at the boundaries of a dlffusing medjum,
Third, the Duntley relations will be generalized to Include the effect of

a background.
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Figure | represents a plant canopy with light-absorbing and light-
scattering leaves uniformly distributed and having dimensions much smatier
than the height of the canopy. The canopy is assumed to have infinite
lateral extension in order to eliminate edge effects. The cumulative LA}
is identified as the appropriate dimension n measured downward from the top
of the canopy. The quantity N in Fig. | will be considered the total LAl
of the canopy.

The Duntley theory is based upon the differential equations

dii/dn = ~ (U +B+FI] s . (n

dif/dn = F‘Iﬁ -ut-Bt+8s 5 (2)

~ds/dn = B:E;~u5~Bs+BT . {3)
The primed quantities in Eqs. (1)-(3) pertain to incident specular light.
The parameters u', B', and F' are, respectively, an absorption coefficient,
a back~scattering coefficient, and a forward-scattering coefficient. The
unprimed quantities in Egs. (1)-(3) -pertain to diffuse light generated by
scattering. The parameters p and B are, respectively, the absorption
coefficient and back-scattering coefficient for diffuse light. The plane
n=20 in Fig. | is the specularly illuminated surface of the canopy and
the plane n = N js the surface of the soil. The radiant fluxes, specular
and diffuse, In the positive direction are denoted |} and t, respectively,
while the diffuse radiant flux in the negative direction is designated s. The
incident specular flux on the canopy is designated I}. 1, as in The following,
lé is considered unity, the reflected flux R" is designated reflectance

and the fransmitted flux T’ is designated ftransmittance.



The solution of Eq. (1)} is

fo g1 e TAN ] (4)
n [#]

|
where q' = WHB™F', Eliminate I; from Egs. (2) and (3) by means of
Eg. (4). Solve Eq. (2) for s, substitute the result infto Eg. (3),

and rearrange to obtain

)
d?4/dn? - ot = - [(uufIF7 + (B+FYBHH 1", (5)

where

a? = u{u+2B) . (6)
By an analogous method obtain
|
d?s/dn? - o®s = -[{u-pi)Bi + (B-B)(BHFHJ I " . (7)

Soive Eqs. (5) and (7} and make the substitutions
Pt o= [(u=p )B4 (B-BN ) (BHF U T (4B +F ) 2o 2B) T, (8)
O = [t JF+(BHET) (BI4+F ) (4B 14F 1) 2epui2By T . (9)

Assume solutions of the form

-+
i

—_rt 1
AC1-8)e4+B(148)e Pt (1-Qi)e T " , (10)

el
ACIHR)ON4B(1-Be 0N.pig™d I , (an

wn
il
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where B2 = 1/(u+2B). The quantity 8 has been introduced in Eqs. (10)-(11)
for future convenience. Equation (10) includes the unscattered component
of the incident specular light in addition to the diffuse component. The
arbitrary constants A and B of Eqs. (10)-{l]) can be evaluated from the
boundary conditions + = | when n = 0 and s = O when n = N. Solve the
resultant linear equations fo obtain

A = LT P1=(1-8)0 e N [U+8) 2eM-(1-p2™ T 12

B = E(I+B)Q‘eaN~(l~B)Té P17 [(1+8)2eMN. (j-g)2e~ N1 | (13

Make the substitutions & = log b, B = (a-1)/(a+!), substitute Egs. (12)-{I3)

into Eqs. (10)~(11), and simplify To obtain

- b ~N+
ap-Ma™lp pP-p -a'n
t+ = Q' + PITL - (Qi-1)e™9 , (14
ap-a=!p N apN-g™Ip™N
ph-n_p~N+n ap-g~p™" oo
s = QF - + PITl— —= - Ple” . (15)

Equations (14)-{15) apply to the special case of a diffusing medium with
no background. Correction relations that result from background reflec-

Yance Rg can be inferred from Ref. (1) in the forms

by=1 ) (16)

—+
]

R M "™ (a-a”

i b1

b (a-a ) . an

[5¢]
§

=R M (ab™a
g
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where
oo e
M= TR R+ ) (18)
T, = (a-a aoMalp ™ : (19)
R, = (oMb Ny apla Ny 7 ) (20)

The notation T(N} in Eq. (18) is interpreted as Eq. (14) evaluated
at the point n = N,
For the special case of negligible absorption, applicable to leaves

1

in the | 1 region®, the preceding relations can be simplified considerabiy.

Substitute w1 = ¢! = 0 in Egs. (8)-{(9) to obtain
P't'
Q!

1]

{(B-B)/(B*+F") » (21)

(B+FT)/(B'+FT) . (22)

Substitute Eqs. (21)~(22) and the results of Ref. (l) info Egs. (14)-(I5)

to obtain

BEFT j+B{N- -B! -q'
. 8- BBl Bn - n:] . (23)

i
. C
BT+F!  [4BN Bf+Ff[_ [+BN

B+F? - B-B -
s = B{N-n) + [—Té 1+Bn _ e_qan , (24)

BI+F'  [+BN  Br+Fi 1 +8N

where g = B'+F? and Té = exp(-a'N), The correction terms that result from
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background reflectance Rg can be inferred from Ref. (1) In Tthe forms.

wh
!

o = Ry BallBNTT vy (25)

i
[}

-
o = Rg(1+Bn) [HBNT T +(i) , (26)

where T(N) Is Eq. (23) evaluated at n = N and Tg = I-Rg.

The net radiation, including the background reflectance, can be written

Fes=(1488) " (Bi+FT) 7! {(B+F 1) (B-BN)expl-(BI+F 1 INJ} ~Rgc;+aNTg)“'

+{N}. (27}
The net radiation In the region of zero absorptance is independent of n;
That is, the net radiation does not vary with location in the canopy.

The Duntley equations, as generalized above, specify the irradiance
within a plant canopy superimposed upon a soil background of refiectance
Rg. Implicit in the development is the assumption that specular light
incident on the scoil background is reflecied as diffuse light.

Experiments have indicated that an actual plant canopy is characterized
by diurnal effects. Atlen and Brown? have shown that attenuation within a
plant canopy depends upon the sun angle. The variation of vegetation altbedo
with sun angle has been reported by Monteith and Szeicz'® for kale, potatoes,

and grass; by Graham and King'? for maize; by Chang!?® for cane; and by

Chial* for sugar cane, pangcla grass, and pigeon pea +rees.
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An argument of plausibility suggests that specular |ight attenuation

tThrough a plant canopy can be characterized by the relation

-
b= 1le 9p 0 sec g R (28}

where ¢ is the zenith angle of the sun. Equation (28) can pe interpreted

in the following fwo alternative ways: |In the first interprefation

use Is made of the fact that slant rays interact with more leaves than
comparabtle vertfical rays. |f qé is a constant that appliies to the case of

a hypothetical zenith sun, then n sec § s considered fo be an effective
value of cumuiative LAl for a slant ray passing obiliquely through the
canopy. The effective total LAl of a canopy with respect To a slant ray

can likewise be specified by the expression N sec ¢ where N is the conventional
value of total LAlL. The second interpretation of Eq. (28) is based upon

the conventional definition of LAl illustrated in Fig. . In this case, the
diurnal effect can be incorporated in the coefficient q' defined by the
relation q' = q] sec . The latter Interpretation is adopted in This

paper.
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EXPERIMENT

Figure 2 fliustrates the Duntley equations fitted by the method of

least squares discussed in the Appendix to near-infrared experimental
transmission data obtained by the Cornei! group on Sept. {3, 1963 in a
corn canopy located at lthaca, New York®. The standard deviation between the
experimental and theoretical poinfs is 3.?%——a value well within experimental
error. Experimental data, indicated in Fig. 2, existed for the three LAl values
1.48, 2.77, and 3.78. The value Rg = 0,25 was assumed. Five independent
measurements of jrradiance associated with the canopy are necessary To
determine the five adjustable parameters. The data, howeverwere consistent
with the assumption 1 = ' = 0. When zero absorption was imposed as a
constraint, the reduced Duntiey equations consisting of three parameters can

be fiited to the three given LAl values. The Duntley parameters u', Bf, and F?

were specified by the relations

1 = o

1 Hey Sec g ,

BT = Bé sec § , (29)
1T = i

F Fo sec ¢ »

where T Is The zenith angle of the sun. Ephemeris data and the geographical
coordinates. Lat. N 42° 267, Long. 76° 23'W. were used to calculate
¢ for cooresponding times. The fitted Duntley parameters used in the

curves of Fig. 2 are listed as Case | in Table |.
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Case 2 of Table | illustrates the fit obtained if | and B are set equal
to the average values u = 0.035 % 0,007, B = 0.736 £ 0.048 measured in the
laboratory at | j wavelength on 10 mature corn leaves grown at Weslaco, Texas
during 1968, The resultant standard deviation, 3.7%, is not significantly
different from the best fit illustrated in Case 1. Case 2, however, is likely
to be closer to physicai reality than Case | in spite of the sltightly larger
standard deviation. The Duntley equations applied to a plant canopy are not
Inconsistent with laboratory values of optical parameters measured on single
[eaves.

Figure 3 illustrates the enhanced reflectance at low sun angles predicted
by the Duntley equations for the |thaca corn cancpy where the values for Case 2
in Table | have been used. Slant rays encounter more scattering centers than
vertical rays. More slant rays than vertical rays emerge as reflectance
and fewer slant rays than vertical rays are transmitted fo the soil. Figure 3
also includes for comparison an average value R_ = 0.734 % 0.012 *° measured
at | u in the laboratory on 10 mature corn leaves grown at Weslaco, Texas

during 1968,
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CONCLUS |ONS

The Duntley equations, interpreted appropriately, can account for
reflectance from, and attenuation of near-infrared irradiance within, a corn
canopy. The observed diurnal effect in a corn canopy is explained by the
variation of q' with sun angle. The observed increase in vegetation reflec-
tance at low sun angles is predicted by the Duntley equations. For the case
of negligible absorptance, the Duntley equations reduce to a three-parameter
representation that describes the transmissivity of The corn canopy with
surprising accuracy. A good experimental design 1o defermine the Duntley
parameters should be based upon reflectivity as well as upon transmissivity
measurements. The Duntiey parameters are not inconsistent with laboratory

vajues of optical parameters measured on single leaves.
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APPENDIX

The function fo be minimized Is given by
n m

= . _ 2 - 2
5 igl wﬂ(TOi Tci) +kzl grk(Rok R,®

(30}
where Toi and Tci’ respectively, are observed and computed values of downward
flux., The terms Rok and Rck’ respectively, are observed and computed values

of uvpward filux. The quantities L and W, @re relative weights. {ntroduce

the parameters ué, B;, and Fg by means of Eq. (29)}. Make the substitutions
i i i = P 3
L B uj B8] FO) = (a1 a2 as) . 31

Minimize § in Eq. (30) with respect to a; and set the result equal to zero

to obtain the five relations

. (Toi"Tci)aTci/aaj

m
-3y 2w

- L. = . {32)
L (R, -R )BRCK/BU o

rk” ok ck J

Expand Tci and RC at each data point around the respective values Ci and

i
Dk to obtain the relations

5
Ty =Cp + REE (BTCi/Buk)dak ,
(33)
5
R, =D + g (3R, /30, ) dlatg ) .

ck k 9=
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Substitute Eqs. (33) info Egs. (32} to obtain the five equations

:ZI Lw, (T .-C.) - kglelcaT /3oy > doy 1 9T /20

+ Z Cw Z M (R /30, ddow JOR /30 = 0. (34)

rk ok k

Collect terms in Egs. (34) to obtain the five normal eguations

wfi(BTcl/aaj)(aTci/auk)dak

N
W (R /3 (R /B0 )dar, = ¥

~C. )3T /9.
l L Ty Tei/3;

Wi

+ z W

L (R, DR, /Ao, . (35)

rk

Equations (35} are five equations in the five unknowns duj. Solve

Egs. (35) o obtain da;. Correct initial values uj to obtain the Iimproved
o

values oy + daj. tterate until convergence is achieved. The necessary

di fferential coefficients can be approximated easily from the defining

relations
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—-

oo ; Ao -

J J
{36)
BRC _ Rc(aJ+AuJ)—RC(oaj)
aoaj AO!.J-

where Aaj is taken sufficiently small.



TABLE |. Duntley parameters that specify irradiance in corn canopy.a

Parameters . Case | Case 2
u 0.000 0.035°
8 |.369 0.736°
Pé 0.000 0.125
Bé 0.978 0.297
Fé 0.609 0.281

Standard deviation 3.29 3.7%

a

['thaca, New York, September 13, 1963,

b Laboratory values for single leaves at | u.

II-33
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Figure 2. Percent transmission of near-infrared radiation within the 250-cm. high Eliis Hollow
(1+haca, New York) corn corp of September 13, 1963. The top curve (O is for 150 cm.
helght, the middle curve @& TIs for 100 cm., and the bottom curve @ is for 50 cm. The
curves are theoretical predictions based upon the Duntiey equations; the data points are
experimental values. The standard deviatlion between experiment and theory is 3.2%.
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Characterization of incident and reflected
short wavelength radiation
by

W. J. Rippert

tntroduction:

Photographic film registers target reflectance. Various optical
mechanical scanners are also able to measure and make provisions for
recording the red and near infrared wavelengths of incident and reflected
electromagnetic radiation. Such equipment is extremely expensive, at the
state-of-the-art technologically, and unavallable at Weslaco.

As an intferim measure the needed data for investigating this part of
the electromagnetic spectrum are being obtained using 1SCO spectroradiometers.

Objective:

To characterize incoming solar and outgoing reflected shortwave length
radiation.

Methods and procedures:

These data are meant ag support data fo be used in interpreting
imagery and multi-channe! sensor output from a NASA aircraft. An 15CO
spectroradiometer was used in making field measurements at various dates
from July &, 1967 through December [4, 1968.

Reflectance data were obiained with t+he 1SCO spectroradiometer
mounted on & Truco aerial |ift and elevated to a height of 700 cm. above
the crop canopy for an integrated measurement of reflectance from canopy
and furrow. For isolated measurements of crop or furrow a height of
50 cm was used. A probe angle of -20° from horizontal was used for all
measurements.

The ISCO spectroradiometer has a wavelength range of 0.45 o 1.55
microns with bandwidth of 0.015 and 0.03 microns, respectively, in the
visible and infrared. Sensitivity is from 0.3 fo 1000 uyw cm=Z mu=| in
eight ranges, with accuracy of 7 to 10 percent. Two sensing heads,
each having a 180° field of view, are provided with the instrument.

One is a diffusing screen mounted directly on the instrument case for
measurement of incoming radiation, and the other is a six foot fiber
optics probe which is used for measurement of scanned reflectance data.
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The fiber optics probe has been modified to decrease the field of view
from 180° to 20° so that specific areas can be isolated for reflectance
measurements. A recorder-scanner used in conjunction with the spectro-
radiometers record spectral intensity versus wavelength in a continuous
spectral distribution curve. A modification has been made fo ‘the
recorder-scanner so that a single predetermined wavelength may be
monitored for detailed studies.

Results and Diskussion:

Table | is a listTing of various instrumeni sites used to obtain
incoming radiation and reflectance measurements on January 24, [968
through December 14, 1968,

Figure | compares reflectance from grain sorghum, cotton, pepper
and_citrys. The units of reflectance are presented in microwatts
cme mu” ',

Figure 2 presents the reflectance frem cotton plants and the soil
in the furrow. Soil shows a higher reflectance in the visible portion
of the spectrum and cotton a higher reflectance in the near-infrared
portion of the spectrum.

Figure 3 compares the outgeing, or refiected radiation, with the
total inceming radiation for a cotton canopy over the wavelength
intferval 0.4 Yo .6 p, The spectral albedo is also shown., The peak
in albedo at 1.4 u, a water absorption band, is due tc instrument error
in measuring reflectance and total incoming radiation.

Figures 4 and 5 present incoming radiation taken with an Eppley
pyranometer and spectroradiometer at three wavelengths 0.55, 0.80, and
.25 p, on January 24, 1968, and July 6, 1967, respectively. On
January 24, 1968, the ambient temperature was 15° to 18°C and relative
humidity was 40 to 42 percent. On July 6, 1967, the ambient tempera-
ture was 32 to 35°C and relative humidity was 30 fo 40 percent. The
wind speed on July 6 was 20 to 30 mph with a high concentration of dust
particles in the air, whereas January 24 was a calm day.

In January 1968, spectroradiometer readings corresponded to Eppley
readings with time. However, on July 1968 spectroradicmeter readings
at 0.80 u and especially at 1.25 u had a sharp increase in magnitude at
{200 hours; this result is believed due to instrument error and not a
real phenomenon.

Figure 6 shows a comparison of incoming radiation when monitored
at two wavelengths 0.55 and 0.80 u on June 19€8. Readings were faken
when scattered clouds occurred to measure the effect of cloud cover on
incoming radiation at various wavelengths in the visible and near-
infrared. A period of no cloud cover for eight minutes was monitored
to show the effect of the clouds edge on incoming radiation measurements.
A very small change was noted at 0.80 p however at 0.55 u there was a
substantial increase at the cloud edge.
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Table |.--Dates and sites at which spectroradiometer measurements were made,
and comments.

HOUR

CROP DATE (coT) ! LINE  SITE COMMENTS

Sorghum 6/13/68 [342-1426 R.F. Block E Ground cover - 95%
Height - 137 cm
Maturity - milk
Cloud condition ~ 25%
Haze condition - None

- —— - —— et et ———— LR

Sorghum 6/29/68 1002-1026 11} 28 Ground cover - 80%
Height = 100 om
Soi | 6/29/68  1031-1049 I} 28 Maturity -~ Hard

Cloud condition - 25-50%
Haze condition - None
Plane over site
Cotton 7/ 9/68 |227-1630 12 46a Ground cover - 80%

Height - 80 cm

Maturity - Boll

Cloud condition - Clear
Haze condition - None
Plane over site

B el ] ——— e e e e e e P e — -

Cotton 7/15/68 1453-1544 12 29 Ground cover - 95%
Height - 83 cm
Maturity - Bold
Cloud condition - Cloudy
Haze condition - Hazey

Citrus 7/18/68 1357-1504 2 89 Ground cover -
Height - 600 cm
Maturity - Green
Cloud condition - Partly cloudy
Plane over site
Sorghum  7/20/68 1146-1155 i3 85 Ground cover - 75%
Height - 125 cm
Maturity - Milk
Cloud condition - Cloudy
Haze condition ~ None
Pepper  7/20/68 1304-1307 13 85a  Ground cover - 70% -
Height - 65 cm
Maturity - Harvest stage
Cloud condition - Cloudy
Haze condition ~ None
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{Cont'd.)

1 COT - Central Daylight Time.
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Soi | 7/23/68 1417-1424 13 71
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Cloud condition - Somz clouds
Haze conditions -~ None

Cotton 7/25/68 1443~1614 I3 87a

Ground cover - 96%
Height -~ 14l cm
Maturity - Boll

Cloud condition - Cloudy
Plane over site

Cotton 7/27/68 1009-1037 1| 77

o i . L L LY Wt Sk Akl B Sk S ey o Y S Y T Y R A T 8 v S e T e

Ground cover - 100%

Height - 30 cm

Maturity - Some open boll
Cloud condition - Some clouds
Haze condition - Hazey

Plane over site

Pepper  12/14/68 10031034 (2 73

—— e s - — s

Ground cover - 75%
Height ~ 66 cm

Maturity - Harvest sfage
Cloud condition - Clear
Haze condition - None

NASA plane over site
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summary:

Comparison of reflectance of cotton and soil in a furrow in Fig. 3
shows a higher reflecfance for soils in the 0.4 o 0.7 u region and a
higher reflectance for cotton in the 0.7 fo 1.6 u region. The percent
plant cover will therefore influence the overall reflectance of a <rop
canopy when measured from an elevation where crop and soils are

integrated. A higher percentage of soil showing will increase the
reflectance in the visible region and the higher percentage of crops
witl Increase the reflectance in the near-infrared region.

The albedo {ratio of outgoing to incoming radiation) of a cotton
canopy was found to be similar in shape to the reflectance curve of
four stacked leaves using a laboratory spectrophoctometer.

The spectra of Incoming radiation measured in January and July
di ffered substantially. Incoming radiation in the near infrared
increases when the aerosol content of the atmosphere increases.

Comparison of incoming radiation when monitored at two wave-
lengths under scattered cloud conditions showed that radiation
increased at the edge of a cioud and slowly decreased as The cloud
moved away from the line of sight between the spectroradiometer and
the sun. This increase was small at 0.80 u, however at 0.55 p there
was a large increase at the cloud edge.
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Figure 4.--Comparison of direct plus diffuse sky incoming radiation measured with an Eppley
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Figure 5.--Comparison of Tncoming radiation with an Eppley pyranometer and spectroradiometer
at various wavelengths and time on July 6, [967.
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RELAT!ION OF LBGHT REFLECTANCE TO COTTON LEAF

MATURITY (Gossypium hirsufum L,)

H. W, Gausman, ¥YW..A. Allen, R. Cardenas,

and A. J. Richardson

ABSTRACT

Cotton plants were grown hydroponically with controlled environment.
Third, frue leaves were tagged on the day they became macroscopically
visible. Five leaf harvests representing maturity dates were made at
successive 2 or 3 day intervals, beginning 3 days after tagging when
leaves were at least 2 cm diameter, or large enough to cover the port
of the Instrument used for specfrbphofomefric measurements. In general,
total reflectance increased and total transmiffance decreased over
wavelengtTh interval 0.50 to 2.50 u, as leaves matured, up to an aver-
age after-tagging-age of 2.0 days. After 12.0 days, reflectance

decreased and fransmittance increased.
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The largest increase in reflectance, about 5%, and decrease in
transmittance, about 8%, occurréd between average values for after-
tagging-ages of 3.5 and 8.0 days over the wavelength Interval 0.75 fo
.35 u. Differences for field-grown cotton were larger with about a
{5% increase in reflectance between after-tagging-ages of 2 and 5 days.
Between after-tagging-ages of 3.5 and 8.0 days, leaves from the growth-
chamber-grown plants expanded approximately fivefold, numbers of inter-
cellular spaces approximately doubled, and thicknesses increased !4%.
In general, results support The theory of Wilis?gffer and Stoll for
Incident light In toto: near-infrared light reflectance of older leaves
up to an after-tagging-age of 12.0 days increased because numbers of
intercellular spaces increased in the leaf mesophylls. Percent water

content of leaves increased with leaf maturity.
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The theory of diffuse refiectance and transmittance of a compact
leaf of equivalent water fThickness (EWT) specified by D is generalized
in This paper fo include also the non-compact case. A non-compact leaf,
characterized by intercellular air spaces, can be regarded as a pile of
N compact layers separated by Infinitesimal alr spaces. The void area
index (VAl) of a2 non-compact leaf is given by N-i where N is not neces-
sarily an integer. The theory Is illustrated by data obtained from the
maturing cotton leaves. Predictions from the generalized theory incliude
a measure of the water, air, and plant pigments in a leaf. An effective
dispersion curve associated with the leaf surfaces is also obtained. A
derived parameter D/N largely determines the reflectance and fransmit-
tance of a typical leaf over the spectral rangs 1.40 - 2.50 u. A cotion
leaf is highly compact when it first unfolds. AT this point D/N ~ 180 u.
This value is essentiatlly the leaf fthickness. Interceilular air spaces
develop rapidiy during the next few days, and D/N decreases in value fo
about [30 u., Subsequently, the leaf celis increase in size with no sub-
stantial further increase in the number of interceliular air spaces.
This final growth phase is characterized by a slight increase in D/N to
a maximum value of about [40 u. Maximum reflectance of the leaf corres=
ponds fo a minimum value of D/N. The parameter D/N is highly correlated

with the amount of intercellular air spaces In a leaf.
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INTRODUCT | ON
Leaf area is increased by cell division alone or by an increase in
bOTﬁ cell numbers. and sizes (Humphries and Wheeler, 1963}, depending on
the plant speciés and leaf position on the stem (phyllotaxis). Hammond
(1941} found larger cells in the larger, early leaves of growing cotton

plants (Gossypium hirsutum L.) which progressively decreased in size in

later and smaller leaves up the stem. There are three types of growth
in leaves: (a) cell division continues at the tip and periphery after
basa! growth ceases; (b} cell division stops almost uniformly in all
areas of the leaf and is followed by cell expansion; (c) cell division
ceases at the distal end but continues basipetally. the fip being the
first to mature (Avery, 1933; Scott et al., 1948; Sunderiand, [960;
Sirogonov, 1962; Brouwer, 1963; Nieman, [965).

Many factors such as water and salinity stresses affect leaf growth.
With |imited water supply prior fo and during the leaf expansion period,
expansion is suppressed, intervascular intervals are reduced, and leaves
are thinner, since leaf expansion precedes leaf thickening (Turrell and
Turrel!l, 1934). In cofton (Strogonov, 1962), suiphate salinity limits
cell enlargement much more than cell division, while chloride salinity
inhibifs celi division but stimuiates cell exfension. Chloride salini-
Ty retards the formation of leaf initials and their differentiation.
Anatomical changes caused by salinity and by insufficient water supply
were deemed fo be much the same. High salinity, which suppresses leaf
expansion, causes fewer epidermal celfls and stomata per unit area on

cotton leaves (Gausman and Cardenas, 1968).
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Interceliular spaces, sponge effect, may not develop markedly In
the middle and lower mesophyl!l untit a leaf is one-fourth to one-third

final size (Avery, 1933). In tobacco leaves (Nicotiana tabacum L.),

epidermal cells continue enlarging after celis of the middle and lower
mesophy || have stopped growing (Avery, 1933}. Resulting stresses pull
mesophyil cells apart giving rise to spongy tissues with larger infer-
cellular spaces. Palisade cells (upper mesophyll) may also be pulled
apart by enlarging epidermal cells. The palisade parenchyma cells may
appear to be compact in transverse sections of leaves, but paradermal
sections reveal that a large part of the surface area of each palisade
cell is exposed to interce!lular air (Slatyer, 1967). The internal
surface area of a leaf is usually greater than the external area
(Turrell, 1936), and the palisade region usually has a larger internal
exposed surface than the spongy parenchyma (Esau, 1963).

Allen and Richardson (1968) have used the Kubelka-Munk (K~M) theory
(Kubelka and Munk, 1931) to describe the near-infrared reflectance and
transmittance of plant leaves stacked in a spectrophotometer. Basic
entities in applicafion of the K~M theory fo leaves are the reflec-

tance and fransmittance of a single leaf.,
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Wilistatter and Stoll (1913) as reported by Gates (1965) explained
ret|ectance and transmittance of a plant leaf on the basis of critical
reflection of visible light at the cell wall ~ air inferface of spongy
mesophy!| tissue., A more recent paper (Sinclair, 1968) advances the
hypothesis that leaf reflectance derives from the diffuse characteris-
tics of plant cell walls. According fo Myers and Allen (1968), the K-M
scattering coefficient for a typical leaf can be explained by Frésnel
reflections at normal incidence from 35 air interfaces along the mean
optical path through the leaf. Gausman, Allen, and Cardenas (1969)
note that {f oblique reflections are considered, fewer inferfaces

account for the results.



The diffuse reflectance and transmittance of a typical compact
plant leaf has been explained (Allen et al., 1969) by means of a flat
plate leaf model specified by fwo optical constants——an effective In-
dex of refraction n and an effective coefficient of absorption k. The
optical properties of a compact leaf result from Fresnel reflections
from the two surfaces together with absorption by leaf pigments and
liquid water. The effective index of refraction of a typical compact
leaf such as corn is not Tnconsistent with a known value for epicuti~
cular wax. The effective absorption coefficient of a typical compact
leaf can be regarded as a superposition of separate absorption co-
efficients due to water and plant pigment components. The actual
absorption of a typical compact leaf can be simulated closely over the
spectral range 1.40 - 2.50 yu by absorption of an equivalent water thick-
ness. Many leaves of agricuitural importance, however, are not compact.
The flat plate model is generalized in this paper to include the effect

of intercellular air spaces in the leaf.
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MATERIALS AND METHODS

Cotton plants (Gossypium hirsutum L., variety Texas Planting Seed
Assoclation |10) were grown hydroponicalty Iﬁ dcid-washed, 20-30 mesh
sand in 9-inch, diameter glazed crocks, 7.6-liter capaciTQ. The sand
was rewashed with .00l N nitric acid to remové chloride and then leached
several times with chioride~free water (silver nitrate test; Gausman,
1962). Plants were thinned fto one per crock 2 or 3 days after emer=-
gence.

The basic nufrient solution used was Hoagland and Arnonis (1938),
with iron added as iron-ethylenediaminetetraacetic acid (Nieman and
Pouisen, 1967)}. All plants received one-fourth~strength nutrient solu-
tion during their first week of growth. Thereafter, copious surface
applications of fuli-strength nutrient solution were made to maintain
uniform matric water suction in the substratum.

Plants were grown with controllied environment. Ranges of parame-

Ters were: day temperature; 26.5 - 28.0°C; night temperature, 25.6 -

26.0°C; day relative humidity, 34 - 38%; night relative humidity, 39 -
42%. A I2-hour, light~dark cycle was used. Light illuminance approxi-

mated 800 . C (8.60 X 10”" fumen em~2).
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A randomized complete block experimental design was used with four
replications of five dates of leaf sampling. Test leaves (third frue
leaf) were tagged with the date that they. became macroscopically visibie,
beginning 19 days after seedling emergence. Ages of leaves for dates of
harvest varied between rép]icaficns. Although it was intended to har-
vest leaves within each replication at five harvest times of 3, 6, 7,

10, and I3 day intervals, leaves in some replications were not large
enough for the port of the spectrophotometer at an after-tagging-age of

3 days. Therefere, average after-tagging-ages (averages of four replica-
Tions) aT harvest times one through five were 3.5, 5.8, 8.0, |0.8, and
12.0 days, respectively. Leaves harvested for the first date were approx-
imately 5 cn diameter--large encugh for reflectance measurements but too
small for fransmittance measurements. Leaves were wrapped immediately

in Saran ! +o minimize water loss. Leaf thickness and reflectance and
transmittance measurements and tissue fixation processing were completed
within 15 minutes after leaves were harvested. Leaf thicknesses were
measured on photomicrographs for intercellular space studies and with a
|inear displacement transducer and digital voltmeter (Heilman et al.,
1968). Leaf areas were determined by Johnson's method (1967}, In a

comp lementary study, leaves were tagged on field-grown cotton plants

with approximately 20 true leaves, when they became macroscopically
visibie. Spectrophotometric measurements were made on leaves with

average after-tagging-ages of 2, 5, 7, 9, and |2 days.

I

¢ Trade names and company names are included for the benefit of the
reader and do not imply an endorsement or preferential treatment of
the product listed by the U. S. Department of Agricuiture.
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Spectral diffuse refiectance and transmittance were measured on
upper (adaxial) surfaces of single leaves over the wavelength interval
0.50 to 2.50 u with & Beckman Model DK-2A spectrophotometer and its re-
flectance attachment. Data have been qorrecfed for the reflectance of
The Mg0 standard (Sanders and Middleton, 1953) t+o obtain absolute
radiometric values.

Tissue pieces, taken near the center of leaves approximately ‘one-
half inch on either side of the midrib, were fixed in formalin-acetic
acid-alcohol (FAA), dehydrated with a tertiary butyl alcohol series,
embedded in paraffin (melting point about 52°C), stained with safranin-
fast green (Jensen, 1962), and fransversally microtomed at 12 p thick-
nesses. Photomicrographs, 100 X, were obtTained with a Zeiss Standard
Universal Photomicroscaope,

Areas of intercellujar spaces were measured with a planimeter and
their numbers were counted within the mesophylls (palisade and spongy
parenchyma) of 400 X magnified, Transvérse leaf areas of left-hand,
one-third segments of 8 x 11.8 cm positive prints from photomicro-
graphs. Twenty prints, five randomly selected microscopic fields for
each dafe within each replication, were used for each maturity date.

A template with [2 vertical lines | cm apart was also placed over the
entire area of each print fo simulate rays of light passing through a
leaf. The number of air spaces intercepted by each line was recorded.

Analysis of variance techniques and Duncan's multiple range test
(Steel and Torrie, 1960) were used on data from 0.05 u increment, spec—

trophotometric measurements over the wavelength interval 0.50 to 2.50 y.
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The Void Area Index Concept

The diffuse reflectance and. fransmittance of a compact leaf such
as corn, a leaf impregnated with water,; and an immature leaf such as
cottop immediately after it unfolds can be predicted from a plate
theory (Allen et al., 1969). Maturation of a cotton leaf is character-
ized by development of intercellular air spaces that increase the
reflectance and reduce the transmiitance of the leaf (Wi[lsfé?fer and
Stoll, 1913). Generalization of the plate theory to include the effect
of intercellular air spaces leads to the concept of void area index (VAl)
of a leaf. To the extent that a leaf can be regarded as a pile of N
compact layers separated by infiniftesimal air spaces, the VAl is given
by N-l. The VAl is roughly the average number of alr cavities penetra-
‘ted by a ray passing through the leaf. The VAl need not be an integer.
The VAt of a compact leaf is zero.

A leaf with an EWT specified by D can be subdivided conceptually
Into N compact layers of individual thickness D/N which are subsequently
pi led back to the original thickness D. The thickness of The air plates
that separate these compact layers is a matter of indifference but wiil
be taken as Infinitesimal in order to facilitate calculations. The
theoretical machinery necessary to implement the above procedure has

been published (Allen and Richardson, [968).
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Theory: A leaf of EWT specified by D will be regarded as a pile of
N compact layers of individual thickness D/N. Transmittance t and re-
flectance r of a single leaf can be expressed at a given wavelength by

the relations

(n

where 3 and b are parameters fo be determined by experiment. I!f the
single leaf described by Eq. (1) is considered to be a pile of N layers,

Eq. (1) becomes

T r ‘ (2)

-_—= = b p. 4
- N =N N =1, ~N

where ag and b, are new parameters to be determined. Equations (2)
were derived by Stokes (1862) on the assumpiion of an integral number
of piled ftransparent plates. Ingle (1942) has shown, however, that N
need not be confined to integral values. The transformation between

a, b and ag, bo of Egs. (i) and (2) can be written from inspection by

the relations

a=a, |, (3)

o
I
o
Q
=
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The transmittance +, and reflectance r, of a single compact layer can

be obtained by setting N = | in Egs. (2)}. Thus
o Mo |
= e i TSI A
agp—dg ba-bg agbg=ay bg

Eftminate a, and b, from Egs. (4) by means of Egs. (3) to obfain the

relations

Ts ) !

. 3 (5)
aea ! /NN T TN ST =T/

Generalization of the plaie theory fo a leaf with intercellular
spaces Is now complete provided that the quantity N can be determined.
Unfortunately, the effective index of refraction h and the quantity N
are confounded; that is, unless the effective index of refraction n is
assumed, The number N cannot be determined and vice versa.

The scattering coefficients of a single leaf and an individual com-
pact layer can be specified by the respective relations

Za

5 = 2] log b , {6)

a

Za
5o = o log b,

aoz—{



Substitute Egs. (3) into Eqs. (6) and combine to obtain the relation

s/sO =N (7

The value N is obtained in practice by the quotient s/sq where s
of a given leaf is the average value of s measured over the spectral
range 0.75 - 1.05 u and E; = 0.61823 is the average value of five
infiitrated citrus leaves measured over the same spectral range. The
VAl cafculated by the value N-| obfained from Eq. (7) is arbitrary.

The procedure is justified only by consistency of the results

obtained.

III-14
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RESULTS AND D1iSCUSS 1ON

Figure | depicts effects of cotton leaf maturation on speciropho-
tometrical ly measured total reflectance of light for the wavelength
interval 0.50 to 2.50 u. This spectral range can be subdivided as:
(1) visible region of 0.50 to 0.75 u, dominated by pigmentT absorpfjon;
(2} near-infrared wavelength interval of 0.75 to 1.35 u, 3 region of
high reflectance and low absorptance; and (3) 1.35 to 2.50 u, a region
of high absorption by water--the strongest water absorption bands
oceurring at approximately .45 and 1.95 u. The high reflectance over
the spectral range 0.75 to [.35 u is produced by the internal cellular
structure of cotton leaves (Gausman, Allen, and Cardenas, 1969).
Figure | shows that leaf maturation had little effect on reflectance
in the vislble spectral region 0.50 to 0.75 u, but maturity increased
reflectance beyond 0.75 u. Statistically, all possible mean compari-
sons were significant, p = .05, between spectral means for ages;affer—
tagging of 3.5 vs. 5.8, and 3.5 and 5.8 vs. 8.0, 0.8, 12.0 days;
spectral means for 8.0, 10.8, and 12.0 days were alike. The mean square
ratio of wavelength X ages~after-tagging to error was very small, indi-
cating that all spectra responded essentially alike to spectrophotome-
tric measurements made at 0.05 p increments over the 0.50 o 2.50 p
spectral Interval. Average after-tagging-dates of 3.5, 5.8, 8.0, and
10.8 days progressively increased reflectance for wavelength interval
0.75 to 1.35 u. At 1.0 u, for exampie, reflectance increased from

approximately 38 to 45% for after-tagging-ages of 3.5 and 10.8 days,
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respectively. A reversal {decrease) occurred in reflectance for the
12.0 days, after-tagging-age; a decrease of about 2% occurred compared
with 10.8 déys after tagging. Reflectance of light for wavelength
inferval 0.75 to |.35 u, therefore, is positively correlated with leaf
maturation until an age is reached when leaf thickness and numbers of
Interceliular spaces cease Increasing and leaf thickness may actually
decrease. Since leaves of different chronological ages, but from the
same stem node, were used in this study, the reversal with the oldest
leaves may be primarily caused by larger cells with increased water
contents. Intensive studies are presently in progress to further re-
late leaf age and position (phyllotaxis} with histological and spec-

trophotometrical results.
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Figure 2 shows a |larger influence of cotton leaf maturation on per-
cent total reflectance than does Fig. |. Data are from spectrophotome-
tric measurements on leaves of field-grown-cotton (only reflectance
will be shown); techniques were similar to those for The growth-chamber-
grown cotton l|eaves. At 1.0 u, refliectance incréésed from 23 to 38%
for 2 and 5 days-after-tagging, respectively. A reversal was apparent
again since 9 compared with |2 days-after-tagging had about 3% less
reflectance. Leaf maturation of field compared with growth chamber
cotton leaves may have had a greater effect on light reflectance be-
cause: (|) the first immature |eaves from field-grown cofton plants
were slightly smatler with a more compact cellular structure, (2) rates
of maturation may have differed, (3) tagging was conducted with older
plants, twentieth true leaves compared with third true leaves, and
{4) infensity of light in the field environment was greater than in the
growth chamber. A low light intensity causes the development of shade-
type leaves; characterized by thinness, expanded lamina, poor palisade

cell development, and larger intercellular spaces in the mesophyll.’
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The effects of leaf maturation of growth-chamber-grown cotton on
percent total transmittance is pertrayed In Fig. 3. Transmittance gen-
erally decreased as leaves increased in chronological age. All compari-
sons of spectral means for average ages of leaves after tagging were
statistically significant, p.= .0l, excepting 10.8 vs. 12.0 days. Trans-
mittance was decreased over the entire wavelength interval 0.5 o 2.5 u;
with the minimal decrease In the visible spectral range, 0.50 to 0.75 u.
The decrease in refiectance from after-tagging-ages of 3.5 fo 10.8 days
was approximately 8% for wavelengths of 1.0, 1.7, and 2.2 u. The {2~
days-sample, compared with 10.8 days, reversed (lncreased) transmittance
about 2%. Transmittance decreased as leaf water contents, oven dry
weight basis at 68°C, increased. Percentages of moisture were 43.0,
63.9, 72.2, 76.4, and 79.4 for 3.5, 5.8, 8.0, 10.8, and 12.0 average
days after tagging, respectively. Very immature cells in young leaves,
3.5 days after tagging, are primarily profoplasmic with litfle vacuo-
tate water storage. During cell growth (extension), cell water-filled
vacuoles develop which may later coalesce to a central sap cavity, and
the protoplasm covers only the cell wall in a thin layer. Hydrated
leaves, compared with dehydrated leaves, have greater absorptance of
tight by water over wavelength interval 0.75 to 2.50 u. The lesser de-
crease in transmitiance of about 6% at 0.55 p in the visible specfral
range, 0.50 fo 0.75 p, occurred after the average after-tagging-age of

3.5 days for all other sampling ages. Transmittance was higher for the
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3.5 days sampling age because absorptance [100 - (% reflectance +

% transmittance) ] was less. Microscopic examinations of transverse
sections of young leaves, 0.5 cm or less In width, indicated that they
may have either weakly developed palisade celis or none. Since these
palisade cells house mos.'T of the chlorophyll-containing chloroplasts

in leaves, absorptance of blue and red light was less; correspondingly,
reflectance was less, Fig. | and 2, and transmittance was greater at

the green spectral peak of 0.55 u, Fig. 3.
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The infiuence of leaf maturation on reflectance and transmittance
Is associated with compactness of internal cellular structure. Differ-
ences in celliular compactness of cotton leaves, sampled from fourth
or fifth nodes down from plant apexes, affected reflectance of near-
Infrared jight, 0.75 to 1.35 y (Gausman, Alien, and Cardenas, [969).
An exampie of the Influence of leaf maturity on cellular compactness of
cottor leaves Is presented in Fig. 4. A cofton leaf is bifacial and
normally consists of: cutinized, bricklike upper epidermai cells: a
mesophyl'l with a single row of long palisade cells and a spongy paren-
chyma of four or five layers of cells; and a rather irregular fower
epidermis (Hayward, 1951). Immature leaves, represented by The upper
photomicrograph for the first date of leaf s%mpling, after-tagging-age
of 3.5 days, had compact mesophylls with smaller cells, and were
associated with comparatively high transmittance and low refiectance.
Conversely, older leaves, represented by ‘the lower photomicrograph for
the fourth date of harvest, after-tagging-age of 10.8 days, had larger
celis and a much more loosely arranged celtular structure in their
mesophylils (lacunose condition)}, and were associated with comparatively
lower transmittance and higher reflectance. Reflectance of older
leaves was increased because of an increase in Intercellular spaces or
air voids., Scattering of light within leaves occurs most frequently
at cell wall (hydrated cellulose) ~ air cavity inferfaces which have

refractive indices of 1.4 and 1.0, respectively (Weber and Olson, |967).
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Table | shows e?fec%s of leaf maturation on average sizes and num-
bers of intercellular spaces in leaf mesophylls (palisade and spongy
tayers), evaluated from positive prints of photomicrographs of trans-
verse leaf sections. Theorstically, one air space may exist within a
leaf, because of linkage of spaces between cells (maze or labyrinth
effect); but in this paper, air space is considersed to be ‘comparimen-
talized” between mesophyll cells. Numbers of intercellular spaces,
Tabie |, within either the print area measured or per u2 of leaf area,
progressively increased from 3.5 to 8.0 days-after-tagging. . This
effect was associated with Increased reflectance and decreased frans-
mittance, Fig. | and 2. Statistically significant comparisons, p = .05,

-14 vs. 2,0 x

were 9.4 vs. 4.0 counts within print areas and 3.4 x |0
IO_]4 spaces per uz of leaf cross-sectional area for 8.0 and 3.5 aver-
age days after tagging, respectively. Numbers of spaces in fransverse
sections of leaf mesophylls decreased after the after-tagging-age of
8.0 days. Significant comparisons, Duncan's Multiple Range Test,

p = .05, were between means for 12.0 vs. 8.0; and 0.8 and 12.0 vs.
8.0 days-after—tagging for numbers of spaces within print areas and
per pz of leaf cross-sectional area, respectfiveily. The decline in
numbers of spaces was related to the decrease (reversal compared with
3.5, 5.8, 8.0, and 10.8 days) of reflectance, Fig. |, and iﬁcreése

(reversal compared with 3.5, 5.8, 8.0, and 10.8 days) of fransmittance,

Fig. 3, for the after-tagging-age of 2.0 days.



Table |, Effects of cotton leaf maturation on characteristics of their intercellular spaces In
transverse leaf sections. Data are averages of counts and planimetry measurements from
five photomicrographic prints within each after-tagging-age for four replications.

¢
__Protograpn & beaf — S
Average Area No. of No. of Average Intercel lular
age size spaces spages per space space
after evaluated within n- of area
tagging on print print area leaf area
e e e . - ,.m?;,“

Days w? M %
8 ~-14 2z

3.5 12,3 x 10 4.0 2.0 x 10 1.7 x 10 10.2
8 -14

5.8 14,7 x 10 6.2 ¥ 2.6 x 10 3.0 x 10° 28.3%

-1 4%

8.0 17.0 x 10° 9.4 3.4 x 10 3.2 x 10 28.6%
8 ~14

10.8 15.2 x 10 5.8 2 2.4 x |0 5.6 x 102 31.0%
8 a/ -14 *

Fe.0 47.4 x 10 6.0 2.2 % 10 9.5 x 10 28.8%

# Signd ficant, p = .05, compared with value for 3.5 days.

a/ Significant, p = .10, compared with value for 3.5 days.

b/ Space counts and planimetry measurements were made on left, 3-cm-sections of 8 x 11.8 cm

positive prints,

areas waried because of different lea¥t thicknesses.

c/ Data were reduced to a leaf basis with 400 X magnification factor of |.6 x IO5.

400 X magnification, from photomicrographs of transverse jeaf sections;

CE-I1T
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Percentages of Intercellular space (total area-of spaces by
planimetry/planimetry determined cross-sectional leaf area examined)
increased from 10.2 to 28.8, Table |, and average space sizes from |.7
to 9.5 u2 X 102 for after-tagging-ages of 10.8 and 2.0 days, respec-
tively. Significant comparisons, p = .05, were between mean values
for 12,0 vs, 3.5 days for space size, and all other ages vs. 3.5 days
for percent intercellular space. Intercellular space means for after-
tagging-ages of 5.8, 8.0, (0.8, and 12.0 were alike according to

Duncan's muttiple range test.



TIT-24

The above data reflects the occurrence of very rapfd.Ieaf expansion

2 and

during maturation. Average areas per leaf were. {0.8 and 88.9 cm
average feaf thicknesses were 15| and 198 u for after-tagging-ages of

3.5 and 12.0 days, respectively. Figure 5 graphically represents fhe re-
lation between leaf area and thickness. A linear relation is evident,

R = .57%%, but deviation from ilnearify is present between 3.5 vs. 5.8
and 0.8 vs. 12,0 after~tagging~ages. Growth of leaves was‘essenTially
by lateral expansion until after an average after-tagging-age of 3.5

days when increases in their thicknesses began. This agrees with con-
clusions of Turrell and Turrell (1934) that leaf expansion precedes leaf
thickening. Even for individual cells, cell walls are enlarged many
times in the longitudinal direction (intussusception) before apposition
or increase in thickness occurs (Lundegardh, 1966). Growth in leaf
thicknesses stopped between 10.8 and 12.0 days after tagging, Fig. 3,
while longitudinal expansion still continued. This phencmenon needs
further investigation. |t Implies that leaf cells are stretched after
Thetr growth In thickness has stopped, with a subsequent decrease in

leaf thickness. Preliminary research indicates that this does cccur on
leaves older in chronological age than the 12.0 day, after-tagging-age

used in this study.
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Predictions from the plate mode! as generalized include one parame-
ter, the EWT, that expresses the amount of water in a leaf and a second
parameter, the VAl, that specifies the amcunt of air in a leaf. Figure &
is a plot of the EWT; that is, the water content of a cotton leaf
measured as the leaf matures. The open circles were obtained by the
method of Reference | where the absorbtant material of the leaf over the
spectral range 1.40 ~ 2,50 ¢ is approximated by a constant thickness of
pure liquid water. The solid circles of Fig. 6 were obtained by &
direct experimental method. A cotton leaf of known areca was dried 48
hours at 68°C and then weighed. The area density of water for the feaf
was determined using the leat area and making a compariscon of the dried
leaf weight with the weight of the normal leaf. Experimental difficul-
ties of the latter method are greatest when the leaf is immature. The
curve of Fig. 6 has been drawn to favor the values of EWT obtained
spectrophofometrically because the indicated standard deviations are
generaily smaller for these values. Each data point of Fig. 6 consists
of four replications.

The second important leaf parameter that emerges from the plate
mode! is the VAl. Figure 7 is a plot of the VAl; that is, the inter-
gei}u!ar air spaces; of a cotton leaf measured as the leaf matures.
Eacﬁ open circle data point of Fig. 7 consists of four repliications that
resulted in the indicated standard deviations. A correlation analysis
between the VAl of Fig. 7 and the last column of Table | yielded the

value r = 0.9229,
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Figure 8 is the effective dispersion curve for the 20 cofton leaves
used in this maturity Investigation. The variation indicated is one
standard deviation. Variation of the effective dispersion curve with
maturity is not significant. Figure 9 is the effective absorption
curve for the 20 leaves uéed in this maturity. study. Variation between
leat values and pure liquid water is not significant over the spectral
range .40 - 2.50 u.

The derived parameter D/N largely determines the reflectance of a
leaf over the spectral range .40 -~ 2.50 u. Figure 10 is a plot of
B/N for the 20 cotton leaves. A cotton leaf is compact when i+ first
unfoids and D/M ~ 180 u at T = O is assumed to be the leaf thickness.
Intfercellular air spaces develop within the next few days and D/N
decreases in magnitude until it reaches a minimum value of about 130 u.
Reflectance passes through a maximum at this time. After about a week
the leaf cells Increase in size with no appreciable further increase
in number of intercellufar air spaces. This final growth phase is
characterized by the gradual increase of D/N. The value D/N = 143 y
p lotted at the assumed leaf age T = 20 days is an average value for 50
mature cotton leaves sampled during the summer of 1968.
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Fig. 4. Transverse sections of leaves showing the
relation between leaf maturity and numbers of inter-
cellular spaces. Upper and lower photomicrographs
represent leaves with average after-tagging-ages of
3.5 and 10.8 days, respectively.
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Aerial film and its interpretation

By A. H. Gerbermann

Introduction:

One of the best ways of recording crop and soil data over a large
area Is through the use of aerial photography. Literally billions of
bits of data are recorded on a single 9~inch frame of film, but no
technelogy has developed for routinely exfracting and quanitizing the
recorded data. So there is need for procedures Yo analyze data stored
on film. In addition, since many types of film are available it is
worthwhile to determine which film types are most useful.

Ob,jective:
To gain knowledge of how fo put data recorded on fiim into a state
where it can be compared with other data and fo obtain an idea of which

film type to use in recording a certain type of data.

Methods and Procedures;

Aerial Ektachrome infrared, Ekfachrome, and black and white films
were flown at various altitudes during midday; the film was developed,
then density readings were made using a Joyce Loebl Microdensitometer
with red, green, and blue filters, as well as no filter. Later These
values were correlated with ground truth data.

Ektachrome infrared film, Type 8443

Ektachrome infrared film (color IR) has the unique capability of
recording the high near-infrared reflectance characteristics of plants.
tt was developed during Work War 11 as a camouflage detection film
because it differentiated between real foliage and objects camouf!aged
to look like foliage in the visible wavelengths where all other film
was sensitive. The film recorded the high infrared reflection of +the
leaves as red in color and the green painted surfaces as green.

Since World War || it has been improved in sensitivity and color
balance to where it records small differences in infrared reflection
fairly accurately.

The film is exposed with either a Wratten |2 or Wratten |3G filter,
which cuts out the blue Iight.
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On cameras with a 6-inch focal length and That use 9-inch fiim (width) It
is necessary to use an antivignetting filter to disperse the light evenly
over the area of the film being exposed (Fig. 1). This filter prevents
an overexposed area in the center of the frame because of uneven distri-
bution of light. On cameras with {2-inch focal fength and longer, this fiiter

isn't needed because the lens normally disperses the light evenly over the
film.

This film records the reflected light in the spectrum {rom .5 4 to .9 u.
Its response spectrum s comprised of green, red, and the rear IR wavelengths.
The reflected green light is recorded as yellow, the reflected red 1ight as
magenta, and the reflected infrared 1ight is recorded as cyan. Each of
these is recorded In a separate layer of the emuision on the film (Fig. 2).
When one views a transparency, he sees combinations of the yellow, magenta,
and cyan color densities.

Ektachrome, type 8442

This film (ordinary color Ektachrome) records scenes as they actually
appear to the eye with regard to color conditions of plants, soils, etc.
Some films, such as Kodachrome |1, make plants look much prettier on

photographs than they actually appear in nature. Such is not the case
with Ekftachrome,

This film is usually exposed in the air with a haze fllter since haze
tends to give this film 2 dusty-white cast, or make It look blurry. Haze
does not affect Ektachrome IR because the longer IR wavelengths penetrate

the haze whereas the shorter visible rays are scattered by the dust particles
in the haze,

Tri=X Aerocon Black and White

This 1s a fast aerial film with an extended red sensitivity. This film
is very useful In multispectral photography (where filters are used to let
only certain wavelengths of light info the cameral.

Black and White (lInfrared) aerocgraphic, type 5424

This film records the visible as well as the near infrared. This film
can be exposed with either a Wratten 12, 25A, or 89B filter. This means
we can record the refiected green, red, and infrared iight using Wratten 12;
or using a 25A record only red and infrared; or with an 898 record only the
infrared {ight (Fig. 3).
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Analysis of color film

In order to analyze data faken on photographic fiim in a computer, it
must be converted to digital form., One way of digitizing information on
photographic film is to measure its optical density.

Dyes formed In color IR are cyan, vyellow, and magenta. All other colors
in color photographs are combinations of these three. IT seems logical when
making optical density measurements on color film to measure the density
of the film to the 1ight of each of these three colors plus white 1ight (a
cembination of all colors),

The optical density of film can best be measured with a microdensitomeier
that has facilities to contro! the color of [ight passing through the fiim.
A variable aperture to change the size of The area belng measured Is also
useful .

Optical density Is defined as the opaqueness of a film to light (any
color or white}. Different coleored fight Is obtained by the use of coiored

filters put Into the |ight paths on the microdensitometer. The filtfer is
opague 1o all |ight except That which It transmits, i.e., the filters are
band pass filfters (Fig. 4).

I+ is important that these color fiifers be as pure a color as possibie,
because different tones of the same color on the transparencies have
different amounts of other colors in them and thus will alsc transmit a
small amount of these other colors, e.g., a light tone of red will contain
some blue, whereas a dark tone of red will contain much less. Also the
closer to a true color the color on the transparency is, the lower the
density of the transparency measured with a band pass filter of that color,
provided a pure color fliiter Is used. |t must also be kept in mind when measur-
ing the optical density of a transparency fo a certaln color fight, that the
densities of all colors to that light are measured, f.e., if red light is
being used and a certain shade of biue has a smail amount of red In i+, the
optical density of that shade of blue to red Iight will be lower than if the
blue were a pure blue. The pure blue would be opaque to red light and have
a high density.

Different color lights can be used in film analysis to separate different
parameters, such as different crops, crop vigor, diseased crops from non-
diseased crops, etc. This is done in the following manner. If in a
transparency there are various shades of red and blue representing sofl
and various crops and all colors have almost the same density to white |ight;
a red filfer can be put into the microdensitometer and the colors will be
separated far enough so that differences can easily be defermined. This
Is true because all red colors will have a lower density to red light than
to white light, and ail other colors read higher than they do to white light
so iT can be sald they are separated (Fig, 5).
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In sowe cases a filter of a color not in the photograph will yield
a more stable reading than filters that have colors in the photograph.
This happens in cases where shaded areas are involved (like in crops)
or in cases where there are clear spots as in crops with exposed soil.
In the first case all colors in the film are opaque to the filter and
so only the amounts of |ight stopping material on the film is measured.
Ih +he second case the filter lowers the density value of one of the
major colors in the film to a point where it is almost comparable to
the clear spots and Thus a smooth uniform density curve is obtained.

As the film is being scanned the data are put on punch tape; later
iT can be put into a computer and average density values obtained for
each site. These values can be used in any manner desired by the
investigator to refate them fo ground truth data.

Black and white film is exposed using a desired filter (usually
red or green). Affter it is developed, its density to white light is
measured.

When interpreting data from black and white transparencies the
investigator must know whether the density measurements were made on
positive or negative transparencies. In order for black and white film
data to be comparable to color data, it must be in the positive state.
Data in the negative state is opposite in tone to that in the positive
state.

Discussion:’

The analyses referred to above have been based on use of Ekfachrome
infrared type 8443 film. Experience to date shows that the closer the
wavelengths of the filter, the closer the correlation between opfical
densities from the two filters. Thus if optical densities of the same
areas on the film are measured with blue, green, and red filters the
correlation between the optical densities with the blue and green
filters or with the red and green filters is higher than between the
optical densities of the blue and red filters. Consequently fhe
information content for identifying crops and soils is greater from
separated than adjacent wavelengths because of greater probability of
independent information. Plants versus soils have confrasting exposure
values on the different emulsion layers, due to differing reflectance;
otherwise no separation would be possibie.

The optical densities with a green filfer and no filter (white light)
of the same measurement sites on type 8443 film are usually closely corre-
lated.

Summary :

The film types being used and the procedures being deveioped o
extract quantitative digital data from film records by measuring optical
density of the film to light transmittal by various fiifers are described.
The contribution amounts to a primer on the films and filters used.
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Crop (@) red color and shadow (b) Is black, and as can be seen the density differs more
between parameter with red filter than with no filter.
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SHADOW AND OTHER BACKGROUND EFFECTS ON OPTICAL

DENSITY OF FiLM TRANSPARENCIES
A. H., Gerbermann, H. W. Gausman, and C. L. Wiegand

INTRODUCT 10N

Aerial photography has been used in agricultural surveys; however,
the resulting exposed fiims have been anaiyzed and interpreted largely by
visual comparisons of photographs, or by using unrefined measurements
made on photographs for calculating comparative differences. Consider-
ing the enormous amount of information that can be recorded on aerial
photographs, it Is mandatory that a system of automatic analysis be used.
Such a system would require that all fike points within a target area
yield the same measurement so that different targets could be identified.
This study was conducted o evaluate the influence of crop shadows,
furrow- and between-row~backgrounds on the density of exposed Ektachrome

infrared asro film within a field or target area.

MATERIALS AND METHODS

A fieid of cotton plants (Gossypium hirsutum L.} in the boll stage of

maturity was photographed from an altitude of 3,000 {7, with a Hycon KA-74
camera (6~inch focal length, 4 3/4- x 4 3/4~inch format) using Ektachrome
infrared aero fiim, type 8443, with Wratten 12 and EF 2200 filters at

1202 hours, C.D.T., July 24, j1968.1 The Wratten 12 filter had an approx-
imate 96% absorption edge at 510 my (Eastman Kodak Co., {965). The

EF 2200 rose-colored filter was used for coler balance.

! Trade names and company names are inciuded for the benefit of the

reader and do not imply an endorsement or preferential treaitment

of the product [isted by the U. S. Department of Agriculture.
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Ground truth measurements, made on the date of the overflight, showed
that the average height of cotton plants was 14} cm and that the plants
covered 90% of the ground area. The cotton plants were in two rows
{100 cm apart) in & north~fo-south direction centered on approximately
200-cm-wide beds, with deep furrows on their sides, Fig. 1. HNon-aerial
Ektachrome photographs were taken of the cotton crop, and they were used
to study the presence and amount of shadows.

Mine {ocations were chosen on one frame of the processed film {(posi-
tive) showing the field of cotton, Fig. {. AT each location, four
density readings and tracings (200 X magnification} were made across four
beds or eight §5T+on rows with a Joyce, Loebl recording microdensitometer
using white, red, green, and blue band pass fiiters. Readings (180 per
2 mm film distance} were recorded on punch tape for computer analysis.

Processed film was viewed with a Zeiss Standard Universal Photomicro-
scope to study its film grain composition. Photomicrographs were taken

with Kodachrome-X at a 200 X magnification.
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RESULTS AND DISCUSSION

Average densitometer readings made with a white band pass filter indi-
cated wide differences in film densities between locations on the film,
Fig. 2. Llocations |, 2, and 3; 4, 5, and 6; and.7, 8, and 9, had high,
intermediate, and low film densities, respebfively. Microscopic examina-
+ion of the film and comparisons of photomicrographs revealed that
jocations with the lowest density (7, 8, and 9) had essentially no crop
shadows, compared with locations 1|, 2, and 3 which had the highest shadow
effect. tlocations 4, 5, and 6 had intermediate shadow casting. Figure 3,
a typical photomicrograph, shows that there is a dark area In part of the
furrow caused by plant shadows and a white, sunlit area In the remaining
part of the furrow. Red, blue, and green band pass filters were used on
+he densitometer o evaluate this influence of shadow and sunlit areas,
respectively, Fig. 4. The results with a green fiiter, not included in
this paper, were comparable to those with a blue filter. The dashed line
represents results with the red filter, The four peaks are caused by
shadows in The furrows and very tittle valley is evident. In confrast,
the solid line, representing the blue filfer, shows shorter peaks as a
result of furrow shadows and a deep val ley caused by suniit portions of
furrows. The valley effect does not appear with a red compared with a
blue band pass fiiter because the red-colored area on the film is as
transparent to red light as Is the transparent furrow area. The peaks
for the red filter, compared with the biue filter, are taller because

nonred color densities are greater.
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When the tracings from blue and red band pass filters were superimposed
as in Fig. 4, The area representing the coftton crop fell within the bound-
aries of the tallest psak for the red filter and the valley for the biue
filter. This area fell between the influence of crop shadows and sunlit
portions of furrows, All density measurements made within this area, for
any given filter, were essentially alike for all locations on the film,
Fig. 1.

CONCLUSION

The influence of crop shadows and sunlit furrows on processed Ekte-
chrome infrared aero film can be detected by using red and blue band pass
filters on a densitometer. This facilitates identifications and compar-
isons of fargets in serial photography.
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Fig. 3. A photomicrograph (200 X magnification) of an approximately 10
meter width of the field shown In Figure |. The cotton was planted in two
rows |00 cm. apart centered on approximately 200 cm.-wide beds. Rows were
planted in the north-south direction; the photograph was taken at 1202 C.D.T.
hours July 24, 1968. The narrow bright yellow strips are soil showing
r between the double rows of plants; the dark red beside the bright yellow
is caused by shadows which have a higher optical density than the cotton
canopy. Lighter tones In the center of the image are due to greater light
concentration in the center of the microscope field of view.
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The cotton fleld utilized In this study was photographed from

igs 1.
n altitude of 3,000 feet with Kodak Ektachrome infrared aero film.
Sampl ing

verage plant height was 141 cm. and ground cover was 90%.
Ites numbered | through 9 were studied In detail to determine the
Influence of crop shadows, furrow and between-row-backgrounds in the

ptical density of the positive transparency.
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Fig. 4. Microdensitometer fracings {200 X magnification} of the transparency corresponding to Fig. |
gbtained with red and bive filfers in the {ight beam. OUne hundred eighty discreet measurements were
made for 2 mm distance on the *Transparency. The area designated "CV represents the pure signal from
the cotton plants; furrow and shadow areas are also designated. The wider widths of furrow and shadow
in this flgure than is evident In the photomicrograph of Fig. 3 are due to the integration of optical
density for everything within +he field of view of the microdensitometer light besm. Inclusion of soif
background and shadow information in sighatures of crops that incompletely cover the ground complicate
their diserimination.
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CURRENT METHODS OF FILM ANALYSIS
Tom Sapp,- Craig Wiegand, Ajvin H. Gerbermann,

and Steve Stration

OBJECTIVE

To present recent improvements in #ilm quantitization and analysis
techniques,

INTRODUCT ION

Density of film fransparencies has been used in procedurgs to iden-
tify soil, crops, or other earth subjects. Since density alone can be
changed drastically by a number of variabies ('f' stop, shutter speed,
cloud conditions, film speed, filters, efc.), measurements other than
optical density per se must be used ¥o quantitize film for crop and soil
condition discrimination.

METHODS AND PROCEDURES

I. Use of density differences To identify subjects.

After exposure and development color film contains a certain amount
of pigment in each of the three emuision layers. The amount depends on
the wavelengths of light reflected from The subject being photographed
and the responsiveness of the emuisions fo those wavelengths. Although
the density of the film is changed drastically by varylng shutter speed
or 'f' gstop, The ratios between colors on a targeT will remain nearly
constant-—within certain limits, of course.

The film itself can be imagined as a light filter which allows only
specific colors to pass through it. When a finite region of film is
measured for density with no filter, only the presence or absence of
light stopping pigment is ascertained. By measuring this same area with
band pass filtered light, the density to only that parficular color is
measured.

The density for no filter (N) is the density of the fiim to white
tight. Density values obtained for blue (B), green (G), and red (R) fil-
ters give the density of the fiim to the wavelength Tntervals these
filters pass. Although blue, green, and red colors exist in the frans-
parencies only as combinations of the cyan, magenta, and yellow formed
on development of the film, the difference between no and blue filter
readings (ANB) can be said to measurs the amount of blue in the film.
This is also true for the red and green light readings.



IvV-10

In this study the optical step couht of the transparencies to unfil-
tered light is used as a base, and thd readings with colored filters are
subtracted algebraically from the no filter reading. The optical step
counts used here are the encoder outputs on the microdensifometer paper
Tape recording system. They consist of a base line count correspending
To the standard optical density of the first step of the calibrated step
wedge in use plus added counts which depend on the particular step on The
wedge which balances the light transmission by the film being analyzed
in the second |ight beam. In short, the process is to null balance the
light transmission through the film beling analyzed by the step wedge.
The distance the uniformly graduated step wedge travels to balance the
transmission by the film determines the count registered by the encoder.
The encoder count is related to the optical density by the relation,

0D = (Encoder reading ~ base reading) x wedge factor +
step wedge density

For quick identification purposes the optical density differences
among filters can be expressed in a graph of count readings {(which could
also be converted directiy to densities) vs. fitters (Fig. 1}. The
differences deait with here are symbolized as follows:

AB = No () ~ Blue (B)
ANG = No (M) - Green (B)
ANR = No (N} - Red (R)

The ANB, ANG, ANR counts can be visualized as the slope of a line
from No tTo each fiifer with the abscissa interval equal to one. The
greater the optical count difference between each filter and No filter
The more of this specific color is present and vice versa.

In Fig. | the double dotted line represents readings taken from more
than 80 bare fields. The other patferns are random fields which were
run in the same manner as the bare fields. The ground cover for the
random fields was identified from the ground truth data.

Site or

Run No, Ground cover ANB. ANG ANR
o - Optical count difference -

71 Bare field 6 -18.5 8

4 Bare field 6 ~22 8

5A Green crop -8 - 8 5

5B Repeat of 35A -7 - 8 6

6 Lawn -3 ~16 I

7 Purple cabbage 6 -21 I

BA Yeeds 0 ~12 0

8B Repeat of BA -1 -3 ~1
Average of 80 bare fields 6.5 -17.7 12.0
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The surface conditionsof the 80 bare fields (furrowed, flat, large or
small clods, crustiness, etc.) were carefully noted and were observed to
have a pronounced effact on the actual density of the film, but littie or
no effect on the retlative differences between filters (ANB, ANR, ANG).
The inverted 'w® pattern was found to be characteristic of ail of the
bare fields (on Ektachrome fiim). The standard deviations for each ANX
over 80 fields were:

S.D. of ANB = % [.88 optical counts or £ 0.025 in opticai density
S.D. of ANG = = 2.80 optical counts or * 0.037 in optical density
S.D. of ANR = % 2.26 optical counts or = 0.03t in optical density

These very small standard deviations showed remarkable precision;
the optical count readings themselves ranged from 4 to 155 (density of
+346 to 2.42) for different bare fields. It must be kept In mind that
the standard graph of the bare fields (dotted line) may be shifited up
or down the Y axis on the graph to be compared with each of the other
graphs since the relative positions of the fiiter readings fo each other
ts all that is taken into account.

The standard bare field pattern (dotted line) can be matched with
only two other patterns (4 and 71). Both of these fields are bare, and
although their readings differ by more than 30 optical counts from each
other {.414 in density) the patterns are almost jdentical. This cumber-
some visual method of matching can be done much more quickly and accu-
rately by computer.

DISCUSSION

it must be emphasized that the same area on the film must be covered
with each of the four filters. A change in the area or path of measure-
ment from one fiiter to the other could drasticaily change the density
reading and thus give erroneous differences among filters.

The standard deviation in the 80 bare fields can be atiributed fo
The differences in soil color. As the quality of filters used in the
microdens itometer improves, it may be possible to tell soil colors and
equate these with soil types. This method of sfudy is easily adaptabie
to computerized analysis in that once a pattern is established for a
certain soil or crop, the computer could be instructed to print out the
most probable cover or soil type.
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1. Regressjon of optical count differences on white light density.

In Part | the differencing technique was used to identify targets in
a ‘normal” density range. It has been found, however, that ‘‘normal® den-
sity ranges are not always the case. And, although the confribution to
f1lm density among dyes is similar for a given farget for a range of white
ight optical density, the range in density can be such that the optical
density differences tend to overlap when several types of cover are con-
sidered at once.

in a second exploratory study, use was made of the fact that although
the emuision layers do not react to light in a linear fashion they do
react in a predictable manner. See Fig. 2.

The differencing technique of Part || was kept infact, but a system
was developed which would consider the difference between white light
and band-pass filter optical density of a farget as a function of film
density to white light. The study was made with the following objectives
in mind:

. To expand the differencing technique to encompass over- and under-
exposed film.

2, Reduction of redundant calculations by using the differences of
each of the three filter readings from the white light reading,
since the remaining three combinations of differences can be
derived directly from the first three.

3. Use of the white light density fo predict the difference between
white light and filtered readings on a specific target.

4. To apply the final technique to automated analysis.

Figure 3 will be used to illustrate improvements in the Technique
described In Part |. In the figure, AF, on the ordinate, is the differ-
ence in readings between the observation without a filter and that of
red, green, and blue filters. Density, the abscissa, is calculated from
the reading made without a filter.

Example: (Refer to Fig. 3).

Filter Counts
Red RI counts
Green GI counts

Biue BI counts

None NI counts
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A single reading without a filter is first changed to optical density
and used to establish a position on the abscissa. The conversion equa-
Tion Is

Di =C (Ni - B) +S
wherein D, is the density at this particular observation site on the film
transparency, N, Is the number of optical counts, B is a base correction
factor of 40 counts, C is the wedge constant or density increments per
count (.012054 density unit/count), and S is the density of the sTep

at which the microdensitometer was zeroed.

Each filter reading Is then subtracted from the white light reading
and entered Into a multiple regression analysis 1o generate the curves
AR, AG, and AB In Fig. 3. For a particular observation on a transparency
with optical density Dy

N; - RI = ARi
NI - G; = AG]

! f

NI - N[ = ANI =0
The data for each type of cover or soil condition are fed into the
regression program. From the best fit regression equations, the following
three estimates of ARy, AGl, and ABI are computed:

ARE ":"ARC = BO+ BIDl + BZDIZ + s BHD[n (I)
s e 2 n
e = 2 n

ABy = AB_ = B, + ByD + Bz 2+ ... gD . (3)

The degree of the regression equation is varied from Ist to 3rd or higher
untit the best “fit- is obtained. The process is repeated for each crop as
well as different stages within each crop, thus giving a Yprofile” for each
different Type of crop or soil condition.

Once the profile for each soil or crop condition of interest is generated,
observations of optical counts from unknown subjects can be tested against
all standards and an identification can be assigned.
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The procedure for identifying an unknown is as follows: three filtered
readings and the white light reading from an unknown are used to calculate
ARu, AGu, ABu, and Du (density) for a particular observation. Du is first
used to determine which of the known profiles are to be tested for fit, since
not atl profiles overlap in density. (The optical density of water differs
considerably from that for soil or crops, e.g.}. This greatiy reduces the
number of calculations. Du is then substifuted info equations which have
been derived for fraining samples (equations |, 2, 3) to compute ARc, AGc,
end ABc. Using the stored 95% confidence timits {2 o) for each profile to
be tested, ARc, AGc, and ABc are substifuted in the following equations. 1T
is possibie that ARu, AGu, and ABu are equal 1o ARc, AGc, and ABc in which case
the unknown would be identified as that particular crop:

|&Rc1— ARu |

= ARy test

2 GR

|aGe - AGu]

———— = AGy test
2 C'G

|ABc - ABu|

_— = ABu test
2 GB

A diagram of the program logic from this point on appears in Fig. 4.

[T ARu test is greater than cne, this particular group of equations is
bypassed and The next group Is tested, When the ARu test is less than or
equal to one, it is stored and AGu test is considered. If AGu test is less
than or equal to one, ABu test is considered. |f ABu fest is also iess
than or equal To one, ARy test, AGu Test, and ABu test are summed and
stored. After all standard samples have been tested, the sums of all the
valid tests are compared and the unknown is labeled as the standard sample
with the smal lest sum, |f the unknown fails all tests, It Is considered
unidentified since its standard is not in memory.

DISCUSSTON

The procedures of Part || have been too recently developed to have
received much application. The profiies for the following crop and soil
condition categories have been developed for use with Ektachrome IR (8443}
fitm, E~3 process. {(NOTE: Al! of the following equations were arrived
at from data taken from at least six different film rolls taken on six
different dates during the summer of 1968.).
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Cotton 95 - 100% cover (Fig. 5}

30.576 + 39.447D - 0.054D%
with 940 observations
* 5,86 counts=95% confidence pands

ARcotton

AGcotton

~43.605 + 73.072D - 44.20502 - 0.185D0°
with 940 observations
+ 5,79 counts=95% confidence bands

ABeotton

fl

67,173 - 158,546D + 36.118D%
with 880 observations
+ 15,95 counts=95% confidence bands

Dry Bare Soil 0-05% cover (Fig. 6)
(Surface textures vary radically)

ARpgg = 13.329 - 8.19 > D + 15,393D%
with 580 observations
* 7,10 counts=95% confidence bands

AGppg = ~26.196 + 105.432D - 106.6720% + 32.147D°
vith 580 observations
* 3.50 counts=95% confidence bands

ABDBS = 218.529 ~ 863.289D0 + 938.12802 - 338.00403

with 580 observations
+ 14,62 counts=95% confidence bands

Wet (or freshly plowed) Bare Soi! 0-05% cover (Fig.7)
(Appears dark on fiim)

ARWBS = 86,771 + 333.054D - 282.393D2 + 70.236D3
with 140 observations
+ 5,80 counts=95% confidence bands

AGWBS = &6l.464 — 127.446D + 91.03602 ~ 20.727D°
with 140 observations
+ 2,14 counts=959 confidence bands

BBgg = ~431.492 + 771,227D - 543,4670% + 124.516D°
with 140 observations
+ |5.80 counts 95% confidence bands
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Water (without high reflection or glare) (Fig. 8)

AR = 38.775 ~ 145.123D + 86.431D° - H.948D3
with 380 observations
+ 8.16 counts = 95% confidence limits

AG = -7.962 + 29.673D - 29.269D% + 8.818D3
with 380 observations
* 3.37 counts =95% confidence limits
AB = -19.100 + 78.1450 - t11.4i8D% + 40.17iD?

with 380 observations
* 5,99 counts = 95% confidence limits

These equations and their confidence bands are presented in Fig. 5
and as overlays on Fig. 5.

SUMMARY

In the past, optical density of fiim fransparencies has been used
directly in trying to identify soil, crops, and ground cover condifions.
In this contribution differences between the optical densities measured
with different band pass filters which divide the visible spectrum
roughly into thirds and represent the compiements of each of the three
dye layers in Kodak Ektachrome film, types 8442 and 8443, are in-
vestigated for identification and correlation with ground truth. The
method has been extended by fitting the optical density differences to
regression equations over the range of fiim density to white light en-
countered. Differences in 'f' stop setting, shutter speed, cloud con-
ditions, fiim speed, filters, and other factors affect the optical
density differences among band-pass filters much less than the optical
densities themselves. When film density to white light is faken into
account, and the regression of fiim optical density differences are
expressed accordingly, variation in a given target's signature among
film rolls taken oh different days, different times of the day, and
differing in manufacture and processing are minimized. Computer pro-
grams have been written for the procedures used in part | of This report.
Results of use of these procedures are illustrated in Chapters | and V
of this report.
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Fig. 2. Sensitometric curves for the three dye layers in Kodak Ektachrome
infrared aero film type 8443, The fiim analysis procedure reported herein
takes into account the changing relation among dye layer optical densities
with film exposure In discriminating among crop and soi! condition subjects
in aerial or space photography. (From N. L. Fritz, Eastman Kodak Co.,
Rochester, N.Y.).
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designates the optical count difference between the no filter and band-pass filters. Density

on the abscissa Is the fiim density to white [ight (no filter) corresponding to a range in film
exposure conditions. The curves AR, AG, and AB illustrate how the (No-Red), (No-Green), and
(No-Blue) optical counts vary over a range In film exposure conditions. ARy AN, AG|, and AB
are the differences associated with a glven exposure conditlon which yields a transparency with
white |ight density D;. The AR, AG, and AB curves are mathematical ly fitted for the fiim density
range encountered due Yo llight conditions, 'f!' stop variations, fllm manufacturer lot, and
processing for each crop or'soil condition of interest. These profiles are entered in computer
memory and all unknowns tested against them and asslaed an identitv.
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START

GO TO 3. «<— YES |. HAVE AL L PR_OFILES
BEEN CONSIDERED ?
NO
g
NEXT PROFILE BEING
CONS‘ILDERED FOR FIT
GO TO 2. €= NO A RUTEST < I5
- 'Y%?
STORE ARu TEST
GO TO 2 <e— NO A GUTEST = 1O
- Y}fs
STORE A GuTEST
v
GO TO 2. «— NO A ByTEST < 10
'YEF
STORE A Bu TEST
SUM STORED \iALUES; GO TO L
2. BY-PASS THIS PROFILE GO TO 1
3. ARE THERE SUMS STORED IN MEMORY ?
NO YES
d {
PRINT UNIDENTIFIED PRINT PROFILE NAME
OF SMALLEST SUM
AS IDENTITY
Fig. 4. Flow chart iliustrating program logic for computerized identification

of crop and soll conditions agalnst training profiles stored in computer memory.
After ARu.test, AGu test, and ABu test have been computed, their values are ’

compared with [.0.

|.5 is used as a threshoid

To be within the 95% confidence bands esach test must be less
than one and thelir total must be less than thres.

value for ARu test in order fo encompass near misses for a second trial. If the

test value exceeds 1.0 on any of the foliowing trials the profile is automatically
rejected as a possible identity.
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Figs. 5-8. The optical count dlfference between No filter in the light beam and red, green,
and blue fllters In the lIight beam are deplcted (ordinate) versus the optical density of the
fiim to white |lght (abscissa). Confldence bands of 2 standard deviations are shown around
the curves. A procedure has been developed which tests unknown observations against the
standard profiles for different crops and soil conditions. The proflles represented by

the curves are sufficiently different among crop and soil conditions to enable discrimination

and the procedures are belng computerized.
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Bendix Mapper lmagery

By W. J. Rippert and C. L. Wiegand

Infroduction:

Data from the thermal infrared region has been shown in previous
studies to reveal differences in plant cover, in need for irrigation of
crops when the crop cancpies completely cover the soil surface, in soil
moisture differences, and to some extent differences in profile character-
istics. In a compiete multispectral approach the data are needed on a
continuing basis. For this reason a Bendix thermal mapper was leased for
a six week period in The summer of {968.

Objective:
To compare Bendix thermal mapper imagery with photographic imagery.

Methods and Procedures:

The Bendix mapper was airplane-mounted and was used at the same Time
photography was being obtained using the Hycon camera or the Hasselblad
cluster. It was also flown in support of one NASA Convair mission.

A description of the ampper fol lows:

The airpiane-mounted Bendix mapper scans the scene in its field of
view mechanically, in a line by line fashion. The output is recorded
on film, as an analogous image. The device maps irradiance differences
corresponding to variations in near infrared radiance of objects in its
field of view.

Two wavelength ranges are available. One is 0.7 to 2.5 microns, for
reflectance measurements of plants and soils. The second is 3.5 to 5.5
microns, for emittance measurements of planis and soils.

An oscilloscope s used to continually monitor the video signal,
permitting exact adjustment of the amplifier controls. This Is
advantageous for obtaining optimum images of subjects of particular
interest.

The scan head contains both the energy pick-up and the film recording
unit. The energy pick-up system consists of the rotary scanning mirror
and the coliecting optics. The rotating mirror sequentially looks at
each part of the scene, and focuses the radiation collected by the optics
upon an indium antimonide detector, which is sensitive to the wavelength
interval 0.7 to 5.5 . The detector which must be cooled fo liguid
nitrogen temperature in order to function, is mounted in a Dewar. The
detector and the preamplifier and optical filters are located in this
part of the scan head.
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The preamplified electric signal is fed fhrough a cable to the
console, for processing and operating adjusiments. The final output
signal is fed through the cable back +o the film recording part of the
scan head, where the video signal is reconstructed into a photographic
image. This part of the scan head contains a flow modulator tube,
recording optics, and a film cassette. There, The amplified elecirical
signal is turned intfo a modulated beam of visible light and recorded
fine by fine on the film. This builds up an image which is a represen-
tation of the near infrared radiation coming from the targets on the
ground,

An image is obtained in only one of ‘the wavelength intervals at a
Time. Two band~pass filters are used for selecting 0.7 to 2.5 and 3.5
to 5.5 micron images. These filters are elecirically changed from the
mapper controls.

The Hasselblad 500EL is an electrically driven single=lens reflex
camera. The negative size is 2 1/4 x 2 1/4 inch format on 70 mm film.
Focal length of lens was 50 mm. Bilack and white plus-X film with a
25-A fiiter which has an absorption edge at 0.59 microns was used.part
of the time. The rest of the time black and white infrared film with
an 89-B filter which has an absorption edge at 0.69 microns was used,

Results:

Scans and photographs of the Research Farm taken June 20 and July
6, 1968, are presented In Figs. | and 2, The various soil conditions
and plant covers are identified in Fig. | by letters. Descriptions
of the sites corresponding to the letters are given in Fig. 2.

On June 20 (Fig. |) mapper imagery was obtained in the 3.5 to
5.5 u region and camera imagery was obtained using Plus=X film with a
25-A filter and black and white IR #ilm with an 89-B filter at 1200
hours CDT,

On July 6, 1968, mapper imagery was obtained in the 0.7 to 2.5 u
region and camera imagery was obtained using Plus-X film with a 25-A
filter and black and white IR film with an 89-B filter, again at 1200
hours CDT.

Figure 3 shows the wavelength distribution and intensity of the
Typical solar reflected and emitted object radiation.

The 3.5 Yo 5.5 y image shown in Fig. | is similar to images that
have been ob¥ained before using the University of Michigan thermal
scanner and the infrared camera. That is, warm objects such as bare
soil are light toned whereas cool surfaces such as water or crop
canoples are dark. The energy emissions are very low, however, because
thermal infrared emission for objects at temperatures encountered in
agricuiture are tow (Fig. 3). Signal strength would be much greater
for hotier objects such as forest fires.
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The darker areas in the citrus of Block B are irrigation treatment
plots which had been irrigated on June 17, 3 days before these images
were taken. This irrigation effect is visible in all the images--in
The visiblie and near infrared because of the lower albedo of the wet
than dry soil, and in the thermal due Yo the dissipation of much of the
incident radiation in evaporating water.

The ifmage shown in Fig. 2 for the 0.7 to 2.5 u wavelength interval
is similar fo the black and white infrared photograph of the fargets.
The crop surfaces, which reflect strongly in the 0,7 fo 1.4 n wavelength
interval, are lighter in tone than objects such as soil or water which
reflect less strongiy. The diagonal in block Gy separates the cofton
of this block iAto the nonirrigated eastern part and the western part
which was irrigated on June Q.

In Figs. | and 2 the 50 ft square piywood panel south of the
buildings is a good confrol panel for comparing the response of objects
in the different wavelength intervals. Half (25 f+ x 50 f+) of this
panel Is painted with 3M optical white and half with optical grey 3M
paint. (The fact that the white half appears larger is characteristic
of photography; the higher the elevation the larger the white haif
appears relative to the grey half.).

In the visible and near infrared the white panel is much more
reflective than the grey half of +the panel. Thus in the Plus-X Pan,l
btack and white infrared, and 0.7 to 2.5 p mapper images The white
surface is light in tone (high response or exposure of the film) and
the grey half is dark in fone (low film response). However, in the
3,5 to 5.5 u mapper images the white half of the panel shows low response
(dark tone) whereas the dark half causes high film response (iight fone}
due to the approximate 20 C temperature difference between the white
{cool) and grey (warm) halves.

Discussion:

Several problems were noted in attempting fo obtain imagery with
the Bendix mapper.

{+ was impossible to obtain sufficient energy signal to noise
eariier in the morning than one or two hours after sun up or later in
the day than about sun down. Naturally, objects would have a higher
reflectance when the solar radiation is large and a higher emittance
tater in the day than in early morning because of higher target
temperature. Inability to make diurnal emittance measurements around
the clock is a serious handicap.

1

The tone difference apparent in the original photographs are not evident
in tThe Plus~X Pan reproduction.
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I+ was noted that whenever the temperature measurement was
narrowed down by hot and cold blocking to amplify The signal from low
contrast targets such as water surfaces, an eliptical signal would be
recorded with high energy response in the center of the flight path
which Tapered off fo a lower response on the sides. This variation
in signal was usually greater than the irradiance difference between
targets. Interpretation of the signal was difficult or 1mpossnb|e
under these circumstances.

Emissivity in the 3.5 o 3.5 micron region varies more than in
the 8 fo 14 micron wavelength band, This may have contributed fo
noncorrespondsnce between signals from the mapper and temperatures of
ground targets measured with portable radiation thermometers filtered
to be sensitive in The 8 to |4 micron wavelength interval.

Much difficulty was experienced due to inadequaie rolli stabiliza-
tion. The mapper was equipped with *6° roll stabilization but it was
insufficient for optimum use of the mapper in the single engine aircraft
used.

Summary:

The Bendix mapper was leased for a six week period in the summer
of 1968 to provide imagery in the near infrared wavelengths on a
continuing basis. The mapper utilizes an Indium artimonide detector
which is sensitive to the wavelength interval 0.7 to 5.5 microns. In
the wavelength region of 3.5 to 5.5 microns the available énergy from
earth ferrain at 310°K is limited and emissivity varies considerably
with wavelength. The 8 to 14 micron region would be better for broad-
band therma! scanning in that more energy is available from earth
terrain and emissivity values are more constant with wavelength.

Imagery obtained with the scanner in the 3.5 Yo 5.5 micron region
was similar inappearance to black and white Plus~X film imagery in that
plant surfaces which are not very reflective in the visible are also
cool. However, low reflective surfaces which were hot had, opposite
response. Imagery cobtained with the mapper in the 0.7 to Z.5 micron
region was similar to black and white IR film (response to 0.9 micron)
imagery since both respond to the high reflectance of crop surfaces
which begins at about 0.7 micron and extends To |.4 microns,



Black and White Plus=X Black and White IR

Figure |. Imagery obtained of Research Farm with the Bendix mapper
and Hasselblad cameras on June 20, 1968.
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DESCRIPTION

Water reservoir
Cotton

Citrus and bare soil
Blackeye peas (6/20)
Bare soil (7/6)
Cantaloupe and weeds
Citrus and bare soil
Cotton

Grain sorghum

Bare soil

Chemical fallow (bare soil)
Cotton (wet and dry)
Sorghum stubble
Cotton

Bare soil

Black and White Plus=X Black and White IR

Figure 2. Imagery obtained of Research Farm with the Bendix mapper

and Hasselblad cameras on July 6, 1968,
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EXPOSURE, AND PROCESSING OF EKTACHROME FI1M AND PAPER

Ron Bowen

This note summarizes the experi.nce and recommendations of the photographic

laboratory staff at Weslaco for exposing and processing Ektachrome film

and paper.

A. Proper care of fiim and paper.

I.

Proper care of Ektachrome fiim and Ektachrome paper is a

very important part of a quality finished product. The film
and paper must be stored at a temperature lower than 40°F, or
frozen unti! time of use. The film and paper should be allowed
Yo come to room temperature for at jeast three hours before it
is used.

Ektachrome film and Ektachrome paper must be lcaded In cameras
and easels, respectively, in total darkness. The very smallest
amount of light will fog the film orF paper.

B. Proper exposure of film and paper.

Proper exposure of fiim. The fwo types of Ektachrome film we
will consider are Kodak- Ektachrome Aerial, type 8442; and
Kodak Ekfachrome infrared aero, type 8443.

The 8442 Ektachrome film is high speed (aerial index of 23).
We have had good resulis taking photographs on the ground
using camera settings determined with the light meter set for
an ASA speed of 350. On a'very bright day, fi6 at /250 sec
has given very good results without any fitter,

The 8443 Ektachrome (R film is aiso high speed aerial fiim
which has an aerial index of 10 and an approximate ASA speed
of 100 for ground truth photography. On bright days with a
Kodak 15(G) filter, we get good results using f10 at 1/500
sec.
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Ektachrome paper must be exposed in Total darkness. Over-
exposed Ektachrome paper will turn white, not black., Under-
exposed paper will Turn black. Black borders are normal.

To expose your first Ektachrome print use no filter and print
with white light. Guess at the time and the f stop. Not
Knowing what kind of equipment you have, | recommend a short
time of about 0.5 sec and an f stop of 8 to start. |If the
print is black, or dark you need more time or more light.

¥ the print is white, or {ight you need less time or less
light. When exposure (density} is right add a color filfer

to make a balanced color prinf. You will find you can make

a sharp, color-balanced print in this manner of high quality.
One word of caution: never place color filters befween the
positive transparency and the paper. Always piace the filters
between tThe light source and the transparency so you will

have no light diffusion, and thus your enlargement and contact
print will be "razor sharp". Also, you should always add the
color you need to balance the print. For instance, if you
need red color, add a red filter; if you need green color,

add a green filter.

C. Proper processing of film and paper.

P,

Ektachrome aerial film 8442 or Ektachrome IR film 8443 can
be processed in the same chemical at the same time. Follow
the Kodak E3 process step by step. Make no changes in
recommended chemical solutions or in temperature and times
of immersion in the chemical solutions and water baths.
Since E3 instructions are easy to obtain, they are not given
here.

Tray processing of Ektachrome paper is quite simple so long
as the chemicals are properly mixed. First developer Ekta-
print R and the stop bath should be mixed as indicated on
the container labels. The color developer, however, should
be modified from the directions on the container label by
using 358 ounces (2.80 gallons) of water instead of 3-1/2
gallons. The Ektaprint R hardener also should be changed
so that only 3~i{/2 gallons of water will be used for two
chemical mixes. This doubles the strength of the hardener.

Mix the CP5 bleach, CP5 formuia fixer, and CP5 stabilizer
as indicated on container labels. |If you follow the above
instructions, you should have no problem.
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5. To have a color print in just IS5 minutes, do the following
steps very carefully: Check temperature; 100 F is required.
Ektaprint R first developer for |-1/2 minutes, Ektaprint
R first stop bath for 1/2 minute. First wash for 3 minutes.
Reversal exposure for 15 seconds. Ektaprint R color
developer for 2 minutes. Ektaprint R hardener stop bath
for | minute. First CP5 bleach for | minute. Second CP5
bleach for | minute. CP5 formula fixer for | minute. UVash
for 2 minutes. CP5 stabilizer for 2 minutes. Please notice
that we have repeated the CP5 bleach |-minute step twice.
Thus, there must be two CP5 bleach tanks. |n order to get
a very good gloss on the paper all excess moisture must be
squeegeed from the print. Then simply let the print air
dry; do not heat, ferrotype, or drum dry it. |f you have
confrolled the time and temperature, you will have an
excellent color print. Be careful not to inhale chemical
fumes or get the chemicals on you or in your eyes.

The Ektachrome color and Ektachrome iR prints in fhis report have been
produced according 1o The above procedures.
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DISCRIAINATION OF VEGETATION BY MULTISPECTRAL

REFLECTANCE MEASUREMENTS

Arthur J.. Richardson, William A. Allen, and

James R, Thomas
Abstract

Plant leaves grown in a greenhouse and leaves collected from the field
have been anatyzed for information content based upon diffuse refiectance
and fransmittance measured in the laboratory over the spectral range 0.5 - 2.5 y.

The discrimination criterion used was that of infinite reflecfance R defined

as- the maximum reflectance achieved by ieaves stacked sufficiently deep. The
criterion R, was chosen because there is a high probability that R, can be
measured from remoite distances. Greenhouse leaves. could not be discriminated
with respect to known nutritional deficiencies and marginally with respect fo
species. Reflectance and transmittance spectra over the wavelength range
l.4 - 2.5 U, reduced to the Kubétka—Munk format, suggest that the absorption
spectra for typical leaves are not statistically different from that of pure
liquid water. Greenhouse leaves tend to produce the same value of R, buf
field leaves exhibit decided variation in R,. The differences in R, appear
at wavelengths that peak within the atmospheric windows. Discrimination
procedures for vegetation based upon appropriate wavelength channels show
considerable promise. The physical guantity indirectly sensed by a measure-
ment of R, is the extent fo which the water in a leaf has been subdivided by

the celiular structure of the |eaf.
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Introduction

In order to interpret remote sensing data acquired from aircraft and space-
craft, understanding is required of the reflectance produced by features on
the surface of the earth. The speci%ic problem in agriculture is Interpre-
tation of reflectance produced by vegefation. The compiete problem of plant
recognition from remote distances must allow for atmospheric absorption and
scattering, polarization considerations, soil background complications, and
the entire three-dimensional complex of plant, canopy, and field geomefry.
Reflectance from aggregates of individual leaves probably is the most important
factor in the remote sensing of vegetation, but interactions from fruit, stems,
seed pods, and other plant parts must also be considered as complicating
factors in the total reflectance determination.

The plant recognition problem is restricted in this investigation to a
determination of the possible information content in plant leaves piled fo a
sufficient depth. Reflectance of leaves stacked upon a background of reflec-
tance R changes with the number of leaves in the stack but a stable value of

g

reflectance, designated infinite reflectance Ry, is essentially reached at all

wavelengths in the spectral range 0.5 ~ 2,5 4 when the leaves have been stacked
to a depth of eight LAlien and Richardson, 1968]). The value eight applies
specifically o reflectance in the range 0.8 - {.3 u. AT other wavelengths,

such as those in the visible region of the spectrum, and those at wavelengths

fn excess of 1.5 u, a practical reflectance gaximum 1S reached when leaves are
stacked two deep. in the spectral regions around 1.65 ¢ and 2.20 p, for example,
R, Is reached at an eariier stage of crop maturity than in the | u region

where a leaf Is virtvally transparent.
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The problem of leaf refiectance is analogous to that encountered in
measuring the reflectance of powders superimposed upon a background. {f the
powder is too shallow, the reflectance is characieristic of the background.

As the depth of powder is graduaily increased, a depth of powder is reached

at which the powder reflectance predominates over background reflectance. The
maximum reflectance of the powder is an intrinsic property only of the powder.
The reflectance maximum R, is reached both with powders and leaves at a thickness
of a few miitimeters. The concept of infinite reflectance is very useful because
R, can be measured directly in the laboratory and is likely to be characteristic
of mature plant canopies.

Substantial information can be inferred from a measurement of plant canopy
reflectance even If |Ittle else is known about the canopy except that it is
thick. A value for R, is available to a sensor, however remote, if the measure-
ment is made in the spectral regions of atmospheric transparency. Subsequently
in this paper the terms reflectance and R, will be used interchangeably unless
otherwise stated,

Diffuse reflectance and transmittance measurements on single leaves over
the spectral range 0.5 - 2.5 u were utilized to determine whether the correspond-
ing plants could be discriminated by means of Re. All measurements were per-
formed in the laboratory. A negative finding would have done violence to the
prospect of discriminating vegetation under field conditions. A positive finding
signifies that further progress is possible on the discrimination problem applied

to agricuitural vegetation.
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Experimental Procedures

All measurements of leaf reflectance and transmittance were obtained with a
Beckman DK~ZA Spectrophotometer®., Measurements were taken at increments of
0.05 u over the spectrat range 0.5 to 2.5 M.

The integrating sphere of the DK-2A was given a thick coating of Mg0 prior
To the growing season. The integrating sphere was not touched again until all
leaf measurements were made. Thus, differential effects obfained wers real
and were not a result of imprecision introduced by recalibration and instrument
overhaul.

The DK-2A was modified siightly in order to yield absolute radiometry. The
instrument was designed originally by the manufacturer o measure relative reflec-
tance with respect to Mg0 as a standard. The instrument is a commercial device
designed essentially for transmittance measurements of non-scattering media. The
electronic circuitry of the instrument was balanced to yield a linear response
within specifications when used to measure transmittance. VWhen the instrument is
used in the reflectance mode, care must be exercised that: (a) excessive {ight
is not scattered laterally from the sample; (b) the reflectance of the standard
Is known tTo prescribed accuracy; and, (¢} residual non~linear corrections are

applied throughout the entire wavelength region of reflectance response.

* Beckman Instruments, Inc., Fullerton, California. Trade names are included

for information only and do not constitute endorsement by the U. S.

Department of Agricultfure.



Reduction of lateral scattering from a turbid sample is relatively easy to
attain [Norris, 1965]. A thin sample such as a leaf or a small stack of leaves
musT be placed as close as possible to the entrance port of the spectrophoto-
meter. The sample holder of the DK-2A was modified slightiy to meet this
requirement.

Acquisition of a suitable reflectance standard for the spectrophotometer was
a more difficult problem. The Mational Bureau of Standards (NBS) does not issue
a reference surface for the spectral range 0.5 - 2.5 u. The procedure evolved
is based upon the NBS recommendation [Schleter, 19671 to calibrate a highly-
reflecting Vitrolite glass surface against a fresh Mg0 surface. The fresh MgO
surface used was first calibrated to an absolute basis by means of published
reflectance values for Mg0 [Sanders and Middieton, 1953]. The advantage of
the Vitrolite as a standard is that it can be cleaned and is not subject To
deterioration. In actual operation, the Mg0 surface was used in the reference
port of the instrument. Mg0 has a greater reflectance than leaves. Vitrolite,
over part of the spectral range, has a reflectance less than leaves. Use of tThe
MgO standard instead of the Vitrolite permitted the reflectance response of the
instrument to remain within the range of the recorder. The Vitrolite standard
was measured on each spectrophotometric run, however, and absolute values of
reflectance were calculated from ratios between the MgQ, Vitrolite, and the

Sanders-iiddietTon data.
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Non-!inear deviations in the reflectance and transmittance responses of the
DK-2A were revealed by measuring these properties for glass plates piled fo
successive thicknesses I, 2, 3, . . . N. Glass plates have been used previously
[Benford, 1923 as spectrophotomeiric standards. The refiectance and trans-
mittance of piied giass plates is a solvable problem in electromagnetic theory.

A conventional method of checking the accuracy of an instrument is fo take
measurements on a material where the results are known exactly from theory., This
method was used fo calibrate the DK-2A.

The standard adopied was a piie of No. 1, 25 mm square cover glassés supplied
commercially by the Corning Glass YWorks. The cover plates, with a nominal thick-
ness between 0.13 mm and .16 mm, were composed of stirred glass. WMeasured
indices of refraction at the wavelengths 0.4861, 0.5893, and 0.6563 u were
determined to be 1.5325, 1.5260, and 1.5231, respectively [Jolley, 19671, These
values are consistent with published values for crown glass [Smith, 1966]. The
glass plates were measured in total reflectance and transmittance operational
modes over the spectral range 0.5 - 2.5 p with the DK-2A for piles consisting of
t, 2, 5, ..., N plates.

Residuals AR = R, - Rc between observed and computed values of reflectance

o
were fitted by a function of the form
= 2 3
Ro = Rg = agR + ajRA + a,RA® + azRA™ + . . .,

y
R

+ CZAR2 + CBARS + o .

2 3
+ b!R + b2R + b

+dgA%R% kL, (1)
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The form of Eq. (1) was selected to ensure that residuats vanish when R = O.
The observed values of reflectance R, were corrected for the reflectance bias
introduced by the Mg standard. The computed values R, were obtained by appii-
cation of the Kubelka-Munk theory [Kubelka and Munk, 1931 which happens to be
exact for piled transparent plates. An expression similar to Egq. (1) was written
To specify residuals AT = TO - T, befween observed and computed values of
transmittance.

1T is possible to obtain good agreement between spectrophotometric results
over all amplitudes and pertinent wavelengths by calculation of the appropriate
coefficients in Eq. (1) and those of the similar equation that involves trans-
mittance. Equation (1) for reflectance and the corresponding transmittance
function were fitted by regression over the entire amplifude and spectral range
0.5 - 2.5 u. The 20 coefficients obtained are stored in a computer where the

non-|inear corrections are made automatically fo the data.

Data

Reflectance and fransmittance measurements were cobtained from iwo separate
sources of vegetation., The first source consisted of three species of planfs:
corn, squash, and sorghum. Each of these species was subjected to five different
treatments. Specifically, the plants were deprived of nitrogen, suifur, potassium,
and iron. A control plant was grown with no deficiencies. The plants were grown
hydroponical ly in a greenhouse. The greenhouse data consisted of 6 to 12 rep-
fications. All plants were mature. Leaves were harvested randomly throughout
the piant with prime consideration being given to whether the leaf would present

a homogenous appearance over the measurement port of the DK-2A.



The second source of plant Isaves came from plant species sampled under field
conditions from test areas in the Lower Rio Grande Valley, Texas. The field
ptants involved 20 to 50 replications of sorghum, wheat, mature corn, cotton,
sugar beets, potatoes, young corn, tomatoes, cabbage, and onlons. lany of the
field leaves vere taken on dates that corresponded to NASA aircraft fiights over
the Weslaco test site. The bulk of the spectral information was cbtained during
1968, A liesser number of leaves, collected primarily 1o fill gaps. in the data,
were acquired in 1969. All leaves were harvested from the third and fourth nodes
down from the apex of the plants. The coliection procedure was designed to acquire
leat material that would simulate the target of a remote sensor operating above
the canopy under field conditions. Collected leaves were immediately wrapped

in Saran®* to minimize water loss.

* Saran, Trade names are included for information only and do not constitute

endorsement by the U. S. Department of Agriculture.
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Reflectance and transmittance spectra were obtained within a few hours after
the leaves were removed from the plants. All leaves were kept as nearly as
possible in their natural condition until measured. Diffuse reflectance from
the upper surface and transmiitance were measured oh sach legft. Prior experi-
mental procedure involved stacking leaves to successive depths for both reflec-
tance and transmittance measurements. The stacking procedure was instituted
because leaves in a natural canopy stack roughly behind each other as the plant
matures. |1 was determined, however, by statistical analysis that stacking
leaves in a spectrophotemeter was not necessary--equivaient informafign is
available by replicating refiectance and transmittance measurements on single
unstacked leaves. Both single leaf and stacking procedures were used inter-
changeabliy in This investigation.

Reflectance and transmittance spectra were recorded automatically on paper
tape. Typical examples of the kind of data obtained are reproduced as Figure |

published elsewhere [idyers and Allen, [968].
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Analysis

All reflectance and transmitftance measurements of single plant leaves
taken over the last two years have been analyzed and reduced to the Kubelka-
Munk formaet [Kubelka and Munk 1931] in the manner discussed elsewhere [Allen
and Richardson, (968]. Error tracing and statistical procedures were utiiized
at each wavelength to specify the standard deviation of the determined parameters.
Figures | and 2 include plots of the respective values k, s, and k/s for 50
mature cotton ieaves Taken during 1968. There appears to be no statistical
difference in the wavelength intervai 1.4 ~ 2.5 u between the absorption curve
of Figure | and that for pure liquid water [Penner and Goldstein, 19641, Figure 3
is a plot that contains the same information as Figures { and 2. The lower line
in Fig. 3 is the average absolute diffuse refiectance of the 50 single field
cotton leaves. The upper fine in Fig. 3 is a calculated gquantity that represents
the average reflectance of the 50 cotton leaves if stacked to an infinite depth,
As stated previously [Myers and Allen, 19681, at least two curves are essential
To specify the diffuse optical properties of a single leaf. The necessary
information can be displayed in several equivalent representations, but the data
set reproduced in Fig. 3 is probably the best. The fwo curves of Fig. 3 are
both measurable quantities. Two such curves can never intersect and the two
curves can always be reproduced without ambiguity on a single graph. Figures 4a,
4b, and 4c include all the greenhouse data discussed in this paper. The two
points plotted at each waveiength represent standard deviations. Figures 5a,
5b, ..., 5i include the additional field data discussed. The value R of each
ptant leaf, illustrated by the upper curve in Fig. 4 and 5, was the plant

attribute used in discrimination procedures dealing with plant species.
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All analyses, including computer print-out graphs, were accompiished on a
real-time basis. The reflectance and transmittance curves were recorded on
paper tape by means of a SDS~1 Spectrophotometer Data Recording System®. The
raw data passed through minor editing procedures and was introduced into a
computer by means of a remote time~sharing console. The data reproduced in

Fig. | to 5 are reproductions of actual! IBM sheets produced by the computer,

Discrimination Procedures

Effectiveness of two different patfern recognition technigques was investigatec
The first criterion is referred to as the "Minimum Distance to the Mean™ (MDM) LFt
and Cardillo, 1968]. The second criterion is called the “Statistical Pattern
Recognition” method (SPR) [[Fu and Cardilioc, 1968; Rosenfield, 1962; Kashyap, 1968;
Langrebe at al, 1968; Freeze, 19641. The fwo paltern recognition techniques were
investigated for discrimination reliability and amount of computer usage. Recog-
nition criteria such as MDM schemes are relatively simple in construction and
involve minimum computer usage. Statistical criteria such as SPR schemes are
more complex in construction and involve greater computer usage. EffectTiveness
of these ftwo recognition systems was determined by a measure of their percent

recognition reliability and computer usage.

¥ Datex Corporation,Monrovia, California. Trade names are included for
information only and do not constitute endorsement by the U. 5. Department

of Agricuiture.
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Analysis of variance fests for R, means were performed for species and
treatment effects at 4! wavelengths (0.05 p intervals) between 0.5 and 2.5 u.
Analysis of variance resultTs were used to select wavelengths for use as

optimum pattern recognition features in discrimination schemes.

Results
The data in Table | are based upon all leaf measuremenis for plant species
discussed previously. Table ! indicates that optimum discrimination features

for the greenhouse data occur near the water absorption bands at 1.9 u and

2.7 Uu. These features, if real, would probably be cbscured from aircraft or
sateliite by water vapor absorption in the atmosphere. Table | also illustrates
that optimum features for recognition schemes exist for the field data at
wavelengths 1.25 u, 1.€5 4, and 2.20 u. These wavelengths lie near the peak

of The atmospheric windows and would be accessible to remote sensors above

the atmosphere.

Large differences exist in the reflectance response among field species.
Discrimination possibilities, therefore, are far more favorable for field
reflectance data than for refiectance data obtained from greenhouse leaves.

Tabie 1| displays the reliability in terms of percent recognition for a
MDM scheme using the greenhouse reflectance data. The relatively low

recognition reliability is due in part to inadequate replication.
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A second factor affecting the recognition resuits in Table |1 is that
a characteristic reflectance exists for all fypical greenhouse leaves
[Gausman, et al. 1969]. Low light intensity in a controlied growth
environment causes development of shade~type leaves which yield essentially
the same reflectance for leaves of different species.

Selected combinations of field data were tested in an i1DM scheme for
percent recognition reliability as shown in Tables I11 and IV. The SPR
systems have been shown ‘to have good reliabllity [Fu and Cardillo, 1968;
Kashyap, 1968; Langrebe et al., [9681. Fifty fo 100 observations are
necessary for statistical approaches to pattern recognition in practical
remote sensing applications. A good statistical represenfation of the data
for fewer than 50 observations was not obtained as shown by fhe frequency
distribution of 20 to 2| observations of onions, potatees, and wheat in
Fig. 6.

A defermination was made for the number of formula steps necessary in
the ciassification of an unknown observation by each scheme into one of four
groups. The number of formula steps increased ilnearly for each system
as new classification groups are added and therefore are equivalent in
this respect. However, the number of formula steps has a non-linear
dependence on the number of recognition features for the SPR system and a
linear dependence on number of recognition features for the Mpi} system as
fliustrated in Fig., 6. For a recognition scheme with 5 features a fotal
of 244 formula steps would be necessary using the SPR scheme, For the MDM
scheme a total of 60 formuta steps are necessary. This is a rafio of about
4:1 in favor of the MDM scheme. Table V lists the formula steps of SPR

and MDM schemes for | fo 10 recognition features.
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Conglysions

Useful spectral signatures in the range 0.5 - 2.5 u were obtaingd for
species of vegetation grown in the field. Lleaves grown in a greenhouse
and subjected to different nutritional deficiency treatments could not
be discriminated by means of reflectance. Leaves of different plant species
grown in a greenhouse were discriminated only marginally.

As discussed elsewhere [Gausman, Allen, Cardenas, 1969] the principal
information available in leaf reflectance in the near-infrared is the extent
to which the water in the leaf has been subdivided by the cellular structure
of the leaf., Leaves grown in a greenhouse tend to have the same size cellular
structure and, consequently, produce the same reflectance irrespective of
treatments and species. Leaves grown under natural conditions have a greater
variation in size of cellular structure and, therefore, yleld a wider variation
in reflectance.

Discrimination schemes are availabie to classify common vegetation using
reflectance as a spectral signature. Relatively simple approaches to the
pattern recognition problem are adequate in agricultural applications.
Reliability of #DM (Minimum Distance to the Mean) systems appear to be
equivalent to SPR (Statistical Pattern Recognition) systems when sufficient
data have been obtained.

MDM schemes involve fewer formula steps than SPR schemes. As recognition
features are added to increase recognition reliability, the ratio of SPR to
MDM formula steps increases in a non-linear manner in favor of the MDM
scheme, This means that MDM schemes involve tess computer fime than SPR

systems by the same ratio.
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Leaves of a large number of agriculfurat plants grown in the field were
easily discriminated by reflectance characteristics measured at wavelengths
that peak within the atmospheric windows. Reflectance measurements in these
regions can be obtained from aircraft and spacecraft because the signal

would not be obscured by water vapor absorption.
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Table 1. Statistical significance between means of R, for various green-
house-grown and field~grown leaves at selected wavelengths. Green-
house~grown species were corn, squash, and sorghum, Field-grown
species were sorghum, wheat, mature corn, cotton, sugar beets,

potatoes, young corn, fomatoes, cabbage, and onions.

Greenhouse Field
Wavelength (W) F~Ratio Wavelength (1) F-Ratio
2,50 |0.87%% 2.20 137.18%%
2.45 7.01% 2.15 132, 24%%*
2.40 6.,08% {.80 181.,26%%
2.00 7.31% .75 181.52%*
.95 15,20%* }.70 186.47%%
1.90 5,76% .65 193,97%%
.30 1.75 1.60 182,39%%
1.25 .85 .30 134,72%%
[.10 2,46 1.25 102, 16¥%
1.05 0.98 .20 101.38%%

¥ Significant at the 5% level of probability.

#%  Significant at the 1% level of probability.
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Table Il. Percent correct recognition.using R for greenhouse-grown corn {C),
squash (Sq), and sorghum (So) using wavelengths 2.50, 2.45, 2.40,

2,00, 1.95, and 1.90 wu.

Vegetation Total number Samples classified intfo Percent
of observations c Sq So recognition
Corn {0 6 2 2 60.00
Squash 6 1 5 0 83.00
Sorghum 12 4 0 8 67,00

Overall percent recognition 67.90
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Table t1l. Percent correct recognition using R, for field-grown potatoes
(P), onions (0), and wheat (V) using wavelengths 2.20, 2.15,

1.80, 1,75, .70, 1.65, 1.60, 1.30, 1.25, and 1.20 M.

Vegetation Total number Samples classified into Percent
of observations W P 0 recognition
Wheat 21 21 0 0 100.00
Potatoes 20 0 20 0 {00.00
Onions 20 0 0 20 100.00

Overal I percent recognition 100,00
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Table 1V. Percent correct recognition using Rm‘for field-grown wheat (W),
cotton (Co}, potatoes (P), cabbage (Ca), and onions (0) using
wavelengths 2.20, 2,15, 1.80, 1.75, t.70, 1.65, 1.60, |.30,

1.25, and 1.20 u.

Vegetation Total number Samples classified into PercenT
of observations W Co P Ca 0 recoghition
Wheat 21 2] 0 0 0 0 100.00
Cotton 50 i 45 4 0 0 20.00
Potatoes 20 0 2 14 4 0 70.00
Cabbage 20 0 I 3 13 3 65.00
Onions 20 0 0 0 I 9 95.00

Overall percent recognition 85.49
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Table V. Comparison of total number of formula steps for SPR and MDM
schemes based on the classification of an unknown observation

into one of four known groups.

Number of

Recognition Total Number of Formula Steps Ratio

Features SPR MOM SPR : MDM
I 16 12 1.333
A 52 24 2.166
3 00 36 2.777
4 164 48 3.416
5 244 60 4.066
6 340 72 4,722
7 460 84 5,476
8 588 96 6.125
g 712 108 6.592

10 872 120 7.266
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Crop Species and Soil Condition Discrimination

from Apolio 9 imagery

C. L. Wiegand, R. W. Leamer, and A. H. Gerbermann

Introduction:

About 95% of the land mass of the United States is occupied by farm-
land, forests, and rangelands. There%ore, there is very much of agri-
culfural interest included in space imagery of the Unifed 5tates. OSpace
imagery of sufficient resolution should be extremely valuable for surveying
and inventorying these resources,

There are more specific studies which can be undertaken from such
imagery as well: studying flow production of whole drainage basins;
relating sediment yield in run-off waters fo the land cover conditions
{vegetation density, percent of area occupied by bare flelds); mapping
s0it associations, geographic crop distribution, and areas of—iow pro-
ductivity; and, relating size of fields with type of farming and amounts
of farm machinery needed for various enterprises--to name a few.

The sclence screening view of the Apollo 9 imagery indicated that the
quality of the space imagery was sufficient to investigate the muiti-
spectral quality of individual fields as affected by crop cover and
growing conditions.

Objective:
Attempt identification of crop species and soil condition from film

optical density differences where ground truth of fields was available.
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Methods and Procedures:

fmmediately following the science screening session for Apoilo 9,
duplicate 70-mm transparencies of each of the four wavelength images for
frame No. AS~-9-26A-3799, Imperial Valiey, Salton Sea, Mexicali, were
requested from NASA, Houston.

Miss Morma Spansail and Dr. Don Lowe of the University of Michigan were
contacted since the University of Michigan plane overfiew the Imperial Valley
and obtained photographic and optical mechanical scanner data. They also
provided a copy of the ground truth (Spansail, et al., 1969) for line [5A,
Dogwood Road, as well as a print of the scanner imagery simulating Type 3400
film {Panatomic X) with 25A filter. Line 15A was 10.5 miles long and the
Michigan scanner which flew at 10,000 feet sensed 1-3/4 miles on each side of
Dogwood Road. The ground truth data furnished by Michigan listed 303 fields
within this area. On the 70~-mm fransparency taken from space the 35 square
miies along this flight line occupies an area 2-mm wide and 6-mm fong.

in order to study the Imperial Valley flight line more intensively, an
fsodensitracing was prepared of the 1:2,000,000 scale, 2 mm x 6 mm section
covering line I5A in “the duplicate 70-mm Ektachrome IR fransparency. The

scene was enlarged [00-fold. A red transmission filter was used in the
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approximateiy |Z-micron diameter light beam of the microdensitometer to
accent the film density diffgrence between céopped areas, which develop.
red tones on Ektachrome IR fiim and hence have low optical density to red
ight, from noncropped arsas characterized by biue tones. This produced
a facsimile image of the target scene to the same scale as the Michigan
imagery (1:30,000). Both the University of Michigan imagery and the
isodensitracing with fields located and enumerated are shown in Figure |.

Over the area of the isodensitracing at the points indicated in
Figure |, 18 microdensitometer scan lines, corresponding to |8 transects
of the flight line, were chosen for quantification. These 18 lines were
retraced without a filter in the light beam and with blue, green, and red
fiiters, respectively, in the light beam. The optical counts {(related to
optical density by the relation, {optical count -~ 30) (.Oi1}) + 39 = optical
density) were recorded on punched paper tape simultaneously with their
tracing. The paper tape optical counts per scan line were listed by Flexo-
writer, matched To The corresponding fieids, and the average optical count
was determined. Taking the ground truth data into account in sorting the
fields into crop spacies and soil condition caiegories that were sufficiently
replicated, 50 useable fields resulted. Among the 50 fields there were @
sugar beet, 10 alfalfa, 1| bare soil, 9 barley, and || salt fiat fields
represented.

The analysis procedure used was the following: The arithmeiic mean of
the optical count for each filter was used as the representative or standard
signature for that field condition. The data were entered into a computer

where the mean optical counts were converied to optical densitles. Every
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possible optical density difference among the various filters was obtained

for the standard signature. Optical density differences corresponding to

the foilowing filters were taken: red-green, red-biue, red-no filter, green-
blue, green-no filter, and blue-no filter. Algebraic signs of the differences
are honored.

The deviation from each standard signature for every filter combination
optical density difference of each individual field was faken, squared, and
accumulated. The computer then identified the individual field in question
info the crop or field condition category which it most closely resembled.
Each field was identified as belonging to that category from which its
signature deviated minimally., Therefore, every field was unambiguously
assigned an identification. This minimum distance to the standard signature
computer procedure was developed by Dr. Leamer.

Resuits and discussion

The crop and soil condition categories investigeted from the Ektachrome
IR transparency of the Imperial Valiey were sugar beets (SB), alfalfa (A),
bare soil (BS), bariey (B), and salt flat (SFT). Tabie | identifies each
field by number and crop species or soi! condition category, lists the sums
of squares of deviations of each field’s optical density from the crop or
condition standard, presents the computer identification of each field based
on its minimum deviation from the standard (the arithmetic mean optical
density for all fields in the category was used as the standard), and states
+the ground truth for each test field. The ground fruth data show that there
is considerable variation in ptant height of each crop. Crop height does

not appear to be very closely related to proper identification. For example,
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Table | ,—~Crop and soil condition categories, sums of squares of deviations
of each field's optical density from the crop and soil condition
category standard, computer identifications, and ground fruth of
sach field studied to evaluate identification of Imperial Valiey
fietds on Ekitachrome IR space photography.

Sums of squares of
deviations of each
field's optical Comput~
density from crop er Piant
standards: _ ldenti-| ht. %
Field B or} fica- |inch-| grd.
Crop No. | SB A | BS |SFT |ticon es |cover Other comments
Sugar 59 | .04] .02| .01} .27i{B or BS{10-12| 95 |Yeliow mottling
beet, 62 07| .03) .00 .18|B or BS] 6-8 | 80
5B 66 { .00| .02{ ,07; .46} SB 12-18{ 80 |Recently irrigated
291 .00} .02} .06| .45] SB 15-18] 70
292 | (13| .2t .3711.037 5B 8-15] 70
268 | .00] .02! .08} .501 sB 15-18f 90 |Yellow mottling
248 011 .02] .08F .47 SB i0-i2) 80
262 | 031 .02} .02] .29iB or BS|i15-18|80-90{Double rows
245 | 041 _It] .22% ,78f SB {8-20] 95
Alfalta, 50 L0 L06) Jt4F .62 SB 10-124 80
A 58 | .02] .0l) .02} .29] A 6-8 | 95 |Some rye
288 01| .05) 131 .61 S8 6-8 | 95 |Pastured
293 | .02| .00} .OI| .28% A 3 80-~90 |Pastured
160 290 J17] .09 .04} SFT 2-4 80 |Weedy
65 | 13| .20f .35 .98] SB 2-6 | 80 {Recently cut &
irrigated
50 { .18 .28) .46]1.17] SB 10-12¢ 80
42 48[ .34 .191 .00 SFY 10-121 70
i4 .01} .00 041 .35] A i0-12]100
154 .29y .17{ .08} .02} SFT {10-12{100
Bare 51 .01} .04} .i12| .57 SB Bedded EW for cotton
soil, 7| .04 10| .15] .63} SB do
BS 8 1 .04] .10} .15} .63 SB do
21 01| 031 .08] .43} SB Bedded NS for cotton
41 LAl L2771 L5 .00 SFT do
44 | .36} .41l ,25] ,04] SFT |[Bedded EW for cotfton
45 1 13| .06y .05| .17|B or BS{Bedded NS for cotton
222 | 407 .26] .14 .00} SFT |Bedded EW for cotton
230 361 L2317 .12] L0l SFT |Bedded NS; scattered wh salt
deposits
258 | .01} .04} .11} .55f SB Recentiy plowed
269 | ,03] .08} .18| .7} SB Bedded NS for cotton
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Table I. (Contid.}

Barley, b2 .08} .16 .29} .9l SB 18-24 95

B 60 .00} .02 .06] .44 S8 i2-16| 95
Hep 01y .02( .08 .47 S8 18-24 60
227} 57| .41| .25 .01} SFT 5-8 90
1437 .12{ .05} .01} .11{B or BS| 6-8 40
285 .20| .Fi| .03] .06}B or BS)I5~18f {00
279 .38] .26| .13| .0l| SFT }I18-22] 100
2491 ,03| .0t] .0t} .27 A 10~12] 95
2431 .50f .36| .20} .02] SFT [20-28; 100

Sait o81 .28}1 .17} .08} .03] SFT |[No vegefaTion

flat, 101} .29] .17} .09} .04] SFT |[Sparse natural vegetation

SFT 106 .25( .14] .07 .04 SFT do
108} .54 .37) .23} .01 SFT
124} .59\ .43{ .27] .02 SFT
125} .414 .27] .15] .00 SFT
126 .74 .56| .36( .04] SFT
127] .84| .64| .44 ,06| SFT
128| .32y .20{ .10{ .01} SFT
158 .67) .49| .31} .02| SFT
159 .36] .23| .12} .0i SFT |Sparse natural vegetation
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of the alfalfa fields properly identified, ground fruth ptant height was
3 inches for one, 6 to 8 inches for the second, and 10 1o 12 for the third,

Percent ground cover of row crops is usually overestimated by a ground
observer, in our experience. It is difficult to visualize as similar ground
cover percentages as listed in Table | for a crop varying as much in height
as the sugar beets do; percent ground cover should increase as plant height
increases.

The sums of squares of the deviations of each field's optical densities
from the crop standards is notebly small. Whereas the optical densities
Themselves ranged from .323 to |.256 most of them were in the middie range.
Therefore, optical density differences were mostly about 0.2, and sums of
squares were necessarily small,

Table 2 is a summary of the identifications, misidentifications, and
percentage identifications of the various crop and soil condition categories.
The results show +hat all 1l salt flats were properly identified, that 6 of
9 sugar beet fields were properly identified, that 7 of 10 alfalfa fisids
were misidentified and that onily 3 of 20 bare or barley fields were correctly
identified. The overall percentage of correct identifications is 545.

Bare soil and barley fields were combined into one category because
after scanning the optical densities it appeared they were similar.

Table 4 contains the mean optical aensify, the standard error of the
mean optical density, and The coefficient of variation of each crop or soil
condition category for each filter. In Table 3the above information for

bare soil and barley is presented both separately and combined.
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Table 2--Summary of crop or soil condition, identity of misidentifica~
tions, and percent identification.

No. @
No. of misiden- Misidentifications Correct
Crop fields tified identified as follows: identification
Sugar beet 9 3 All as bare-or-barley 67
Alfal fa t0 7 Four as sugar beets; 30
three as salt flats
Bare or
bariey 20 {7 Nine as sugar beefs; 5
seven as salt flats;
one as alftalfa
Salt flats 11 0 100

Total 50 23 Overal! percentage 54
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Table 3.-~The mean optical density, the standard error of the mean, and
the coefficient of variation of optical density of the Ektachrome
IR transparency of The Imperial Valiey for sach of the filters
used in the |ight beam of the microdensitometer.

Mean Standard
No. of optical error of Coefficient
Crop ficlds Filter density +he mean of variation

%

Sugar beets g None 0.8463 0.0165 1.95
Red .5540 L0230 4.15

Green 1.0165 0162 .59

Blue 8019 0324 4,04

Alfalfa 10 None .8917 0580 6.50
Red .6742 - .0546 8,10

Green 1.0549 .0650 6.16

Blue .865] 0697 8.05

Bare i1 None . 9238 .0450 4.87
soil Red EYE! .0469 6.36

Green 1.0772 0456 4,23

Blue 84214 0466 5.53

Barley 9 None .8574 .0356 4.15
Red . 7255 .0397 5.47

Green 1.0153 0399 3.93

Blue .7834 .0498 6.36

Satt 1 None .5817 .0545 9.37
flat Red L6423 .0782 12.17

Green . 7058 .0608 8.6l

Blue . 4808 .0485 t0.09

Bare soi! and 20 None .8939 .0297 3.32
barley combined Red L7319 .0306 4.18

Green 1.0493 .0308 2,94

Blue .8157 .0338 4.14
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A survey of the information in Table 3 shows that the salt flats had a
much {ower optical density for three of the four filters than the other cover
conditions. Therefore, even though the coefficient of variation was larger
than for any of the other cover conditions, there was no ambiguity in their
identification.

Sugar beets have a distinctively low optical density for the red filter
in agreement with their bright red appearance on the space imagery. They also
have very iow variability in optical density with the green filter and no
filter in the light beam (1.59% and 1.95%, respectively).

On the other hand the optical densities of the aifalfa, bare soil, and
barley fields are nondistinctive for any color filter used in this study. The
coefficients of variation are moderate.

Table 4 is a listing of the simple correlation coefficient mairices for
optical densities among the various filters. It is evident that there is a
high correfation between the no filter and the green filter optical densities
and between the green and the blue filter optical densities.

The high correlation between the optical densities with a green filter
in tThe light beam and no filter in it suggests that the green filter readings
might be delefed. The analysis was repeated with The green filter readinés
left out, The c¢rop and soil condition discrimination decisions were identical
with Those obtained with the green filter optical densities in the procedure.
Since deletion of one filter decreases the number of optical density
differences by half it also halves the computer time required for comparison

of unknowns against the standards.
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Table 4.--Simpie correlation coefficients of Ektachrome IR film optical
densities among the filters used in the light beam for each

crop and soil condition category.

Crop Filter
None Red Green Blue

Filter
Sugar beet None 1.000

Red -.062 {.000

Green .955 -.065 {.000

Biue .897 -.328 .880 i.000
Alfalfa None | .000

Red 469 }.000

Green .995 437 1,000

Blus .964 . 267 . 962 {.000
Bare soil None I .000

Red 104 1.000

Green 941 .064 {.000

Blue .851 -.00] .964 1.000
Bariey None i .000

Red -.318 1.000

Green .995 -.304 .000

Biue 9686 -, 492 .950 1,000
Salt fiat None {.000

Red .994 | .000

Grean .997 L9972 1.000

Blue .985 975 ,986 l.000
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In judging the usefuiness of the approach used in this report it is well

To look at Figure 2. The left half, prinfed direct!y from the space photograph,

shows a 2 mm X 6 mm area from the 70-mm space image enlarged 25 times. An
image is also produced which was obtained by enlarging 1.5 Times the nosaicked
35-mm photomicrographs (40X entargement) of the 70 mm transparency. The photo-
micrographs were obtained using Kodachrome X, 35 mm film and a blue filfer In

a Zeiss Standard Universai Photomicroscope. |n the photomicrographs the film
grain is clearly evident,

The area chosen for the study was cut up by the Rose Canal, the Southern
Pacific Railroad, and in addition, many of the fields are salt affected.
Since the fields are not uniform, it was difficult to fruly represent the
fields in tThe ground fruth and microdensitometer data obtained.

A severe limitation is also put on the photographic analysis approach
by The narrow wavelength interval availiable for exploitation. Table 5 presents
the s}ngie leaf reflectance and infinite reflectance (R «) data for nine
different species at the wavelengths of peak [or plateau] response of
Ektachrome IR film. Both fthe single leaf and infinite reflectance data are
unpublished absolute radiomeiric data furnished by A. J. Richardson and
W. A. Allen of the Remote Sensing investigations Group at YWeslaco. Infinite
reflectance is a Theoretica! quantity typifying the maximum reflectance each
species would have at an extremely dense leaf canopy (Allen and Richardson,
1968). The signature of a crop from space would range from a negligible
response superimposed upon the soit background up to the infinite reflectance

maximum depending upon maturity of the crop.
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The data of Table 5 show that the reflectance from a horizontal layer
of unstacked leaves is very close to the infinite reflectance at both the
550 and 650 nanometer wavelengths. This means that as long as the plants
Just obscure the soil, the density of the plant canopy makes no difference
in the signature of a given species recorded on the green and red layers of
the Ektachrome infrared film. In the infrared, however, six to eight leaf
layers are required to give the signature corresponding to the infinite
reflectance so that differences in plant size, density, and vigor, and
hence number of leaf layers, do affect the signature recorded on The emul-
sion sensitive to the 700 to 900 nanometer wavelength. Thus, on Ektachrome
infrared film we are dealing with weak signals in the green and red wave-
lengths and a strong signal in the infrared, Strong exposure of the cyan
producing infrared sensitive layer results in light tones for this layer
which allows the red color produced by combination of the yellow and magenta
of the other two layers fo predominate (Gausman et al., 1970),

it is very tikely that the variability In ground cover and height of
the piants in the test fields of this study exceeded the differences among
species. Geometrical differences in piant height and row direction could
have introduced additional nonuniformity within species. Row direction
effects could not be discerned in the discrimination results of Table |,
however.

Results of Richardson and Thomas (1969} show that the photographic
wvavelengths are not very useful for species differentiation. Within the
wavelength interval 500 to 2500 nanometers, wavelengths between 1.3 and
2.4 microns are most useful.” Information in this region, hawever, bears

primarily on plant cell size and secondarily on species (Gausman et al.,

1969) .
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Tabie 5.-~Single leaf and infinite reflectance (R,) of nine crop species
at the wavelengths of peakjor p[afeaugresponse of each of The
emulsion iayers in Ektachrome Aero infrared film.

Single leaf reflectance, % infinite refiectance, ¢

Wavelength, nanometers Wavelength, nanometers
Crop 550 650 800 550 650 800
Sugar beet 12.2 7.4 42.5 12.3 7.4 67.6
Alfalfa 10.4 9.0 45.2 10.5 9.0 53.5
Corn 5.0 8.4 41.9 15.3 8.4 73.0
Cotton (4.3 7.7 47.6 4.5 7.7 73.2
Potatoes i1.4 7.3 47.2 1.5 7.3 63,9
Tomatoes il.4 7.4 46.3 [F.4 7.4 61.1
Sorghum 18.1 i.4 48.7 18.2 11.4 69,

Purple

cabbage 14.5 {3.0 48,3 (4.5 £3.0 62.5
Onion 13.6 7.9 28.5 13,7 7.9 64.4
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Summary

Ground fruth from flight line I5A of the Imperial Valley was used ‘o
test the ability of Ektachrome infrared tiim type SO I80 Yo discriminate
crop species or soil condition categories on S0-65 experiment 70 mm space
photography. The flight line consisting of 303 fields occupied 12 mm? on
the image. The optical density of the 9 sugar beet, 10 alfaifa, Il bare
soil, @ bariey, and Il salt flat fields selected for study was determined
on a microdensitometer utilizing no filter, and red, green, and biue filters
in the approximately 12 micron diameter light beam. The standard signature
for each category was taken as ‘the mean optical density of all fields in
the category. The cumuiative sum of squares of all optical density diff-
erence combinations for each field was compared with the same quantity for
each category; each field was assigned an identification corresponding 1o
the standard from which it deviated minimally.

The procedure correctly identified all Il of the salt flats and 6
of the 9 sugar beet fields. The alfalfa, barley, and bare fields could
not be properly identified; 200 X photomicrographs of the imagery reveal
Inhomogeneity in signatures of some fields. The overall percentage correct
identification was 56%.

I¥ is concluded that the signatures of crop species at the photographic
scale worked with are insufficiently different at the photographic wavelengths
To have good discrimination capability using optical density differences.
Absolute reflectance data which substantiate the conclusion are presented
for 9 crop species for the wavelengths 550, 650, and 800 nanometers corres-
ponding fo the wavelengths of peak response of the 3 Ektachrome infrared

film dye layers.
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Figure l.--University of Michigan optical mechanical scanner imagery simulating
Panatomic X film with 25A filter obtained of Imperial Valley flight line 15A
from 10,000 feet, and a 100-fold enlargement isodensitracing of the same flight
line prepared from the space photo of the Impasrial Valley. Scale of the space
photograph was 1:2,000,000; flight line 15A represents an area 2 mm by 6 mm on
the space photograph. Numbers on the images are field designations (see detailed
ground truth, Appendix I). Scale of both Michigan imagery and isodensitracing
is 1:30,000.
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Figure 2.--Flight line 15A of the Imperial Valley from the 70 mm space image
enlarged 25 times printed directly from the space photograph (left) and a
composite of photomicrography (40X enlargement) obtained using 35 mm Koda-
chrome X and blue filter enlarged 1.5 times (right). The red tones indicate
vegetation, the blue tones noncropped soil, and the white tones are salt-
affected soil. Note that the film grain is apparent in the images and
that the photomicrographs do not extend as far to the right as the left

image does. See Figure 1 for field numbers and Appendix I for ground
truth.
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COTTON, SORGHUM, AND BARE SOIL DISCRIMINATION ON
EKTACHROME IHFRARED 1MMAGERY OF THE LOWER
RIO GRANDE VALLEY

Ross W. Leamer, Daniel A. YWeber, and Craig L. Wiegand

INTRODUCT ION

The primary purpose of this study was To develop a procedure to recognize
fields of cotton, sorghum, and bare soiil from their film optical densi-
ties. Films and supporting ground truth data were carefully studied fo
provide representative fields for use in arriving at good standards for
discrimination tests.

FIELD AND FiLM SELECTION

For this experiment, positive transparencies were used from 70 mm, Kodak
Ektachrome infrared aero film rolls exposed during Juiy 14 To 27, |968.
This imagery contains a variety of crops and crop and soil conditions.
Dominant crops are cofton and mature sorghum. Fields exist in many con-
ditions ranging from bare soil to a very high percentage of weed and/or
sorghum stubble or straw cover.

Film rolls catalogued 850, 854, 855, 857, 858, 865, and 867 were used.
All were flown between 1000 and 1618 hours, central daylight time, at an
altiftude of 3000 feet, except 867 which was flown at 1800 feet. Ground
truth data were collected on approximately the same dates that the photo-
graphic flights were made,

Since the photography was taken with 60% overlap between frames, the same
fields (sites) were photographed on more than one frame. Time of exposure
is the most significant variable affecting the films and the data obtained
from them. Therefore, film ro!ls used were selected from those judged fo
have normal exposure; they were neither too dark from underexposure nor
too light from overexposure.

Optical densities for 30 to 50 fields on each roll were obtained by scan-
ning the fields with a Joyce, Loebl microdensitometer and converting the
average optical count reading for each field to optical density. In addi-
tion to taking readings of an unfiltered beam of light passing through The
film, red, green, and blue filters were used for each fleld. Therefore,
four film densities were obtained for each field on each fiim.
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Even through normally. exposed films were used, very siight differences in
exposure make the optical densities of a given crop vary considerably
from film o film so that densities through a given fiiter for one crop
onh one fiim might be exactly like the densities through the same filter
for another crop on a different film. This is refilected in Table | which
|ists mean optical densities and standard deviations of the mean for the
same fields that were later selected for use in determining the standard
crop signatures. Field discrimination, especially between cotton and
sorghum, is clearly impossible using optical density because of the sim-
ilarity of The mean optical densities for different crops at the same
wavelength band and the large standard deviations which easily bridge
The difference betveen these means.

Tablie |. Crop mean optical densities and standard deviation of the mean
of the filters used In the light beam of the microdensitometer.

Percent” Standard
ground Mean deviation
cover Number optical of the

and crop of fields Filter density mean
95-100%; 27 None I .0463 . 1034
cotton Red .i8i13 .0592
Green 1.2919 1513
Blue | .8068 1947
90%; 14 None L9610 . 1649
sorghum Red .3787 .2462
Green [ .0286 2733
Blue 1.7930 L2102
Bare soil 20 None 2505 . 1658
Red .3522 . 1425
Green 3071 LN732
Blue L9270 .2980

To eliminate this variation from film to film, optical density differences
among the different filters are calculated for each field. These differ-
ences for each crop are fairly constant throughout the normal exposure
range and differ from crop to crop for the combinations of filters being
considered.
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What, then, are the characteristic optical density differences for various
crops? This study included fields with 95~100% cotton cover, 90% sorghum
cover, and bare soil with less than 5% weed cover. Great care must be
exercised in selecting samples of these fields. |f bare soil, weeds, or
root rot are present the density differences obtained will not be char-
acteristic of the crop.

Fach field used in computing the crop standards was carefully selected fo
be uniform throughout with good ground cover and good appearance on the
film as judged from ground truth reports and densitometer readings. Bare
soil fields were also carefully selected.

CHARACTERISTIC S1GNATURES

Because four film densities are obfained (red, green, blue, and no filter
or none) for each crop, there are six possible optical density differences.
This experiment utilized onty four of the six possible difference of den-
sities: red filter - none, green fiiter - none, red - blue filter, and
blue filter - none. |t will be shown that only two of these four differ-
ences are needed to correctly discriminate among cotton, sorghum, and bare
soil.

Table 2 lists the field types studied and the standard crop signatures
obtained by averaging the optical density differences for each field ins
cluded in The standard. Note the high standard deviations of the readings
ohtained for red - biue filter, and blue filter -~ none. These two density
differences are not included as characteristic crop signatures. (This

is supported by The very high standard deviations of the blue filter mean
densities found in Table 1.) The average density difference obtained for
red filter - none and green filter ~ none for each crop are separated by
at least two standard deviations and are considered the characteristic
crop sighatures or crop “standards".

SAMPLE IDENTIFICATION USING CHARACTERISTIC CROP SIGNATURES

1T s not difficult to identify a sample using characteristic crop signa-
tures. Once the density of the sample crop is obtained through red,
green, and no filfers, the differences of these densi+les can be compared
with the standard crop differences to see which of the standard crop sig-
natures is most closely approximated.

To do this quickly a computer program has been designed which, given
either the film optical densities or the opticat count from the microden—
sitometer, will compute the density differences: red filter - none and
green filter - none for the sample. Then the two differences are alge-
braicatly subtracted from the corresponding crop standards. A sum of
squares of differences from the crop standards is obtained for each crop.
The crop sample which gives the lowest sum of squares most closely approx-
imates the corresponding crop standard.



Table 2. Crop mean optical density differences and the standard deviation of the mean for combinations of
: the filters used in the i{ight beam of the microdensifometer.
Percent Mean Standard
ground optical deviation Considered
cover Number Filter density of the,’ characteristic
and crop of filelds combination difference mean signature
95-100%; 2 Red - None ~.8649 L0632 Yes
cotton Green - None .2469 .0520 Yes
Red ~ Bilue -1.6254 .1670 No
Blue - None . 7605 . 1200 No
90%; 14 Red ~ None -.5823 0374 Yes
sorghum Green - None 0676 0300 Yes
Red ~ Blue ~1.4143 . 2328 No
Biue - None .8320 L0693 No
Bare soi 20 Red ~ None ~.1983 .0480 Yes
Green ~ None ~.0435 L0173 Yes
Red - Biue -.5748 . 1800 No
Blue - None 3754 L1510 No

T4
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The computer prints out a line of letters, each leftter standing for the
crop identification at the given polnt. Data input can either be point

by point from a densitometer scan across a given frame of fiim, or it

can consist of optical densities representing a number of different fields.

RESULTS

Several fests have been made on known samples using the technigue pre-
viously described o see if the characteristic optical density differences
for each crop correctly identified the sample.

First, the fields used in calculating the standard optical density differ-
ences for cotton, sorghum, and bare soil were tested and recognlzed 100%
cotrectly.

Next, densitometer scans were made across two different frames never be-
fore scanned on a roll from which fields had been selected for use in
determining the standards. Each scan was taken across cotton, sorghum,
and bare sol! sites, not just one crop. When the readings were converted
to densities and their differences compared with the standard crop den-
sity differences, exce!lent recognition resulted. This is illustrated in
Fig. |, which shows the frames scanned and the point by point crop iden-
tification obtained from the computer print out superimposed on the Kodak
Ektachrome infrared picture of the crops.

Red regions are cotton (C), reddish-~brown regions are sorghum (S}, and
olive green strips are bare soll (B). Wotice that some cotton is identi-
fied as sorghum in the middie of the cotton fields because of existing
cotton root rot. Bare soil readings appear in the sorghum fields because
the microdensitometer by chance reads bare soi! strips between sorghum
plant rows.

Frame Y on film 858, exposed at 3000 feet betwesn 1200 and 1415 hours and
not used in determining the standard, was used as another recognition test.
This frame has imagery of adjoining cotton, sorghum, and bare soil fields.
The microdensitometer scanned a 2/5 inch film segment with these three
crops present. All readings (100 per inch on film) were correctly identi-
fied when compared with the crop standards presented. '

The total sum of squares of the differences between the samplie readings
and crop standards are by necessity quite small. For Instance, In the
film 858 test, the largest sum of squares of readings recognized as sor-
ghum, cotton, and bare soil was .029, .007, and .033, respectively.
Thirteen readings were sorghum, Il were cotton, and 16 were bare soil.
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SUMMARY

A computer program was developed to recognize fields of cotton, sorghum,
and bare soil from their optical density differences. Standard signatures
are developed for each crop or soil condition of interest and a sum of
squares of differences from the crop standards is obtalned for each

unknown. The unknown {s Identified as the crop or soii condition from
which its signature differs minimally.

0f the four optical densities routinely obtained corresponding fo red,
green, and blue bandpass~ filters and no filter In the light beam of The
microdensitometer, 1t is shown that only two of the optical density
differences {red-none) and (green-none) suffice to unambiguousiy Identify
cotton, sorghum, and bare soil. The technique can be readily expanded to
include more crop species and soit condition categories.
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APPENDIX 1

Fields selected as standard listed according to flight line and film roll
number.

Fiim No. Line No. Field No. Crop Notes
850 12 4 Cotton
850 i2 27 Cotton
850 12 29 Cotton
850 b 77 Cotion
850 il 30 Cotton
850 i 21 Cotton
854 12 29 Cotton
855 12 27 Cotton
855 |2 29 .Cotton
855 12 35 Cotton
857 i2 27 Cotton
857 12 29 Cotton
857 12 35 Cotton
857 i 21 Cotton
858 iz 27 Cotton
858 12 29 Cotton
858 12 80 Cotton
858 12 35 Cotion
858 12 27 Cotton Different
858 {2 27 Cotton frames
858 12 i6 Cotton
858 12 i6 CoTTon\\\\\ Different
858 12 l6 Cotton~" frames
865 13 80 Cotton Different
865 E 80 Cotton—> frames
867 12 35 Cotton
867 12 29 Cotton
850 12 57 Sorghum
850 H i6 Sorghum
854 12 57 Sorghum
854 12 57 Sorghum Differsnt
854 12 57 Sorghum frames
854 12 27 Sorghum
855 12 57 Sorghum
855 12 56 Sorghum
857 12 56 Sorghum
858 12 57 Sorghum
858 |2 57 Sorghum > Different
858 12 57 Sorghum frames
858 12 56 Sorghum

867 12 57 Sorghum
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Film No. Line No. Field No. Crop Notes
850 12 LB Bare Soil
854 12 4] Bare Soil
854 12 70 Bare Soil
854 12 69 Bare Soil
854 |2 1B Bare Soil
854 i2 87 Bare Soil Different
854 12 87 Bare Soil > frames
855 12 52 Bare Soll
855 12 iIB Bare Soil :>> Different
857 i2 IiB Bare Soil frames
857 12 4] Bare 5Soil
857 | 45 Bare Soll
358 12 87 Bare Soi!
858 12 70 Bare Soil
858 12 4] Bare Soil
858 12 69 Bare Soil
858 12 71 Bare Sol i
858 (2 68 Bare Soil Scan fine
858 12 d Bare Soil::>> across 3 bare
867 12 4| Bare Soil soil fields




Figure 1. Computer recognition of crops (C = cotton, B = bare soil,
S = sorghum) superimposed on actual crop imagery taken
July 27, 1968 from 1000 - 1200 hours at 1800 feet (Film 867).
Letters appear just below the microdensitometer scan lines
made on two adjacent frames across bare soil strips (green),
cotton (red), and sorghum (brown) fields.
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BENDIX 9-CHANNEL SCANNER DATA STUDIES
by

Craig Wiegand, Ross Leamer, and Alvin Gerbermann

Objective: To present the status of the studies and indicate future plans.

Introduction:

The U. S. Department of Agriculture remote sensing investigations
at Weslaco are making good progress in understanding the interaction
of electromagnetic energy with crop plants. The results are based
mainly on laboratory studies encompassing the 500 to 2500 nanometer wave-
length interval. Quantitative reflectance data from aircrafi-borne multi-
spectral scanners are needed to ‘test crop discrimination procedures using
wavelengths which the laboratory data indicate are useful. The quantita-
tive scanner date are also needed for explaining sensor response and
response variations in ferms of ground fruth. The long range objectives
are identification of yield-limiting crop and soil conditions, and
prediction of yields.

Untit now the quantitative scanner data have been upavailablie. However,
this spring and summer NASA Houston provided overflights with the 9-channel
Bendix scanner which promise the desired date in the 380 to 1000 nm wave-
length interval. The overflights were made on April 13, May 8 and 9, June
6, and July 9. These data provide seasonal coverage from the Time signals
represent mainly the soil background, due o very young row crop plants, up
to full canopy development where signals shouid be almost wholly due to
the crop. The data have not been delivered to Weslaco; hence no results
can be provided. Considerable effort will be put info studying the data
in the coming year.

Very recently NASA (MSC, Houston) has contracted with Bendix Aerospace
Systems Division {Ann Arbor, Michigan) for a signature data processing
study. The study will evaluate a number of techniques for processing and
analyzing multi-channel data. The set of data obtained during the four
flights mentioned above has been selected for use in evaluation of the
various techniques. The USDA scientists at Weslaco will work closely with
Mr. David Hanson, Study Manager, of Bendix and with Mr. Sidney Whitley and
Dr. Dean Norris, Cognizant Scientists of NASA Houston on analysis and on
inferpreting analysis results. A very necessary input from Weslaco is
the ground truth collected during the flights.,

it is anticipated that these cooperative efforts will yield much
information of scientific value as well as contribute to defining an
operational multichannel scanner data handling and analysis capability
with which NASA can serve the user agencies. (Bendix is currently building
a 24-channel scanner for NASA).
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Methods and Procedures: 0

The channel| and performahce data on the Bendix 9-channel scanner are
as follows:

H

Channels — Spectral Band

{Numbers) (Microns) Detector
2 0.44 - 0.50 §-20 PM
3 0.50 - 0.56 5-20 PM
4 G.56 - 0.62 §-20 PM
5 0.62 - 0.68 5-20 PM
B 0.68 -~ 0.74 S$-20 PM
ki 0.74 - 0.86 S-t PM
8 0.86 - 1.0 S~i PM
9 .0 -~ 1.2 Photodiode
Scanning Rate (nominal) 100 revolutions/sec
Instantaneous Field of view 2.5 milifradians
(Spatial Resolution)
lLateral Scan Angle | 20°
Output Each Channel Terrain Spectratl
Ref lectance
Spectral Reflectance Accuracy |.0%
Design V/h 0.25
(alrcraft veloclity fps/altitude in f1)
Analog Tape Recorder Ampex ‘AR 600
Tape Running Time (per reel)} 30.0 min

NOTE: Channel 9 was not operative for any of the Weslaco site over-
flights.

The instrument is basicaily an imaging grating spectrometer using
multiple photomultiplier detectors for date output. It Is purportedly the
first scanner sysfem in operation that has been specifically designed 1o
measure and record directly quantitative measurements of spectral refiectance.
This is accomplished by signal referencing and prefiight callbration of the
scanner against panels of known reflectance.

Six flight lines and a total of 483 fields along them were selected for
study prior to the firsit Bendix overflight. The fields studied are those
immediately adjacent fo tThe roadways which serve as the center of each
flight line. The fields represent a range in soil types from heavy clay
o sandy loam., Table | lists the flight lines by number, gives their
geographical location, their length in miles, and the soil types present on
each flight line.



Table 1.-~Flight line numbers, location, soil types, and length of each

flight line over which Bendix 9-channel scanner data were

obtained in 1969,
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Flight Line
{ine Location Soil Types Present ength
No. miles

| Research Farm Sandy clay loam !
Highway 88 .
(Mi S W& IZN)
3 FM Rd 1015 Clay 7
(MI 3 W from Clay loam
Mi 12 N o Fine sandy loam
Floodway) Sandy clay loam
Silty clay
i0 Highway 28! from Clay 5
Red Gate fo Linn Clay loam
(Linn is 2| miles Fine sand
N of Edinburg) Fine sandy loam
Loamy fine sand
I "i" Rd (between Clay loam 5
Pharr and San Juan) Sandy ciay loam
from Exp 83 N for Fine sandy loam
5 mi.
12 FM 1426 Clay 7.5
(E of San Juan) Silty clay loam
from Rio Grande Stity clay
to Exp 83
13 Highway 281 Clay 17
(Military Highway) Silty clay
from Hidalgo fo Sitty clay ioam

S of Donna then
cross country to
Int'} Bridge at
Nuevo Progreso.
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The crops and soil conditions and the number of fields inh each category
on each flight date are given in Table 2. Six categories (citrus, corn,
cotton, pasture, graln sorghum, and bare soil) make up the bulk of the
fields. There are entries for cantaloupe, onions, cabbage, flax, beans,
watermeion, tomatoes, forage sorghum, pofatoes, peppers, carrots, cucumbers,
oats, and alfalfa, however, which shouild be useful for establishing their
reflectance sighatures. Maturation and harvest of crops or Tillage to
create a new condition for the field results in the number of fields in some
categories changing among flight dates. Total number of fields in the
categories listed in Table 2 also varies with flight date since Table 2
does not include every crop and soil condition encountered.

Ground truth has been obtained on each field on or about the date of
the Bendix overflights. A sample ground fruth data sheet for one field
1s included as Table 3.

In addition to the above observations by ground crews, ground level
photographs using 70 mm Kodak Ektachrome film type 8442 were obiained of a
representative site in each test field as close to the time of the overflight
as cloud conditions and manpower permitted. An identification board appears
In each photograph. The positive transparencies stored as film strips on
reels by flight |lines and dates are available should questions about any
particular field arise.

Aertal photography from the 2000 foot elevation (AGL) using a locally
leased plane and a 9-inch format Zeiss camera and Kodak Ektachrome infrared
aerc film {(type 8443) were obtained on the following dates for each of the
{isted flight lines:

Date Flight lines flown
413 b, 3, 10, 11, 12, 13
5-9 b, 10, 11, 12, I3
5-13 b, 4, 12

5-20 b, 3, 11, 12, 13

6~6 I, 3, 10, 1t, 12, I3
6-10, 14, 12 3, 11, 12, 13

7-9 b, 3, 11, 12, I3
7-29 I, 3, 11, 12, I3

information in these photographs should be useful for film optical
density difference studies and may be of value in supplementing the Bendix
photography and scanner data. (The camera on the Bendix plane was non-
funciional for the July 9 flight, e.g.).

It Is recommended that the ground fruth data sheets, ground photographs,
and aerial photographs all be consulted to determine the 9-channe! scanner
data to use in the signature data processing study.



Tabie 2.--Variety of crops and number of fields of each by fllght date.

Crop

Flight date

4/13

5/8-9

6/6 7/9

Cidrus

Corn

Cotton

Pasture
Sorghum

Bare soil
Cantaloupe
Onion debris
Onions

Cabbage

Flax

Beans
Watermelon
Tomatoes
Forage Sorghum
F. S. debris
Potatoes
Broccol |
Peppers
Carrots
Turnips
Cucumbers

Red cabbage
Parsiey

Qats

Alfalfa

Corn stubble
Sorghum stubble
Sorghum debris

Sorghum regrowth

TOTAL

44
36
[45
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Stubble includes standing plant parts after harvest; debris is plant
parts visible after Tillage.
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Table 3.--A sample seasonal ground *truth data sheet for one cotton field. Such information as well as aerial

and ground level photographs should enable careful sorting of fields fo be Included in detaliled
sighature data processing study.

FLIGHT DATA SUMMARY SHEET S TET
LINE- /.7, FIELD No. 3% SOIL COLOR (DRY) /0 VR &/2 SOIL COLOR (WET) /OV./2 /2.
SOiL SERIES Aemlingen SOIL TEXTURE (zpv
% Cover Helight
DATE VEGETAT |ON CROP | WEED MATURITY (cm) SURFAGE CONDITION NOTES : ¥
J2749 | Bage Sosi — - — — SEmi-Rougd
4-9-49 | Corron / — |PRE- SYurRE 7 Spzop?
Sb-bG | Cozvor /5 T N PRESGEIRE Wy Ty CRUSreDd Some Futwed LEAVES
4549 Ca?"fﬂ/f 355 - Broem # Hove .f"“'7( 7?!3//\/ CRYS 7EN
Hodt5 +07 LEBPES
7-949 | Corren . 47 - Bosts 74 T REp Sperre LEAVES
Some Bepers o [2F
O CRep

*ROW WIDTH 100 ¢em

ORIENTATION E - W UNLESS STATED OTHERWISE IN NOTES

SURFACE MOISTURE Dry

AT
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Calibrated Eppley pyranometers and Yellot Sol-A-Meters whose outputs
were fed into recording potentiometers were set up at 3 locations on the
flight lines on each overflight day to monitor incident direct solar plus
diffuse sky radiation. The time the Bendix aircraft was over the
particular site where the pyrancmeters were instaiied was recorded on The
strip chart. The average incident radiation while the plane was in The
vicinity of the monitoring sites has been determined and is listed in
langleys per minute (1 langley = | calorie/cm?) In Table 4.

The Bendix aircraft passed 2000 feet above the fields in all over-
flights. Thus the spacial resoiufion in tThe anaiog signals is good.

Analyses planned:

The reflectance data would have many uses including the following:

i. Plot the field reflectance curves for each major crop using
the digitized scanner outputs.

2. Use the Informafion from (i) above; fo develop a standard
refiectance curve for each crop species and bare soll condition.

3. Determine the percent recognition of each species tested

against the standard by the minimum distance to the mean
technique®.

4. Try to determine through muitiple regression and other

techniques which ground truths explain the variability In the
Bendix signals.

5. See if the 800 to 1000 nm wavelength sighatures are more
variable than others. (Reflectance in this wavelength interval
is reduced by growth stress conditions so that greater variabitity
here than at other wavelengths would indicate that some of The
test fields are affected by disease, drought, or salt),

6. Extend previously developed procedures for laboratory reflec-
tance data to the field data fo learn if:
a) The wavelengths useful from lab data are equally useful for
The scanner data for spectes discrimination.
b) Leaf area Index or percent ground cover can be predicted from
the scanner data from:
k) Where the reflectance curve for the fields of interest
fall between thosé for the optimal stand and bare solf, or
2) Using the field reflectance of well developed plant
canopies as it it were the theoretical quantidy, infinite

reflectance, to predict percent ground cover, plant height,
or yield.

1 Fu, K. 8., and 6. P. Cardillo. 1968. Optimum finite sequential pattern

recognition. Laboratory of Agricultural Remote Sensing, Purdue Univy,,
Infor., Note 070767.
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Table 4.--Incident radiation and general conditions by flight date for
selected flight lines.

INCIDENT
GENERAL RADIATION, MEASUREMENT
DATE LINE HOUR CONDITION LANGLEYS, INSTRUMENT
PER MINUTE
4-13-69 10 I126 {.38 Eppley S.N.
7489
I 1134-1146 Clear .44 Eppley S.N.
7490
12 1139 f.45 Eppley S.N.
7490
5-9-69 ¥ (212 .37 Eppley S.N.
7489
12, 13 1219 Partly I.39 SOL-A-METER
cloudy P.G. 1151
1220.30 .91
1221.30 1.25
1222 .15
1228 |.44
1229 .47
{230 .59
6-6-69 I [018~1023  Clear .09 Eppley S.N.
7490
12, I3 1027-1034 .02 SOL-A-METER
l.G.
7-9-69 I i710 Clear .89 Eppley 7489
12 1718 .98 SOL-A-METER
[.G.
13 1729 .95 SOL-A-METER

l.G.
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7. Compare the Bendix scanner reflectance curves agalnst Instrument
Specialties Company Spectroradiometer curves on hand.

8. Compare Kodak Ektachrome IR film optical density differences
with red, green, and biue fiiters In the light beam with the
scahher response for the wavelength Intervais the fiim dye
layers are sensitive.

9. Use the film optical densities and the similar wavelength
Interval scanner responses In the minimum distance to the mean
discrimination procedure fo determine the retative merits of the
two procedures for crop identification.

The above studies would be in addition to the factor, regression,
and discriminant analyses Bendix wil! perform using the Westaco overflight
data In the signhature data processing study for NASA.

Summary

Overflights with the Bendix 9-channel scanner were made on April i3,
May 8 and 9, June 6, and July 9, 1969, of lines on which over 450 flelds have
been ground truthed for each overflight. No analyses have been made since
data are yet to be received. Ground fruth, suxiliiary measurements, and
anaiyses planned are described. i1 is anticipated the data wiil yield
much of scientific value as weil as aid in defining an operational multi-
channe! scanner data handling capability, since NASA, Bendix, and USDA will
cooperate In evaluating & number of techniques for processing and analyzing
mu l+1-channel data.
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PROCUREMENT OF FIELD SPECTROMETER

Ross W. Leamer

Many sensors being used In remote sensing research measure portions of the
spectrum beyond the visible and photographuc Infrared wavelengths. Each
sensor |s responsive to an identified wavelength band of the eleciro-
magnetlc spectrum. A collection of properly chosen sensors will measure
the Intersity of the specified bands throughout the spectrum. Optical
fllters placed In front of the sensors can further define the specific
bands messured by dividing the spectrum into narrower bands thus giving
more detall of the spectrum being reflected from or emitted by plents and
soils. Contlnously variable filters moved In front of appropriate sensors
wiil give a signal representing the complete spectrum over the wavelength
range covered by the sensors.

Laboratory Instruments are avallable which measure continuous spectral
energy by rofating a grating or a prism in a reflected |ight beam under
rigidly controlled conditions of illumination and geometry. Satellite
or alrborne sensors cperate under conditions of varying 1llumination and
geometry. An Instrument is needed, ‘therefore, which will measure contin-
uous spectra of agricultural targets under field conditions. Such an
Instrument would make possible the determination of spectral signatures
of various crop and soil conditions.

Specifications for a field spectrometer have been written and the Instru-
ment is being bullt, The spectrum from 0.35 o 14 4 will be scanned by
six circular variable filter (CYF) segments In beams focused on four
detectors. The six CVF segments will be mounted in four filfer wheeis as
follows:

Filter
wheel CVF segment, U Detector
| 2
| 0.35 - 0.56 0.50 - 0.90 S1 (Silicon)
2 0.80 - 1.40 t.30 ~ 2.40 PbS (lead sulfide)
3 2.80 - 5.60 Blank inSb (Indium
antimonide)
4 7.00 - 14.00 Blank HgCdTe (Mercury-

cadmium
telluride)
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This spectrometer will be operated under a variety of environmental con-
ditions ranging from a moderate~sized aircraft to a ground based truck
with an aerial |ift (Ycherry picker'). To accommodate this range of

operational conditions, the scanning speed will be adjustable from two
spectral scans per second to one scan in 30 seconds. The field of view
will be adjustable from | to 15°, This adjustment will facititate
scanning the spectra from, for example, a single plant or from a plant
canopy. The accuracy of output signals at all scanning speeds and at

both fields of view wiil be at least |% of the wavelength at each point
in the spectral scan. The linear dynamic range of the system will be
at least 10% power. The signal to noise ratio of the system will be

1000:1 for the wavelengths between 0.35 to 2.30 p and greater than
100:1 for the longer wavelengths.

This field spectrometer is being bui It under a contract signed January 2,
1969 with Exotech incorporated of Rockville, Maryland. In August 1969

(the date this report was written), delivery fo the USDA is estimated to
be October 1969.
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PROCUREMENT OF FIELD SPECTROMETER
Summary

One of the aims of research in remote sensing at Weslaco is to ascertain
the wavelength bands of the specirum most likely fo yield information on
the energy reflected and emitted from crops and soils for earth resources
survey purposes., Hany sensors belng used in remote sensing measure por-—
tions of the spectrum beyond the range of visible and infrared light.

No instrument is available in Agricuiture for the detailed studies that
need to be made from an aerial lift which can remain over a Target site
or closely bunched targets for diurnal studies when light intensity, sun
angle, and other variables are changing.

An instrument is being built for making measurements in the wavelength
interval 0.35 to 14 microns. Four sensors will be used to measure The
spectral energy in various bands. Each band will be scanned by rotating
a circular variable ¥1lter (CVF) in the beam striking the sensor. Con-
tinuous recording of the output of the sensors will give a scan of the
spectrum from the target area. The target areas will alternate between
the ground surface and an upward looking diffusion pilate.
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Random Errors Associated with Measurement of the Kubelka-iMunk

Parameters of a Leaf

By . A. Allen

introduction:

A paper has appeared! in which the near-infrared reflectance and
transmittance of plant leaves stacked in a spectrophotometer were
described by the Kubelka-Munk (K-M) theory for propagation of 1ight
through a diffusing medium. A basic entity in application of the
K-M theory is the reflectance and fransmittance of a single leaf.
Prior practice at this location has been o measure the refiec~
tance and transmittance of stacked leaves?. The reflectance of n
stacked leaves approaches a limiting value R, for each wavelengfh
which is essentially reached when n > 8. Similarly, the trans-
mittance of n stacked leaves approaches. zero when n > 8. Reflec-
tance R and transmitiance T of n stacked leaves are given by the
relation

R T i (1)

= H

H

p-b™  a-a”!  apegTip™n
where a and b are parameters to be determined.

Statistical procedures used in the determination of optical
constants for leaves involve regression analysis of reflectance and
transmittance data for {1, 2, ... , n stacked leaves at 0.05 p incre-
ments over the speciral range 0.50 - 2.50 y.

Measurements of stacked leaves may be equivalent fo compilation
of statistics by repiication of measurements. In other words,
measurements of leaves piled fo a thickness |, 2, ... , n yield,
more or less, the same information obtained from measurements made
on tThe separate single leaves. One advantage of the stacked leaf
method, however, is that unsuspected instrumental biases are
revealed. Equation {1} should apply equally well to reflectance
and fransmitiance with fthe same values of a and b, If Eq. () does
not represent the data within experimental error, Then instrumental
biases probably exist in the system. The reftectance bias that
results from deterioration of the M40 standard, discussed in the
previous section, was detected in this manner.

A second advantage of the stacked leaf method is that reflectance
and Transmittance of multiple leaf layers are measured directiy.
Multiple layers of leaves occur naturally in a plant canopy, and
it is more appropriate fto obtain their optical properties by
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measurement ‘than by calculation. Muitiple lavers, moreover, tend
to diffuse the transmitted light more Than a single ieaf. Thus,
the K-M theory, based upon perfectly diffused light, is likely to
be more appropriate for stacked than for single leaves.

Methods and procedures:

Once the instrumental biases have been jsolated and removed, the
question of measuring single or stacked leaves becomes a matter of
indifference, Statistical procedures exist that permit a wide
apptication if the leaves are measured singly. |f the leaves are
stacked, however, a suppliementary error analysis must be made in
order to determine the variance in optical constants based upon
experimental variance. Assume that residuals between observed and
computed reflectance values for |, 2, ..., N stacked leaves are
designated AR;, ARy, ... , ARy. Let the residuals between observed
and computed Transmittance values for these stacked leaves be
specified by ATy, AT, ... , ATy. Reference | has indicated that
the Stokes parameters a and b can be calcuiated uniquely from any
pair of reflectance and transmittance curves. Possible pairs of
equations fall in the following three catagories:

Q
t

hand a{R' T') ]
P (2)

b=bRy, TP
a = alR;, RJ) R

J LA (3)
b= bRy, R,
a = a(Ti, T:) ,

J (%) (4)
b =

C(Ti, TJ-) 2

Equations (2-4) constitute 2N(2N-1) relations not all independent. The
variance of a and b are given by

e L [(8a/3R,) 2R, 2+(0a/3T ) 2AT 2] 5
2H{2N~1)

2
po? I [€3b/3R,)2AR, >+(Bb/8T }2AT, 2] -
2N(2N-1) |
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where one degree of freedom has been allocated to both Egs. (5) and

(6).

The standard errors &k and As for the K-M parameters k and s
can be obtained by means of the relations

Ak? = (9k/3a)%Aa? + cas/ab>ia52 , (7)
As® = (9s/3a)2ha® + (08s/3b)2pp2 (89
vhere
ok 2
—= leg b , (9

da (a+)?

3K 2

—_— , (10}
b  blatl)?

9s 2¢a%+1)

— = % e log b , (n
da (a%-1)2

s Za

I , (12}
3b  bla%*-1)

The relationship between the Stokes and the K-M parameters appear as
Egs. (31) and (32) of Reference |I. The remaining differential
coefficients needed in evaluation of Egs. (5) and (&), obtained by
differentiation of Eq. (1), can be written in the forms

da atabMaa™lp™M

— - (13)
oR b-p~N ’

ab )

e = e s (14)
R n{a-a~h

oa 2a

— = - s 15}

aT pN-p~P
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ab b(ab™a~!b™M) (16)

——— = aen

T nta-a~1)

Discussion:

Data analysis procedures in current use at This location determine
the variance of all parameters. Automatic computer plotting procedures
display the standard error at each point. For example, Fig. | is a
computer plot of the K-M scattering coefficient s and absorption
coefficient k for a normal corn leaf over the spectral range 0.5 -

2.5 p. The standard error indicates the relative sirength of the
data at each plotted point. Standard errors are aiso plotted for
The K-M remission function k/s as shown in Fig. 2.

Summary:

The near-infrared refiectance and transmittance of plant leaves
stacked Tn a spectrophotfometer have been described by the Kubelka-
Munk (K-M) theory for propagation of light through a diffusing
medium. Either single leaves or a stack of leaves may be used.

Use of stacked leaves enables one to detect instrument errors but
requires a supplementary error analysis of the variance due to
experimental uncertainties. Once instrument biases have been isolated
and removed, the question of measuring single or stacked leaves
becomes a matter of preference.

Equations for calculating the variances and standard ‘errors of
the optical constants are presented.

References:

Y. Willjam A. Allen and Arthur J. Richardson, “Interaction of light
with a plant cenopy,” J. Opt. Soc. Am. 58, 1023-1028 (1968).

2. V. 1. Myers, C. L, Wiegand, M. D, Heilman, and 4. R. Thomas.
Proceedings of the Fourth Symposium on Remote Sensing of Environ-
ment (Infrared Physics Laboratory, the University of Michigan,
1966), p. 801-8i3. (Entitled, Remote sensing in soil and water
conservation researchl.
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Figure 2.—-Kubelka-Munk remission function for a normal corn leaf. The bars indicate one
standard error,
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FOREIGN COOPERATION PROGRAM
Summary

Dr. Ross W. Leamer of the USDA, ARS, SWC staff at Weslaco, Texas has

been designated the agriculture representative of the USDA To NASA's
International Participation Program. In this capacity Dr. Leamer has
participated in The Mexican and Brazilian cooperative remote sensing
programs. He accompanied representatives of oceanography, hydrology,
geology, and forestry ‘o Brazil in Janvary 1969 on the mission planning
tour where sites were picked and objectives chosen for NASA's Mission

96 flown in July 1969, He also accompanied NASA's operations crew to
Mexico for Mission 96 in April 1969. He visited the agricultural sites

in Mexico and was in the ground party during the flights over the Toluca
and Ixthahuaca sites. He visited also the Chapingo and Papaloapan agricul-
tural areas and foured the test sites. He also participated in The review
session with NASA and Mexican representatives at MSC, Houston of the
photography taken during the Mexican mission.

Continuing cooperative efforts are anticipated in the international
program. Plans are being made for an exchange of data and consultaticns
on instrumentation, interprefation, and analyses among scientists of ~
cooperating countries.
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The Lower Rio Grande Soil and Water Conservation Research Center of the
USDA located at Weslaco, Texas is cooperating with the Earth Resources
Aircraft Program of MASA in the iInternational Participation Program,

Dr. Ross'\W. Leamer of the Weslaco staff is the agricultural representative
of USDA on the foreign cooperation phases of the program. Dr. lLeamer

has participated in this program by making trips to: 1) Brazil fo assist
in the final planning for 1969 missions and activities and to review test
sites and proposed test site instrumentation; 2) Mexico to participate

in the data collection during flights over agricultural fest sites in
Mexico and to assist in the final plans for Mission 91; and 3} Houston

to review with NASA and Mexican representatives the photography obtained
in Mission 91.

The International Participation Program has the following stated objectives:

", To develop techniques and systems for acquiring, interpreting,
and utilizing earth resources data from aircraft.

2. To contribute to cooperating countries competence in an advancing
fechnology.

3. To provide additional scientific and technical experience and
research data useful in the development of earth resources survey
techniques.,

4, To familiarize personnel of cooperating couniries with the acqui-
sition, processing, reduction, and analysis of airborne sensor
data,

5. To identify promising applications of remotely sensed earth
resources data.

6. To develop compatible data management systems to facilitate the
exchange of data between the U. S. and cooperating countries.®

The program is divided into four phases to accomplish these objectives.
These phases are:

A. Cooperative study and research pregram in the U. S. and estab-
lishment of program structure in The cooperating countries.

B. Selection and development of test sites; procurement of necessary
equipment and instruments; and establishment of data processing
and reduction centers by the cooperating couniries.

C. NASA aircraft flights over test sites and collection of ground
truth information.

D. Operational flights by aircraft of individual countries.
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The Weslaco Research Center cooperated under phase A of the program by
conducting a three day review of local remote sensing research for |6
scientists and engineers from Mexico and Brazil. Two forestry specialists,
one from Mexico and one from Brazil, spent an additional five days at
Weslaco and two agricultural speciatists spent three weeks observing the
data col lection and handling operations at Weslaco.,

Participation in phase B of the program consisted of sending Mr. Victor
Myers to Mexico in December 1968 and Dr. Ross Leamer to Brazil in

January [969 and to Mexico in April 1969. Dr. lLeamer's reports for the
two Trips foliow.

REPORT OF REMOTE SENSING TRIFP TO BRAZIL
Januvary 18 o 29, 1969
Ross Leamer
The trip reported here was in partial fulfillment of phase B of the in-
ternational participation program between NASA and CNAE (Comissao
Nacional de Atividades Espaciais). The trip was financed through the

agencies represented by the participants.

The American participants and the agencies they represented were:

Robert Piland NASA (MSC, Houston)

Jay Harnage MASA (MSC, Houston)

James Morrison NASA (Headquarters, Washington)

Robert McbDonald Purdue University

Ross Leamer USDA (ARS, Yeslaco, Texas)

Robert Aldrich USDA (Forest Service, Berkeley, Catifornia)
Jules Friedman USDt (Geologic Survey)

Herbert Skibitzke UsDt (Geologic Survey)

Dave Simonett University of Kansas

James Zaitzeff U. §. Navy (Oceanographic Office)

The objectives of the irip were:

f. To complete planning for {969 missions and activities.

2. To review test sites and proposed test site instrumentation.
The route taken to Brazil was from Weslaco early Saturday, January I8,

via Houston, Mexico City, Guatemala City, Panama City, and Rio de
Janeiro to Sao Paulo late Sunday, January |9.
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The NASA, USDA, and Purdue representatives visited on Monday the Insti-
Tuto Agronomico de Campinas. This Institute of Agronomy, operated by

the State of Sac Pauio, is located in the city and county of Campinas.

It was established in 1887 by the Emperor D, Pedro |1 {(Peter, the Second).
The research is now organized under six divisions: Secao de Agrogeologia,
Secao de Fertilidade do Soio, Secao de Conservacao do Solo, Secao de
Irrigacao, Secao de Technologia de Fibras, and Secac de Mechanica Agricola,
which are working in a fotal of 36 fields of research. A total of 4,000
people are employed by the Institute. The Institute Library is the

largest agriculiural library in South America.

The Campinas institute operates |6 test farms in various ecological
regions of the State of Sao Paulo. The farm adjacent to Campinas, the
Santa Eliza Farm, includes about |,750 acres. lVeather records have been
kept for more than 50 years from a first-class meteorological station.
Current research is being conducted in coffee, cotfon, sugar cane, corn,
rice, vegetables, tropical and temperate fruits, Eucalyptus and native
vegetation. -

The remote sensing project is to be directed by a special commission
headed by Arnaldo Guido. S. Coelho which will cut across division [ines.
Mr. Coelho will be able To request help from any of the divisions to
get the ground fruth and local data collection required during the July
NASA flights.

Tuesday the NASA representatives went to mest with another of the
Brazilian groups while the USDA representatives continued fo work with
Mr. Coetho and Mr. Gonzaga {lLuis Gonzaga 0. Carvalho ot Brazilian DPEA,
Ministerio Agricultura) on detailed plans for the Campinas area. The
following objectives for the July flight were agreed upon.

I. Identify and develop photointerpreters keys to distinguish
coffee, citrus, sugar cane, pasture, brush, Eucalyptus, and
bare soil. -

2, Differentiate between red (good) soil and yellow (poor) soil.

3. ldentify weed species (broad-ieafed and grassy typel.

4. ldentify sugar cane at various stages of growth.

5. ldentify nonciirus orchards.

6, ldentify Three stages of Eucalyptus {(recut, young regrowth, and
dense regrowth). T

7. Classify natural vegetation into four classes {(mature dense,
mature open, immature dense, immature open),

8. Identify Pinus species and Brazilian pine.
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Four flight lines were chosen which will cover areas in which all these
objectives can be accomplished. These |lines all lie along a path
starting near Sao Paulo over a forestry experimental planting of pines,
then over an area of noncitrus orchards, between Campinas and Sao Paulo,
over the Campinas farm and into an area of |arger farms just beyond the
Santa Eliza Farm, and an area near Americano where there are large
plantings of sugar cane. Each flight line is approximately 5 miles long.
One pass should give adequate coverage of each.

Although the institute has agreed to cooperate in the July remotfe sen-
sing flight by setting up the commission headed by Mr, Coefho, there
was no enthusiasm for the project apparent at the time of this visit.
Mr. Coelho is a photointerpreter. His interests and abilities are in
this field. Some instrumentation is expected to be obtained through
CNAE, but none of the people appeared to have had training in the use
or maintenance of such equipment. Voltage stabilizers are required on
such simple equipment as pH meters, so it seems likely there will be
numerous probiems with sensitive instruments.

Wednesday evening the USDA representatives joined most of the rest of
the U. S. participants in Rio.

Thursday NASA, USDA, and Purdue representatives visited the Institute
de Pecquisas e Experimentacao Agropecuarias de Centro Sul (Central
South Agricultural and Livestock Experiment and Research Institute),
t.P.E.A.C.S., This Institute is located at a road marker indicating it
is 47 kiiometers from Rio on the road to Sac Paulo; the local name for
the Institute is thus Kilometer 47 Farm.

J.P.E.A.C.S5. was established on October 11, 1962, within the Ministerio
de Agricultfura as one of the major organizational units of the D.P.E.A.
(Department for Experiment and Research in Agricultfure and Livestock,
Brazilian Depariment of Agricuiture). Dr. Otto Schrader is the
Director. There are three major Divisions: 1) Agriculture, 2) Animal
Husbandry, and 3) Animal Pathology. The Division of Agricuiture is
divided into the following sections:

Plant Multiplication and Seed Laboratory
Entomology

Phytopathology

Botany

Agriculture and Genetics

Horticulture

Irrigation and Drainage

Soils

Climatology

.

W0~ O N -
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The institute as a whole has 130 technically trained personnel in a -
staff of 950. They have only recently become acquainted with the
Brazilian Remote Sensing Program but are anxious to learn more about it
and to apply remote sensing techniques o their problems.

The economic crops in which they are particularly interested include
rice, corn, sugar cane, cocoa beans, beans, vegetable crops and certaln
fruit crops such as citrus, bananas, guava, cassaba, mangos, and
coconuts. They are working to develop successful culfure of peanuts,
soybeans, and Irish potatoes. The farm on which These crops are grown
includes between 9 and 0 thousand acres.

A general discussion (conducted half in Portuguese and half in English)
with several members of Agriculture Division Staff developed the follow-
ing objectives for a remote sensing project.

. Develop methods of detecting diseases of citrus, bananas, Irish
potatoes, and sugar cane.

Detect manganese toxicity in cultivated crops.

Distinguish fertility status of soils.

Detect plant pests.

Detect nuirient deficiencies in vegetation.

Measure pasture productivity.

Study soii patterns.

Detect and measure soil moisture stress.

Determine ways to identify plant species.

*

.

O OWU S WNND

Friday morning Ross Leamer and Robert McDonald met in Rio with a
committee from IPEACS composed of Helio de Oliveira Vascohcellos (Chief
of Horticulture Section), Octario A. Drummond (Plant Pathologist),
Walter Francisco de Costa (Rice Research), and J. A. Barrefo de Castro
{Soils) to draw up specific objectives and to lay out flight lines for
the July NASA flight, The following objectives were chosen:

|. Construct a soil type map from photoanalysis of type and vigor
of vegetative cover.

2. Measure pasture vigor under different levels of grazing, drain-
age, and insect infestation.

3. ldentify citrus species and defect diseased areas and note
stage of disease.

4. ldentify fwo major varieties of bananas and detect areas of
disease.

5. ldentify Irish potatoes and detect disease therein and separate
water siressed areas. '

All these objectives can be met by photo coverage of the IPEACS Farm
plus one line extended about 5 miles along the road toward the coast
vhere a range of soil types is located.
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Friday afternoon all the Americans and their Brazilian counterparts met
for a protocol luncheon with +he Brazilian Nationa! Research Council
and the Executive Group of CNAE.

Saturday and Sunday were spent in Rio.

Monday the group went by Braziiian Air Force plane from Rio to CNAE head~
quarters at 'Sao Jose dos Campos. Each disciptine (Oceanography, Hydrol-
ogy, Geology, and Agricullure) held a short session Yo finalize plans

for presentation to the whoie group.

Mr, Piland outlined the schedule, past and future, of the steps for the
July NASA flight in Brazil. The steps are:

1. Submit a mission requsst {(done in July 1968).

2. Discussion between Brazil and America (this irip in January 1969).

3. Mairix of flight lines, instrumenfation, and scheduling
(January 27, 1969).

4. WMission planning, preliminary, by NASA (March |, 1969).
Experiment plans by Brazil {March |, 1969).

5. Final mission plan (May 15, 1969).

6. Fly mission (duly, 1969).

7. Data processed and disfributed, one copy 1o Brazil, one to U. S.
representative, one to NASA (30 days affer mission).

8. Screening by investigators, both Brazilian and U. S. (30 to 45
days after mission).

9. Preliminary evaluation of mission and data (90 days after mission).

Each discip!ine presented its objectives and outlined the flight tines
and instrumentation requested. Objectives for the two agriculfural sites
were presented as outiined eariier in this report, NASA will coordinate
The requests and schedule aircraft time to best meet The needs of the
individual test sites.

Several of the group, both Brazilian and American, left Sao Jose dos
Campos Monday evening. NASA and USDA representatives left Tuesday
morning from Viracopos International Airport near Campinas. We returned
via Rio, Caracas, Miami, and Houston.
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REPORT OF TRIP TO MEX!ICO, Aprit 7-12, 1969

Ross Y. Leamer

This trip was made fo idexico as part of phase B of the international par-
Ticipation program between NASA and CNEE (Comision Nacional del Espacio
Exterior). My participation in phase B was timed to coincide with the
beginning of phase C (the flight of the NASA remote sensing plane). Mr.
Vic Myers had represented the USDA in phase B (the final planning and
selection of flight lines) by his trip to Mexico during December 1968.

I arrived in Mexico City on the evening of Aprit 7. Tuesday, April 8,

I attended a premission briefing session along with 20 NASA representa-
tives and 35-40 Mexican officials. The Mexican program includes the
Secretaria del Patrimonio Nacional and representatives of the Comision
Federal de Electricidad, Secretaria de Recursos Hidrauilicos, Sécrefaria
de Agricultura, Secretaria de Marina, and the Secretaria de Defenso.

This briefing lasted from 9:00 a.m. until 2:00 p. m, After {unch most
of The group inspected the instruments and equipment on the NASA Lockheed
MNP3A aircraft,

Wednesday morning Dr. Chesnutwood (a geographer with MASA) and | were
taken to the National School of Agriculture at Champingo, about 15 miles
east of Mexico City. Offices of tThe National Instifute for.Agricultfural
Research and the Mexican Extension Service are located along with the
School of Agriculfure in this modern and beautiful complex. Each unit
has its own program with only a little coordination between the three in
spite of their close proximity. The college has an experiment farm east
of the campus and the Research Institute has a farm west of the campus.
The School of Agricuiture was established at San Jacinto in 1854, I+
was moved fo Champingo in 1924. At present there are approximately 1000
undergraduate students and about 200 graduate students. The area around
Champingo is an important vegetabie, dairy, and poultry producing area
for the Mexico City market. Corn, wheat, alfaifa, and tree fruits are
important crops.

The flight lines over this area start in the salt lake at the edge of
Mexico City and run east across the salt flats where there is no vegeta-
tion because of high Cl- salts with up to 607 of the exchange capacity
saturated with sodium. East of +the bare flats is a grass covered tran-
sition zone which can be leached to about 20% sodium saturation and to
acceptable levels of chlorides. The big probiem is lack of a way To
dispose of the leachate. East of the grassy area, slightly higher up
the lake bed slope, are some of the most productive soils in Mexico.
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East of the college campus and farm are beach ridges and terraces of the
old lake. This area is cultivated and partially irrigated but production
is generally low. The flight lines continue east up the badly eroded
foothill slopes and into the mountain forest area. The whole transition
takes place in about 1] miles.

Plans for collecting ground truth information and locating recording in-
struments were poorly made at this site. Dr. Chesnutwood and | spent
approximately 3 hours outlining to 15 local personnel what we thought
should be done before, during, and after the flight scheduled for

Aprit 14. Ve then toured the low elevation flight lines from the moun-
tain forest area to the salt flats.

Thursday morning Dr. Chesnutwood and | were taken to the Toluca/
Ixtlahuaca area. These are interconnected valleys of The Rio Lerma Basin
in the central part of the State of Mexico. The area is of particular
interest to the Mexican Remote Sensing Program because in recent years it
has been the source of the major water supply for Mexico City. The capa-
city of The aquifer has not yet been fully developed so interest in plans
for additional development is great. Basic economic development in the
state is industrial (Toluca is the Mexican Detroit), but agriculture is
also an Important econcmic factor. Approximately 1,200,000 hectares are
available for agricultural purposes; about 250,000 hectares are irriga-
ted in some manner.

Like most areas having irrigated areas in mountainous country, the irri-
gated areas are scattered and separated by rough waste land. The low
elevation flight |ines covered two relatively large irrigated areas. |
was in each of these main areas when the low elevation flights were made.
It seemed somewhat incongruous to see the plane containing all the
modern, electronically sophisticated instrumentation fiying over men
plowing with oxen and a straight stick, women washing the family's
clothes on a rock in the irrigation canal, and families planting corn by
hand, Tive kernels per hill. Other farmers in the area have tractors
and other modern equipment. The main iastrumented site in each irriga-
ted area was in a large field where modern equipment had been used. In
one area a herd of cattle was grazing along the canal. One, or more, of
the cattle found the leads on the thermistors palatable so a couple of
temperature data poinfs are missing in the record. The main crop grow-
ing at the flight t+ime was alfalfa. Corn was being planted, minor areas
of small grains were growing. Preparations for the flight and the ground
Truth collection were excellent at this site.
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Friday morning Mr. Pedro Navarro took me from iiexico City to Aleman in
the Popoloapan Basin in the fropical area of Mexico near Veracruz. The
Popoloapan Basin includes 17,582 square miles in three physiographic
regions and nine principal river basins completely within the torrid
zone. Average annual rainfall varies from less than 12 inches in the
southwest o 134 inches in the southeast. Heasuring stations estab-
lished too recenfly fo establish long term averages have averaged [64
inches for the iast |0 years.

The economic development of the Popoloapan Basin is being coordinated
and encouraged by the Comision del Popoloapan., This federal agency
appears to be similar in scope and activities To the TVA.

Mr. Navarro and | flew in a twin Beechcraft 18 plane belonging o the
Secretaria de Recursos Hidrauiicos in Mexico City. We covered the lower
agriculfural areas from the air, then landed at the Comision's airsirip
at Aleman, and then visited a number of the main ground truth stations
with local personnel. The area we visited was completely covered by
ground vegetation. Any separations made from the remote sensing data
will have to be made on differences In the character of the vegetative
cover. Sugar cane, bananas, mango, and pasture grasses represent the
major crops. In the irrigated areas at the edge of the tropical forest
area, corn, rice, atfalfa, and sorghum are major crops.

Poverty and lack of modern conveniences were more apparent in this trop-
ical area than in the higher elevations around Mexico City. This may be
due to the differences in climete. In the Popoloapan Basin there is
more outdoor living, the houses are more open, with palm thatched roofs
where more of the living area and conditions are within sight of the
roads. 1In the cooler, higher elevations each family Tends o build a
wall around their living and household area. These vwalls assure more
nrivacy and protection than the open, windowless houses of the tropics.

The flights were To take piace over the Popoloapan Basin the week follow-
ing my visit. Much of the ground instrumentation was fo be moved from
Toluca to Aleman over the weekend. Local personnel were ready to install
the equipment as soon as it was available. Plans for the flight were

well made and were well understood by field personnel. At each site a

pit had been dug to get a detailed soil profile description. (A cow fell
into one of these pits and broke her neck the day | was there. This added
an item of unexpected expense to the remote sensing program.)

Mr. Navarro and | returned to Mexico City from Aleman in the Recursos
Hidraulicos ptane Saturday morning. | returned home via Matamoros
Saturday evening.
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