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"Next in profusion to the divine profusion of
water, light, and air, those three physical

facts which render existence posgible, may be
reckoned the universal beneficence of grass.’

Biue Grass

by John James Ingalls (1833-1500)

FRONTISPIECE. BLUE GRAMA GRASS (Bouteloua gracilis) SILHOUETTED AGAINST
THE PRAIRIE SKY. - Blue grama, the principal forage species
of the shortgrass prairie, was selected for study in this

thesis.
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ABSTRACT
The dynamics of a grassland ecosystem can be expressed Iin terms of
its bilomass characteristics. This involves the biomass of all its corganisms
from micrcoragnisms to plants, herbivores, carnivores, etc. The principal
driving force in this biomass pyramid is the primary producer component of
the system——the photosynthesizing grasses upon which all other trophic

levels depend. Accurate measurements of the amount of grass biomass and

its physiological status would enable more effective utilization of rangelands.

The remote sensing estimation of the grass biomass and its physioclogical
status was initially appreoached by the development of a stochastic leaf

radiation model. This model was used to predict the interaction of electro-

magnetic energy with green leaves based upon leaf structure, pigment composition

and concentration, and the amount of leaf water present.

Thé model results have been validated by the measurement and statistical
spectroanalysis of the iZn situ canopy reflectance. These statistical results
expressed as a function of wavelength define the relative sensitivity between
the biophysical measurements of the canopy and the resulting coding of the
reflected radiation. Results of the spectroregression analysis indicate
that the blomass, chlorophyll, leaf water, and underlying soil spectra can
be extracted from the spectroreflectance measurements of the grass canopy

of the shortgrass prairie.
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1.0 INTRODUCTION

The dynamics of a grassland ecosystem are often expressed in
terms of its biomass characteristics. This involves estimates.of
the biomass of all of its organisms, including soil microorganisms,
plants, herbivores, and carnivores. The principal state variable in
this ecosystem is that component of the system which directly con-
verts energy from the sun into bound chemical energy--the primary
producers--the photosynthesizing grasses upon which all other trophic
levels ultimately depend (Fig. 1) (French, 1971).

The existence of all living organisms is principally based upon
the ability of the green plant to utilize the energy of electromag-
netic radiation to produce carbohydrates from inorganic materials.
Plant pigments, primarily the chlorophylls, enable the primary pro-
ducers to utilize solar energy in the process of photosynthesis.

The organic compounds that compose the living world are
directly or indirectly derived from the carbohydrates yielded by
photosynthesis. This stored energy is released and utilized by
organisms to drive essential metabolic processes by oxidation of
organic compounds. All of the energy released during the oxidation
of organic compounds is ultimately derived from energy captured by
green plants during photosynthesis.

The process of photosynthesis depends upon the efficient cap-

ture of electromagnetic energy by pigments present in plant tissues.
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French, 1971).



Electromagnetic energy has to be absorbed before it can be used in a
photobiclogical reaction. The process is initiated by the absorption
of light energy by the photosynthetic pigments. This results in the
production of carbohydrates through utilization of the absorbed
energy to reduce carbon dioxide. Carbon dioxide is then chemically
combined with water to yield carbohydrates (Delvin and Barker, 1970}.

The ability of plants to produce carbohydrates results in
energy being made available for all trophic levels. The various spe-
cies of grasses, forbs, and shrubs serve as the main source of cnergy
for other trophic levels in a grassland ecosystem. Methods to accu-
rately and efficiently map the primary productivity over a large
geographical area on a timely basis are needed. They will make
available to range managers the data base necessary for efficient
area management of the range resources which comprise one-sixth of
the world's land area and 40 per cent of the continental United
States.

Traditional methods for estimating the productivity of range-
lands do not lend fhemselves to application over large geographical
areas. These methods and other more recently proposed methods in-
volve the measurement of herbage biomass by several ground sampling
techniques. The most traditional quantitative techniques commonly
used involve the hand clipping of a known area of vegetation and |
weighing the resulting sample. The usefulness of clipping as a
sampling method is limited by two characteristics. First, it 1s a
slow, tedious and time-consuming operation. Second, clipping is a

destructive sampling procedure which prevents sampling the same plot



on a repetitive basis. Several nondestructive sampling methods are
available and include the ocular estimation procedure (Pechanec and
Pickford, 1937), the point quadrat method (Warren Wilson, 1963),
the capacitance meter (Van Dyne et al, 1968}, the B-attenuation
technique (Mitchell, 1972), and the multispectral method (Pearson
and Miller, 1972).

The spectral method of range vegetation analysis used measure-
ments of the solar energy reflected from the vegetation canopy in
the 0.30 to 3.0 um region of the electromagnetic spectrum from ground,
aircraft or satellite based remote sensors. The variation with wave-
length in this reflected solar spectrum when compared with the spec-
trum of incident solar energy contains coded information on the
amount, type, and vigor of the vegetative canopy present. Proper
decoding of this spectrum has been used to map the spatial distribu-
tion of the vegetative biomass of a grassland. It should also map
the vegetation in terms of chlorophyll and leaf water content,
thereby describing the functioning mass of the vegetation present
in the grassland canopy. Spectral methods of analysis have been
applied from aircraft for several years with great success {Colwell,
1969) and have recently been applied via the Earth Resource Tech-
nology Satellite (ERTS). Ailrcraft and satellite platforms afford
scientists a synopic base with which to analyze the vast grassland
areas of the world. It is reasonable to believe that satellite
based remote sensing endeavors will make as much of an impact upon
resource management as the TTROS, NIMBUS and ATS weather satellites

have made upon weather forecasting. The periodic Temote sensing



measurement of characteristics of rangeland vegetation from satel-
lites and aircraft will provide spatial inputs to management models
to represent primary productivity and its dynamics. It is difficult
to imagine that this essential spatial information can be measured
by any other means on a timely basis.

The purpose of the research reported here has been to deter-
mine if the amount of graminous herbage (the grass biomass) and
information about its physiological status can be measured by re-
motely sensed spectral information in the .350 to .800 um region of
the spectrum. Initially this was approached by the development of a
leaf radiation model based upon physiological and physical properties
of leaves. This leaf mo&el, based upon leaf structure, pigment con-
tent, and water content, was used to predict the interaction of
electromagnetic energy with green leaves. The mathematically modeled
effect of these characteristics upon leaf spectroabsorptance, spec-
troreflectance, and spectrotransmissance has in turn been validated
by their measurement and statistical analysis for the canopy. The
specific modeling and validation measurement approaches of this
research are best understood if a review of the current methods used
in measuring and estimating grassland vegetative characteristics is
made. The next section entitled BATKGROUND reviews the physiological
and ecological significance of chlorophyll, leaf water, and canopy
biomass and the various methods used to measure or estimate these

characteristics.



2.0 BACKGROUND
2.1 Chlorophyll and its In Situ Estimation

The ability of chlorophyll molecules to harness the energy of
the sun to reduce carbon dioxide and ultimately produce carbohydrates
is the basis for 1ife. The primary productivity or photosynthetic
rate of plants depends upon chlorophyll content, incident radiation,
water, nutrients, and genetic rc#ponse coupled to controlling driving
variables. The photosynthetic rate can be modeled knowing these
characteristics. Genetic variability is excluded to a greater extent
when a particular plant species is selected for analysis. The ef-
fects of nutrients and driving variables can be considered as a
function of site location. The solar irradiance is also a function
of location (i.e. latitude), atmospheric conditioning, and time of
yeér. The water and chlorophyll content of leaves depends almost
entirely upon short term environmental conditions (temperature,
radiation, precipitation, etc.) and are directly interrelated.

Ecological evaluation of the significance of chlorophyll ranges
from the hypothesis that the chlorophyll content of different plant
communities is approximately the same (Gessner, 1949) to the other
extreme hypothesis that marked differences exist hetween the chloro-
phyll content of different plant communities {Ovington and Lawrence,
1967). Comparison of the oven-dry weight and chlorophyll content in

six forest and thirteen native herbaceous stands in central Minnesota



showed strong positive correlations (Rray, 1960)}. Additional study
of these same stands suggested that an apparent correlation between
chlorophyll content and the annual accumulation of dry matter
existed. This indicated that the annual productivity of an ecosystem
might be estimated from chlorophyll extracts (Bray, 1966).

The solar energy flux, chlorophyll content, and resulting
photosynthetic rate have been considered theoretically. It has been
suggested that chlorophyll content of a plant community might be
used to estimate the net organic matter production (Andersoﬁ, 1967).
Unfortunately, the chlorophyll content of plant canopies is trouble-
some to measure, does not account for losses through death and
Aherbivory, andlcannot be readily sampled and compared between spe-
cies. The main difficulty is the complexity introduced by tree or
plant canopy geometry which makes it very tedious to accurately
sample the chlorophyll present in the ecosystem.

The use of 7»n sztu spectrometric methods for estimating chloro-
phyll potentially provides a technique whereby chlorophyll in the
entire plant canopy may be assayed. Spectrometric methods for mea-
suring chlorophyll concentrations have been rcported for algae, citrus
leaves, and agricultural crops (Arvesen et al, 1971; Duntley, 1972;
Mueller, 1972; Benedict and Swidler, 1961; Carnenas and Gausman,
1971; Gausman ¢t ai, 1971). These methods use spectroradiometric
measurements of a leaf, canopy, or ocean profile which have been
related to chlorophyll content by a least squares regression ap;
proach. The current limiting factor in applying this technique to

all vegetative types and surfuaces is the high leaf area index (LAT)



of some forest vegetation cancpies. For example, in a prarie eco-
system this type of measurement currently provides excellent results
because of the simplicity of the vegetation canopy and its low LAI

as compared to a coniferous or deciduous forest where the multiple
leaf layering and more complex structure may not permit such measure-
ments. A forest canopy does, however, contain chlorophyll and inter-
cepts solar radiation. Therefore, a related method for spectrometric
estimation of the chlorophyll in the in sifu forest canopy may yet be

designed.
2.2. Leaf Water and its In Situ Estimation

Photosynthesis of a shortgrass prairie canopy is quite depend-
ent upon the avaiiability of soil water derived from precipitation.
Most growth of the blue grama (Bouteloua gractilis) component of this
system occurs during the early summer when temperatures are high and
soil water is not limiting (Bement, 1968). Development of non-
destTuctive techniques to readily estimate leaf water should enable.
the rate of photosynthesis for blue grama to be modeled through
coupling of the leaf water measurement with measurements of the
canopy or air temperature, solar irradiance, and leaf area index.
Several spectro-optical and photographic methods have been used to
remotely estimate the water content or water stress in natural plant
and crop canopies. Earlier studics using remotely measured spectro-
radiance for this specific purpose dealt with the measurement of
plant vigor by near infrared black and white photography (Gibson

¢t al, 1965; Eastman Kodak Co., 1968). Reductions in plant vigor



are discernible in this 0.7 to 1.0 um spectral region on commercially
available infrared film due to a corresponding decrease in the spec-
troreflectance of the plant canopy in this spectral region (Knipling,
1967). Numerous studies have outlined this same general approach
using Ektachrome infrared film to measure vegetation vigor (Tarking-
ton and Sorem, 1963; Fritz, 1967).

The vigor of a functioning vegetation canopy is highly depend-
ent upon the water status of the leaves. Leaves with non-limiting
leaf water concentrations retain their turgidity and internal struc-
ture and as leaves become dehydrated, turgidity and the internal
cellular water volumes decrease. This causes a marked decrease in
reflectance in the photographic infrared (1.7 to 1.0 um) because of
changes in the internal scattering mechanisms responsible for leaf
reflectance (Knipling, 1970). Leaf water decreases which are insuf-
ficient to cause changes in cellular volume do not significantly af-
fect spectroreflectance in the spectral region of 0.400 to ~1.300 um.

The leaf water status of vegetation can be measured directly
from spectroradiance in the ~1.300 to 2.600 um region of the elec-
tromagnetic spectrum. The absorption spectrum of water in the tissue
directly controls the spectroreflectance of the leaf at these wave-
lengths. The presence of strong water absorption bands in this re-
gion of the spectrum is bascd upon accepted physical principles
(Curcio and Petty, 1951). This relationship has been investigated and
the spectroreflectance of leaves have been statistically related to
their leaf water content for several crop and forcst species (Thomas

et al, 1967; Sinclair, 1968; Carlson, 1969 and 1971; Olson, 1969).



10

An excellent study for the relationship between spectroreflec-
tance of crop canopies and leaf water content for corn, soybeans,
and sorghum leaves was recently completed (Carlson, 1971}. Emphasis
in this research was placed upon correlating field measured spectro-
reflectance and leaf water at the wavelengths of maximum water
absorption. Spectroreflectance measurements were integrated over
the sensitive wavelength intervals and regressed against relative
leaf water concentration. Cerrelation coefficients (r) of .99, .97,
and .98 were obtained for integrated reflectances from 1.00 to
2.50 um regressed against relative leaf water content for corn,
soybeans, and sorghum respectively. r values of .98, .97, and .97
were calculated for the specific reflectances at 1.450 um regressed
against the same relative leaf water content values for the same
three speciss respectively.

The effect of leaf water upon the energy absorption of the
leaf is also supported by theoretical considerations. Extinction
coefficients for water (Curcio and Petty, 1951) have been used to
express the equivalent water thickness (EWI) of a leaf and to pre-
dict that thickness of water which can account for the absorption
spectrum of the leaf in the 1.4 to 2.5 um spectral region (Allen
et al, 1968; Allen et al, 1969; and Gausman et al, 1970). The cal-
culated values for EWT were in close agreement with the measured

amounts of water in the leaves (Gausman, 1970).
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2.3 Biomass and its Inm Situ Estimation

Studies by scientists in the Grassland Biome program have
placed emphasis on understanding, explaining, and predicting the
intraseasonal dynamics of grasslands. Priorities, in order of
decreasing importance, were placed on measuring and modeling the
dynamics of biomass, energy, nitrogen, phosphorus, sulfur and sub-
sequently other elements which move through the system (French, 1971).
Highest priority was placed on measuring and modeling biomass dynam-
ics, or the biological mass per unit area of a certain species,
class, or group of organisms. This was necessary to quantitatively
characterize the various components and energy flow at any point in
the system (Fig. 1). The easy and efficient measurement of above
ground plant biomass was a high priority. The energy flow and
nutrient cycling through the primary producer compartment of the
system is affected by the state variable of leaf area and the driving
variables solar radiation, soil water, and temperature. These fac-
tors to a large degree control the biomass and energy available to
other trophic levels‘in the ecosystem. Techniques for accurate
estimation or measurement of above ground biomass are therefore basic

to the approach undertaken by investigators in the Grassland Biome.

2.3.1 Ocular Weight Estimation Method

The ocular or visual method of biomass estimation is the visual
observation of several permanent and temporary plots by a trained
observer. The sacrifice plots are clipped and weighed to develop the

regression relationship needed to correct estimates of the biomass on
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the permanent plots. The equipment needed to conduct this type of
inventory includes a pair of shears, plot marking materials, a small
scale, and some paper sécks in which to store the herbage clipped.

It was suggested (Pechénec and Pickford, 1937) that the technician
making the survey spend several days checking estimates on the same
type of vegetation for which future estimation is to be made. This
period of training may be profitably extended to a week in the case
of entirely untrained individuals. The visual or ocular estimation
procedure suffers from human variations among estimators, is limited "
in geographical extent of its application, and does not directly

characterize the vegetation in physiological terms.

2.3.2 Point Quadrat Method

The point quadrat or point frame method involves the calcula-
tion of leaf area index (LAI) by determining the average number of
pin contacts with the vegetative canopy for a slender, cylindrical,
sharp-pointed rod. The rod is lowered from a quadrat or frame into
the vegetation at a fixed angle with reference to the ground surface
(Levy, 1933; Goodall, 1952; Philip, 1965; Warren Wilson, 1959, 1960,
1963). Modifications to the basic techniques (Warren Wilson, 1963)
have been made for more efficient operation in the shortgrass prairie
(Knight, 1970). These modifications include the addition of an
electric motor to speed smooth pin penetration and withdrawal from
the plant canopy, pins 2.5 cm apart, and three pin angles of 8°,
32.5°, and 65° from the vertical. The LAT was determined by the

equation:
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LAT = .89 f8° + .462 f32.5o + ,453 f

65°

where fn is.the average number of contacts per pin for the respec-
tive angle n in measured degrees from the normal to the soil surface.
The LAI values can be converted to herbage biomass by the double-
sampling method explained earlier (Warren Wilson, 1963; Knight,
1971). The advantages of the point frame method are that accurate
LAI measurements and leaf angle distributions can be determined and
the sample plot is not disturbed and can be remeasured again at any
time. The major disadvantages are the substantial ambunt of time

jnvolved in determining the LAI of each sample piot {especially if

it is a heavy grass canopy) and the resulting lack of area-wide data.

2.3.3 Capacitance Meters

Capacitance meters were developed to measure the mass of the
vegetation between two or more metallic probes of a specially de-
signed capacitor which are inserted into the vegetation canopy
(Fletcher and Robinson, 1956). The capacitance meter utilizes the
concept that there is a significant difference between the dielectric
constant of air (a dielectric constant of 1), and that of the leaf
water present in vegetation (a dielectric constant of ~80). The
capacitance measured is proportional to the leaf water present
between the device's capacitance probes. Accurate measurements of
green functioning biomass as it correlates to the leaf water present
are possible in a short period of time (Van Dyne ef al, 1968). The
double sampling method is used to convert the capacitance readings

of the leaf water present into herbage biomass. The advantages of
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this method include its accurate measurements of green functioning
vegetation and simplicity of use. The principal disadvantages of
capacitance meters are the weight of the device and the ground cur-
rents caused by the variations in soil water in the near-surface soil
layers and that it does not lend itself to adaptation to aircraft

SUTrveys.

2.3.4 B - attenuation Technique

This method of herbage biomass estimation is based upon the
attenuation of a stream of beta particles by the mass of the vegeta-
tion canopy present on a plot (Teare, Mott and Eaton, 1966)., The
beta particles are emitted by radioactive nuclides and their attenua-
tion by this vegetation mass is measured by a detector placed on the
plot. The degree of attenuation between the emitting source and the
detector is a function of the herbage biomass intersecting and atten-
uating this field. Initial results have predicted the herbage bio-
mass of a shortgrass prairie accurately and account for 90 per cent
of variation in clipped control sample plots (Mitchell, 1972). The
technique is accurate, precise, relatively inexpensive, and nonde-
structive. Specific limitations and disadvantages of this method
have not yet been established. However, care must be. observed in
handling the radioisotopes and variation in low yielding plots is

great. Also, the technique is not readily used from aircraft.

2.3.5 Spectral Methods
Spectro-optical methods for estimating the herbage biomass are

based upon the interaction of the vegetative canopy with natural
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solar or artificial electromagnetic energy. A spectrum of incident
electromagnetic energy which strikes a vegetation canopy is 'coded!
or modified in a spectral or wavelength sense by the various physical
or biological characteristics of that canopy. The resulting spectro-
radiance returned or reflected from the canopy after this interaction
can be analyzed or decoded to yield information concerning the herb-
age biomass present, the relative amounts of green and standing dead
vegetation, the leaf water concentration, and the amounts of certain
plant pigments present. Various related spectral methods have been
developed for remotely estimating the biomass and vegetation status
in natural grasslands and rangelands (Miller et al, 1970; Miller and
Pearson, 1971; Pearson and Miller, 1972; Tucker et al, 1973). These
methods have been field tested with a ground-based, hand-held
radiometer-calculator system, trailer mounted telescopic spectrom-
eter, and by automatic computer analysis of multispectral aircraft
imagery (Pearson and Miller, 1972, 1973a, 1973b). The key advantages
of these various spectral assay techniques is that they can be ex-
ploited from the ground, aircraft, or from satellite platforms in
combinations to map the spatial distribution of biomass and other
biophysical characteristics of the vegetation canopy. Comparisons
between recurrent measurements might enable estimates of the primary
productivity to be made, although the effect of other factors such

as heavy biomass, solar angle, and cloud conditions on spectroradi-

ance must be evaluated.




3.0 EQUIPMENT DESCRIPTION

In.situ measurements of spectroabsorptance, spectroreflectance,
and spectrotransmissance (0.2 um to 1.6 um) of blue grama grass
yielded data that might be used to model the vigor of these plants.
Spectroabsorptance was not measured directly but was calculated from
measurements of spectroreflectance and spectrotransmissance. These
measurements and calculations were accomplished using the unique
field spectrometer designed and constructed for the IBP Grassland
Biome Program to test the feasibility of measuring plant cover and
above ground biomass spectro-optically (Pearson and Miller, 1971).

A brief description and summary of the spectfometer system follows
to assist the reader in understanding the methods for measuring the
spectral curves used in this study. These field spectrometer sub-
systems are grouped and reviewed in three categories: spectroradi-
ometer; computer controlled digital data acquisition'system; and

trailer and logistical support equipment.
3.1 Spectrometer Hardware

The spectroradiation measuring instrument used in the field
spectrometer system was an EG&G model 580-585 spectroradiometer
(Fig. 2). This instrument consisted of the following modular sub-
systems:

1. A reflective telescope with a variable field of view

from 7.5' to 2° and an on-axis viewing eyepiece through




Figure 2.

17

(b}

MODULAR SPECTRORADIOMETER SYSTEM. (a) composite view
showing all available modules and components; (b}
system as configured for use in the trailer; and
(c) system as configured for use at a remote location.
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which the operator could see the exact area for which
spectroradiance was collected by the telescope.

2. A monochromator housing which accepted one of the three
gratings used to cover the spectral region of 0.18 um to
1.6 um. Each grating had an attached wavelength trans-
ducer with an ocutput voltage.proportional to the angular
position of the grating or the wavelength measured.

3. A high sensitivity detector head housing an S-10
photomultiplier detector sensitive from approximately
.2 ym to .8 um and associated power supply.

4. A high sensitivity detector head housing an $-1 photo-
multiplier detector sensitive from approximately 0.7 um
to 1.6 um, a separate power supply and a cooling
controller.

5. A readout unit which contained a six decade low level
current amplifier which measured the detector current.

6. A fiber optics probe of one meter in length with a 3mm
diameter viewing port which replaced the telescope module
to measure irradiance in very small areas and at diffi-
cult viewing angles. This spectroradiometer, as presently
configured, could measure spectroradiance with a band
width or spectral resolution of 1 per cent of the wave-
length set on the grating over the range of 0.2 um to

1.6 um.l

1 .
The manufacturer now has available another detector and
grating module which will extend the measurement range to 3.0 um.




19

3.2 Computer Controlled Data Acquisition System

The large number of spectroradiance measurements taken by the
spectroradiometer in scarning a single curve were sampled, stored,
and subsequently reduced to yield curves which were plotted, printed,
and punched on-line in the field using a computer digital data acqui-

sition system (Fig. 3). This Hewlett Packard system consisted of:

Figure 3. COMPUTERIZED DIGITAL DATA ACQUISITION SYSTEM. The
system is shown in a rack used for laboratory opera-
tion indoors during the winter months.

1. A model 2114A general purpose digital computer with 8192
words of 16 bit memory.

2. A low level analog-to-digital converter for conversion
of the analog signals from the spectroradiometer and
other analog input sensors to digital computer input

with 12 sensitivity ranges from 10 mv to 10 v and an
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A/D conversion rate of 10KHz.

A multiplexer for selecting, under program control, the
analog input channel to be digitized at a maximum switch-
ing rate of 10KHz.

A model ASR-33 teletype for keyboard input and printed
output from the computer.

A high speed punched paper tape reader used primarily
for program input to the computer.

A high speed paper tape punch for recording the pro-
cessed data for subsequent transfer to the central
University computer system.

An analog X-Y plotter interfaced to the computer and
used to plot the raw spectral curves as they were

measured or the reduced curves produced by the computer.

- Internal to the computer were a crystal controlled time

base generator for time reference, a digital-to-analog
ocutput conversion card to drive the X-Y plotter, and a
power failure interrupt to maintain software.integrity
during power failure in the field.

A digital multimeter for system maintenance and testing.

The software used with the computer was written in any one of

four languages (FORTRAN, ALGOL, Basic, and Assembler). A main pro-

gram in FORTRAN controlled the experimental procedure and the data

collection used in these experiments and subsequently output the

reduced spectroradiometer mcasurements to the teletype, high speed

paper tape punch, and X-Y plotter. The X-Y display allowed a
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continual monitoring of the experiments as the curves were collected.
The data curves were inspected as they were obtained and the data
collection hardware was adjusted in the field to yield satisfactory

-

and meaningful results.
3.3 Spectrometer Traller

A specially designed 13.5 foot trailer housed all the equipment
in the field (Fig. 4). It contained a work counter at the rear for
the spectroradiometer, a reinforced platform for the computer data
acquisition system, a teletype area and numerous special storage
cabinets and closets. The trailer had both heating and air condi-
tioning equipment to maintain the ambient temperature of 72°F. The
air conditioner was large enough to provide a positive pressure
gradient from the inside to outside during the summer to keep dust
out of the trailer and out of the optical and electronic equipment
which it housed. A separate, portable 3.5 kw alternator supplied
operating power when the trailer was used more than 100 feet from a
line power source.

The spectroradiometer could also be housed in a protective
fiberglass box and taken up to 90 meters from the trailer into the
field for detailed study of light flow into the grassland community
with the fiber optics probe. The sampling by the data acquisition
system of the instruments in this remcte configuration and the voice
communications to the trailer were handled by a multiconductor geo-

physical data cable housed on spools in a locker on the rear bumper
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FIELD SPECTROMETER TRATLER AND SUPPORT EQUIPMENT.
A tripod-mounted, first surface mirror (a and b)
was used to fold the horizontal field-of-view of
the spectroradiometer down onto the sample. A
3500 watt power plant supplies field power. A
cable locker (not shown) has been added atop the
rear bumper to store the trailer's main power
cable (90 m}, and a remote site power cable (90
meters), and a remote site data and communication
cable.



of the trailer. A power cable to service this remote operation

was also stored in this locker.

3.4 General Spectrometer Operation

Normally, the spectroradiometer was housed inside the trailer
and telescopically views the inm situ plant or grass-plot through a

small hole in the side of the trailer (Fig. 5). The horizontal view

SPECTRORADIOMETER

IRRADIANCE
\l
SAMPLE
0000 0QCOO0 O
00000000
oo o000 00

PAPER TAPE TO CDC 6400

Figure 5. SCHEMATIC OF FIELD SPECTROMETER IN OPERATION. The
spectroradiometer and digital data acquisition sub-

systems are shown diagrammatically as used in a
field situation.

of the telescope was folded down normal to the ground's surface or

at some other angle of incidence by a mirror mounted on a tripod.




The tripod and mirror were positioned so that they did not cast a
shadow onto the sample and they blocked only a negligible portion of
the indirect solar irradiance which would have reached the sample
plot. The telescope had a variable field of view from 7.5' to
2° in five steps, allowing the selection of a wide number of field-
of-views. The upper size limit of the sample area measured was
limited by the dimensions of the available folding mirror to approXi-
mately 50 cm.1 At present, larger folding mirrors would not be
practical as they have continually blown over and broken. Measuring’
larger areas could be accomplished by looking directly at them from
a high vantage point such as a tower. The lower size limit of the
sample area which could be measured by the telescope was approxi-
mately 2 mm, as the eyepiece did not focus closer than 2 meters and
the operator could not determine the area viewed.2

The detector in the spectroradiometer output an analog signal
proportional to the spectroradiance collected from the sample at
the wavelength determined by the angular position of the inter-
ference grating., A second‘analog signal was output'pfoportional to
the gain setting of the detector amplifier. The wavelength trans-

ducer, mounted on the grating, output a third analog signal

1This would be a circle of approximately 50 cm in diameter or
1/4 square meter if the view were folded or projected normal to the
ground surface, e.g., the mirror is at a 45° angle to the ground
surface. The 50 cm would be the limiting size or minor axis of the
ellipse viewed at the sample in oblique views which are not normal
to the ground surface.

2 .

Measurement of the spectroradiance of small areas could be
accomplished using a microscope module available from the manu-
facturer which could be attached to the fiber optics probe.
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proportional to its angular position which was the wavelength of the
detector output. The wavelength transducer had a knob atop it which
was turned by hand to rotate the grating and scan the spectrum across
the detector or to set off a particular wavelength on the detector.
While the operator scanned the spectrum by turning this knob, the
computer, under program control, sampled the output of the wavelength
transducer, converted the analog signal to digital computer words at
a rate of 10 KHz. This digital value of the wavelength was tested by
the software to see how much it had changed from the previous wave-
length at which the prior spectral value was taken. If the output
had changed by a wavelength increment input via the teletype, the
software stored this new wavelength and converted and stored the out-
put of the detector and its gain setting. These incoming values
could be multiplied by a stored tabular detector sensitivity curve

to yield a calibrated curve of spectroradiance for the sample

viewed by the telescope at the angle of inclination determined by

the mirror angle. The measured values, with or without conversion

to spectroradiance, were stored for comparison with the next curve

to be measured, listed on the teletype, punched on paper tape, or

plotted on the X-Y plotter.



4.0 MEASUREMENT PROCEDURE
4.1 Spectroreflectance

Spectroreflectance measurements were made in the field with
reference to an aluminum panel painted with BaSO4.1 This refereﬁce
panel was placed on a small stand a few. inches above the test plot
to avoid crushing the sample plants. A spectroradiance curve was
read from this reference panel and stored in the computer core

(Fig. 6). Upon completion of the scan, the panel was removed and a

L200 T T T T T T T T
.moi— ' 1
.lsoé 2 -
.unE— o e :
.\zuzr : = '7;";;_ “
.loof— ;J_ S -

om0 | N e

RAD | ANCE [motts cmium ster')

.0a0

TTTrE T T
4

. 020

[ETHER
T e
PR & A T TS T Y

aaalaa s baaaataasald
o o o = a o , o
s a a =4 §< o
$¢ § ® ¥ § & F 2

WAVELENGTH  (um)

Q.000

a1

Figure 6. SPECTRORADIANCE OF THE WHITE REFERENCE PANEL AND THE
PLANT CANOPY. Measured normal to a reference panel
coated with barium sulfate (A) and an in situ sample
plot of 1/4 mZ of blue grama (B. gracilis) (O) of
medium cover with some dead leaves. Julian day 242.
12:43 hours, MST, 1971.

'lBaSO4 or barium sulfate has recently been adopted as the
standard of laboratory reflectance replacing freshly smoked MgO,.
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spectroradiance curve was measured immediatcly for the same plot
(Holmes, 1966). This second curve was ratioed as it was taken on a
matching wavelength basis to the white panel curve which was just
measured and stored. The ratio was plotted on-line on the X-Y plot—

ter and punched on tape as bidirectional spectroreflectance (Fig. 7).
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Figure 7. SPECTROREFLECTANCE OF THE PLANT CANOPY. Spectrore-
flectance curve of an in situ sample plot of 1/4 m?
of blue grama (B. gracilis) of medium cover with some
dead leaves. This curve is the ratio of the two
spectroradiance curves in Figure 6. Julian day 242.
. 12:43 hours, MST, 1971.
Note that any detector sensitivity functions or intensity calibra-
tion problems were eliminated in this ratioing process but careful
calibration in wavelength must be preserved.
Bidirectional spectroreflectance is the spectroreflectance of
a surface measured at a particular angle of view. The field spectro-

reflectance of an in situ grassland sample plot is a function of the

angle of measurement of the plot with respect to the normal. More



28

vegetation and less soil show in an inclined view of the plot which
changed its spectroreflectance. Thus, spectroreflectance is an |
angular property of the surface. All the measurements of bidirec-
tional spectroradiance and spectroreflectance in this paper were

normal to the ground surface and plant canopy.
4.2 Spectrotransmissance

Spectrotransmissance measurements were made by replacing the
telescope module of the spectroradiometer with the fiber optics
probe. A reference measurement of the incident spectroirradiance at
the sample surface was made by aiming the 3 mm diameter viewing port

of the probe at the source of the irradiance, e.g., the sun (Fig. 8).

IRRAD [ANCE (wotls cm?um )

.sog L

g 3 ¢ F B 53 8 F B
HAVELENGTH (am)

Figure 8. SPECTROIRRADIANCE AT LEAF SURFACE AND PASSING THROUGH
THE LEAF. Measured spectroirradiance (A) and the
spectroradiance passing through a single blade of blue
grama (B. gracilis) (QO).

This spectroirradiance curve was read at the sample position and
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stored in the computer core as a function of wavelength just as was
done with the white panel reference curve. Upon completion of the
scan of the spectrum of the energy source, the plant material being
measured was placed over the viewing port and the energy transmitted
was measured as a function of wavelength (Fig. 8). This second
curve was ratioed on a matching wavelength basis as it was taken

to the reference curve of spectroirradiance presented to the plant
material which was just measured and stored. The resulting spectro-
transmissance is plotted on-line on the X-Y plotter, punched onto

paper tape, and printed as needed on the teletype (Fig. 9). A
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Figure 9. SPECTROTRANSMISSANCE OF A SINGLE BLADE OF BLUE GRAMA
(B. gracilis). This curve is the ratio of the two
spectral curves in Figure 8.

procedure which was similar in general approach was used to measure

the total plant canopy <im sifu in the field (Pearson and Miller,

1971).
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4.3 Spectroabsorptance

Spectroabsorptance is calculated from the measurements, under
steady state conditions, of spectroreflectance and spectrotransmis-
sance using the following: spectroabsorptance (a) + spectroreflec-
tance (p) + spectrotransmissance (1) = 1, (i.e. a+ p + T = 1).
Therefore, spectroabsorptance = 1 - spectroreflectance - spectro-

transmissance (i.e. o« =1 - p - 1) (Fig. 10 and 11}. This method
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Figure 10. SPECTROABSORPTANCE, SPECTROREFLECTANCE, AND SPECTRO-
TRANSMISSANCE OF A SINGLE BLADE OF BLUE GRAMA,
Spectrorefilectance (p) is plotted with reference to
the left axis and spectrotransmissance (t) is plotted
with respect to the right axis. The interval between
these two curves is the spectroabhsorptance (q¢) from

the equation: Gy * Pyt Ty S 100.

of measuring spectroabsorptance in the field was validated by re-
measuring materials whose spectroabsorptance curves had been
measured in the laboratory and reported in the literature (Tucker

and Miller, 1973).
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Figure 11. SPECTROABSORPTANCE OF A SINGLE BLUE GRAMA BLADE, This
curve is the sum of the two curves shown in Figure 10
at each wavelength subtracted from 100, Note the order
of magnitude changes in the curve with respect to

wavelength.

The spectro-optical measurement methods just described have
been used to validate leaf modeling efforts reviewed in the next
section. These same procedures were also used to measure canopy
spectroreflectance of 1/4 mz‘plots of blue grama grass (B. gracilis)
discussed in the final validation portion of thié study. The meas-
urements provided the data used to develop the statistical rela-

tionships among the biophysical characteristics of in gitu blue
grama and associated spectroreflectance.

[
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5.0 BIOPHYSICAL FACTORS CONTROLLING THE SPECTRO-
OPTICAL CHARACTERISTICS OF A LEAF

5.1 Introduction

Knowledge of how solar energy,‘more specifically solar spec-
troirradiance, interacts with the grassland vegetation canopy 1is
necessary to design measurement schemes to quantify the physical and
biological parameters responsible for thege interactions in natural
shortgrass prairie. The grass blades or leaves are the functional
unit in this complex interaction with electromagnetic energy and a
close similarity among shortgrass prairie species exists {Tucker and
Miller, 1973). Incident solar spectroirradiance interacts with
jeaves and results in three distinct solar energy states: absorbed,
reflected, and transmitted (Fig. 12). The absorption, reflection
and transmission of electromagnetic energy by leaves is a function
of the wavelength of that enmergy. The terms spectroabsorption,
spectroreflection, and spectrotransmission are used to denote these
spectro-optical parameters of the leaf as wavelength functions. Four
principal leaf characteristics or state variables determine the three
spectro-optical characteristics of the leaf and the related energy
states:

" 1. Internal leaf struéture or the histological arrangement
of tissues and cells is responsible for the diffusion or

internal scattering of incident solar spectroirradiance.
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INCIDENT

REFLECTED ENERGY

- TOTAL INCIDENT ENERGY = ABSORBED
ENERGY + REFLECTED ENERGY +
TRANSMITTED ENERGY

ABSORBED ENERGY

TRANSMITTED ENERGY

Figure 12. SOLAR ENERGY INTERACTION WITH A LEAF CROSS SECTION.
Diagrammatic representation of the complex interaction
between the solar energy spectrum and a typical leaf
cross section.

Spectroabsorptance, spectroreflection, and spectrotrans-
mission are thereby determined by the mean optical path
length of incident energy (Willstatter and Stoll, 1913;
Maestro, 1935; Gates ¢t al, 1965; Sinclair, 1968; Allen
et al, 1968; Allen et al, 1969; Gausman et al, 1970;
Knipling, 1970; and Allen and Richardson, 1971).

2. The pigment composition, concentration(s), and distribu-
tion(s) control the absorption of ultraviolet and visible

spectroirradiance (Allen et al, 1968, 1969; Salisbury and

Ross, 1969; Knipling, 1970; Gausman et al, 1970; Gates

e
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et al, 1965; Gates, 1970; Allen and Richardson, 1971;
Woolley, 1971).

3. The concentration and distribution of leaf water controls
the absorption of spectroirradiance in the infrared
region of the spectrum (Gates et al, 1965; Allen et al,
1968; Allen et al, 1969; Gates, 1970; Gausman et al, 1970;
Knipling, 1970; Allen and Richardson, 1971; Woolley, 1971).

4. The surface roughness characteristics and the refractive
index of the cuticular wax of the upper epidermis control
the spectroreflectance from this surface (Bennett and
Porteus, 1961; Eglinton, 1962).

A high degree of correlation existed between spectroabsorptance,
spectroreflectance, andrspectrotransmissance with a correlation coef-
ficient (r) value of .986 between spectrotransmissance (TA) and spec-
troreflectance (pl) for blue grama for 91 data points at varying
wavelengths. The same high correlation existed between spectroab-
sorptance (ak) and spectroreflectance (px), and spectroabsorptance
(ax) and spectrotransmissance (TA) due to the linear relationship of
these three spectro-optical characteristics (Fig. 12} given by

PPt Ty S 1.
The high intercorrelation between these three optical proper-
ties of the leaf substantiated the reports in the literature that
they are determined by the same characteristics of the leaf. The
high correlation coefficient (r value) between spectroreflectance
and spectrotransmissance allowed a stochastic leaf model based upon

leaf structure, leaf pigments, leaf water, and epidermal properties
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to be constructed to predict the three interrelated spectro-optical
characteristics of a leaf with computer simulation techniques. This
quasi—deterministic/stochastic leaf model demonstrated the feasibility
of using these spectro-optical characteristics of a leaf and subse-
quently the plant canopy to estimate the biomass, chlorophyll, and

leaf water present in the shortgrass prairie canopy.
5.2 Background

The interaction between solar energy and leaves was first ex-
plained by the Willstdtter and Stoll theory (1913). The development
of this theory used an albino maple leaf (Acer negundo L.) and based
its hypothesis upon internal geometrical optics of the leaf. The
basic validity of the Willstiitter and Stoll theory (1913) has been
recently substantiated, with minor variations, by other investigators
(Allen and Richardson, 1971). The key components of Willstﬁtter‘and
Stoll's original hypothesis are worthy of brief review.

Incident solar energy, normal to the epidermis, passes
through the platelike epidermal cells of the albino
maple leaf and enters the densely packed cylindrical
palisade parenchyma cells arranged roughly parallel to
the incident radiation. The radiation passes through
this cell layer into the spongy mesophyll of the leaf.
Here the cells are ovoid to round in shape, are not
densely packed, and are interspersed with intercellular
air spaces. In the absence of absorption, the spongy
mesophyll causes internal scattering of the incident
radiation resulting from multiple reflections from the
cells and refractions due to the refractive index dif-
ferences between the hydrated cell walls (~1.3) and
"the intercellular air spaces (1.0)}. This nature of the
spongy mesophyll causes the scattered radiation to be
diffused within the leaf. A portion of this scattered
radiation escapes through the lower epidermis and is
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1
designated as transmitted energy. The other friction
ditfuses upward and escapes throagh the upper epidormis.

The Willstidtter and Stoll theory (1913) was based on an albino
leaf to emphasize the interactions in the absence of pigment or water
absorption. The normal leaf, however, is characterized by the ab-
sorption of incident energy by pigments and water within its
structure.

The interaction of electromagnetic energy with leaves in the
visible and near infrared region of the spectrum has received a
great deal of attention by other investigators (Clark, 1946; Gates
and Tantraporn, 1952; Gates et al, 1965; Steiner and Guterman, 1966;
Myers and Allen, 1968; Sinclair, 1968; Allen et al, 1969; Allen et
al, 1970; Gates, 1970; Gausman et al, 1970; Knipling, 1970; Allen
et al, 1970; Allen and Richardson, 1971; Gausman, 1971; Woolley,
1971). This interval of the electromagnetic spectrum from 0.4 to
2.8 um has received almost all the attention in these earlier studies
of the spectro-optical properties of leaves. Spectroradiometric
equipment is commercially available and sensitive in this region
and 90 per cent of the incident solar irradiance occurs within this
spectral region (Knipling, 1970). Below .4 um in the ultraviolet and
in the infrared beyond 2.8 um, leaf absorption is quite high (> 90
per cent) and transmission and reflection are quite low {Gates and
Tantraporn, 1952; Wong and Blevin, 1967) (Fig. 13).

The spectro-optical characteristics of a leaf from 0.4 to

2.5 um can be subdivided into three wavelength subsections each

lparaphrased from A, Willstitter and K. Stoll in Untersuchungen
iiber die Assimilation der Kohlensdure (Berlin: Verlag-Springer, 1913),
pp. 122-127. ‘
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essentially controiled by a different leaf characteristic (Fig. 13).
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Figure 13. TYPICAL SPECTROABSORPTANCE, SPECTROREFLECTANCE, AND
SPECTROTRANSMISSANCE OF A PLANT LEAF. Note the high
spectroabsorptance due to plant pigments (predominantly
the chlorophylls)} in the visible region, the lack of
spectroabsorptance and resulting high values of spec-
troreflectance and spectrotransmissance in the .8 to
1.3 ym region, and the high spectroabsorptance due to
leaf water in the 1.3 to 2.8 um region (extracted
from Knipling, 1970).

The region from .40 to .70 um is influenced by the absorption due to
plant pigments; the area from 0.70 to 1.30 um is characterized by the

lack of absorption and high values for reflection and transmission;

the region from 1.30 to 2.8 um shows the cffects of absorptance by

the water in the leaf tissue (Fig. 13).



5.3 Scattering of Incident Radiation in Leaves

Scatteriﬁg of electromagnetic (EM) radiation in leaves is a
complex phenoménon caused by the complex cytoplasmic contents, irreg-
ular cellular shapes, and various geometric organizations of tissues.
Two principal types of scattering occur in leaves: Rayleigh scat-
tering; and diffuse scattering. Rayleigh scattering occurs for
particles of sizes equal to or less than'the wavelength of the inci-
dent energy and is roughly proportional to the inverse forth power

of the wavelength (A-4) for these conditions (Fig. 14). The extent
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Figure 14. RAYLEIGH SCATTERING COEFFICIENTS PLOTTED A5 A FUNCTION
OF WAVELENGTH FOR PARTICLES SMALLER THAN THE WAVELENGTH
OF THE INCIDENT RADIATION. The scattering coefficient
shown is the inverse fourth power of the wavelength,
Note the order of magnitude changes that occurs within
a short wavelength range over this narrow portion of
the electromagnetic spectrum.

of Rayleigh scattering in functioning leaves remains unresolved in
the literature. Some Rayleigh scattering must occur because of the

dimensions of various cellular organelles. Chloroplasts, for



example, are 4 to 6 um‘n length and 1 to 2 pm thick. The thickness
of the chloroplast unit membrane is .03 um and is typical of the
other unit membranes in the leaf (Esau, 1965). Various other
organelles such as mitochondria, lysosomes, etc. and macromolecules
such as pxoteins and lipids probably also cause Rayleigh scattering.
The extent of, and the exact causes for Rayleigh scattering in
functioning leaves has not been resolved.

Diffuse or refractive-reflective scattering occurs within
functioning leaves in addition to Rayleigh scattering and is inde-
pendent of wavelength. This type of scattering is caused by
refractive index differences between hydrated cells and adjacent
intercellular air spaces and is compounded by the irregular shapes
and organization of cells. Both of these scattering processes play
a role in establishing the spectro-optical characteristics of a green

leaf and should be considered when modelling leaf energy processes.

5.3.1 Rayleigh Scattering

Rayleigh scattering is a complex phenomenon which depends on
the size of the scattering particles, their shape, and the differences
in the index of refraction between the particles and suspending
medium. The transmission (Tl) at any wavelength for small indepen-
dent isotropic particles can be expressed as:

32w 3c Mnoi L 2\\
Ty < A o (1}

A
3N4
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where: ¢ is the concentration of particles in grams per milliliter,

M the molecular weight,

N Avogradro's number,

n, the refractive index of the medium, and

n the refractive index of the solution (Oster, 1948).
Particles approa;hing the wavelength of the incident electromagnetic
radiation are scattered according to this Rayleigh equation. The
scattered wavelets from the various surfaces of the particles inter-
fere due to the fixed positions of the scattering particles and the
orientation of these surfaces and this results in greater scattering
of light in the direction of the incident beam than in other direc-
tions {i.e., back toward the source}. Forward scattering is propor-
tional to the shape of the particles, being greatest for spheres and
smallest for thin rods (Oster, 1948). Particles of a size greater

than the wavelengths of the incident electromagnetic radiation yield

-4+K

3

scattering which is no longer proportional to A-4 but to A
where k = 1.0 for rods, 1.74 for coils, and 2.0 for spheres (Fig.
15). This scattered light will also be a superposition of the wave-
lets from various parts of the same particles (Oster, 1948).

The Rayleigh scattering coefficients plotted against wavelength
showed order of magnitude differences that occurred within a short
wavelength range for particles smaller than the wavelength of the
incident radiation (Fig. 14) and for particles greater than or

equal to the wavelength of the incident radiation ({Fig. 15).
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RAYLEIGH SCATTERING COEFFICIENTS PLOTTED AS A FUNCTION
OF WAVELENGTH FOR PARTICLES LARGER THAN THE WAVELENGTH
OF INCIDENT RADIATION. The scattering coefficients are
no longer proportional to the inverse fourth power of
the wavelength, but are proportional to A~4+K where

k = 1.0 for rods, 1.74 for coils, and 2.0 for spheres
(Oster, 1948). Note the marked effects that particle
shape can have upon Rayleigh scattering.

5.3.2 Diffuse Scattering

The internal mechanism for diffuse scattering was first sug-

gested by Willstitter and Stoll (1913) and has recently been

elaborated on and revised by several authors. Near infrared spec-

troreflectance has been mathematically related to the number of

intercellular air spaces or lacunae in leaf mesophylls (Allen et al,

1969; Guasman et al, 1970; Gausman, 1971). The infiltration of the

intercellular airspaces by a leaf in water resulted in much lower

near infrared spectroreflectance further substantiating the effect

of this component on internal scattering (Knipling, 1970).

Attention has recently focused on the cellular constituents

responsible for the surface roughness and diffusing nature of



electromagnetic radiation interactions within and betWeen'adjacent
leéf cells. These characteristics have been attributed to the cell
wall roughness (Sinclair, 1968). Cellular membranes reflected more
near-infrared radiation at .850 um than the cytoplasm and the middle
lamella reflected more radiation at this same wavelength than the
cell walls (Gausman, 1971). Cell walls are composed primarily of
cellulose, the middle lamella is abundant in calcium pectate and
cellular membranes are composed of a protein-lipid-protein sandwich
arrangement {Esau, 1965). Differences in spectroreflectance at

.850 um between céll walls, the middle lamella, and cell walls

could be due to chemical compound differences (Gausman, 1971).
Cytoplasmic constituents (macromolecules, proteins, lipids, etc.)
are too small to cause an appreciable amount of scattering due to
their surface roughness (Allen, 1964). Some internal scattering
results from the cellular organelles although to date there has

been no consensus of opinion on this matter in current research.

The majority of internal scattering results from the irregular
surface shapes of cells and the intercellular airspaces with this
mechanism occurring in both the palisade parenchyma and spongy meso-
phyll although relative frequencies for these cell areas are not

known.
5.4 Plant.Pigments

The strong spectroabsorptance by healthy functioning green
leaves in the photo ultraviolet and visible region of the electro-

magnetic spectrum (.3 to .7 um) is caused by pigments present in
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the leaf tissue. Most of this absorption is due to chlorophyll a,
chlorophyll b, and the carotenoids (Salisbury and Ross, 1969).
Attenuation of incident electromagnetic energy by plant pigments

and leaf water concentration can be described by the Lambert-Beer

law:
-a, X
T, = H, e A )
where: TA = resulting intensity of incident energy transmitted
through the medium at a given wavelength,
H, = intensity of incident energy presented to the
medium at a given wavelength,
@, = coefficient of absorptance for the medium at the
given wavelength of incident energy,
x = thickness of the medium, and
. y
e = Napier's number = 2.71.

Relative pigment concentrations vary between and within
species. One report stated that ~65% of the total pigments are
chlorophylls and that 35% are carotenoids (Gates et al, 1965).
Another report indicated that ~75% of the pigments are chlorophylls
_ and ~25% are carotenoids for most species {Anderson, 1967). Chloro-
phylls and carotencoids, therefore, account for the great majority
of total pigment absorption in the green, functioning leaf. The
absorption of incident electromagnetic energy by anthocyans, psy-
cobilins, and other lesser pigments are quite low in such leaves
{Ross, 1973). The chemical nature of chlorophylls and carotenoids
will be briefly reviewed as these properties pertain to modeling

the radiation exchange of a leaf.
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5.4.1 Chlorophyil

L . . . .
The chlorophyll molecule is a porphyrin derivative with a

cyclic tetrapyrrolic st;ucture with one pyrrole ring partially re-
duced. The tetrapyrrolic nucleus contains a nonionic magnesium atom
held by two covalent and two coordinate bonds. Chlorophyll a and b
are very similar, with chlorophyll a having a methyl group at
position 3 while chlorophyll b has an aldehyde group at this same
position. The chlorophyll molecules in their natural state are bound
to proteins in the chloroplast to form a lipoprotein complex (Delvin
and Barkér, 1971)?

All plants possess chlorophyll a while chlorophyll b is found
in lesser quantities in all higher plants and in two of the algae
divisions. Chlorophyll a and b closely resemble each other in molec-
ular structure but definite differences in their physical and chemical
properties have been observed (Salisbury and Ross, 1969; Delvin and
Barker, 1971). The absorption spectra for the two pigments differ
with chlorophyll a having maximum absorption at .430 and .662 um
while the correspondingmaxima for chlorophyll b occur at .453 and
.642 um (Fig. 16). Chlorophyll a and b within the living leaf (in
vive) cell have their absorption maxima at ,010 to .015 pym longer
wavelengths than the same pigments in thé organic solvents used for
their rextraction (in vitro) (Salisbury and Ross, 1969). Their in-
vitro absorption spectrum is also broadened and flattened relative
to wavelength. "Chemical environment effects upon molecular struc-
ture cause these changes for chloeorophyll in the organic solvent used

for extraction (Allen, 1964)}. Thus, the chlorophyll extinction
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spectra have been shifted .10 um to longer wavelengths and a concen-
tration of .012 mg/cm-zitotnl chiorophyll (a + b} for a healthy,
live leaf are used for model calculations in the next section.
Nothing has been done, however, to compensate for magnitude dif-
ferences between in vivo and in vitro extinction coefficients in

this model.

COEFFICIENT OF ABSORBTANCE

™
.“o -ll i

WAVELENGTH (um)

Figure 16. (COMPARISON BETWEEN COEFFICIENTS OF ABSORPTANCE FOR
CHLOROPHYLL A AND B. These in vitro absorptance curves
have been shifted .010 um to longer wavelengths as sug-
gested in the literature (Salisbury and Ross, 1969).

5.4.2 Carotenoids

The carotenoids belong to that large group of compounds called
the terpenoids and are divided into twe classes, the carotenes which
are hydrocarbons and their oxygen derivatives the xanthophylls. The
carotenoids comprise 20 to 30% of the total leaf pigments and have

typical leaf concentrations of .005 to .025 mg/cm2 for mature leaves
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(Anderson, 1967). The ﬁfincipu] carotenoids of higher plants are
leutin, B - carotone, violaxanthin, and ncoxanthin which comprise
40%, 25%, 15%, and 15% respectively of the total carotenocid concen-
tration (Delvin and Barker, 1971). The extinction coefficients for

B8 - carotene and leutin are very similar (Fig. 17).
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Figure 17. EXTINCTION COEFFICIENTS FOR B CAROTENE (B) AND LEUTIN
{L). Note the similarity between the spectral charac-
teristics of the coefficients of absorption for these
two carotenoid compounds. The input data has been
shifted 0.010 pym to longer wavelengths as suggested
in the literature (extracted from Salisbury and Ross,
1569},

Chemical environment complexing in an extract also causes
minor structural shifts in these pigment molecules as with chloro-
phyll. This results in slightly different in vivo versus in vitro
attenuation of light energy (Allen, 1964). The in vivo shift to

longer wavelengths for the absorptance maxima is approximately the

same as that for the chlorophylls (Ross, 1973). The extinction
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coefficients used for the carotenoids in the modeling effort have
been shifted .010 um to longer wavelengths based upon this informa-
tion. Because of the similarity between the absorption coefficients
of B - carotene and leufin (Fig. 17), only the absorption coeffi-
cients for leutin were used. The entire carotencid content of .004

mg/cm-2 was therefore assumed to be leutin in the model.
5.5 Leaf Water

Spectroabsorptance in the near-infrared region (1.3 to 2.8 um)
of the spectrum is caused by absorption (extinction)} by leaf water
molecules. Water in the leaf tissue is very transparent to visible
electromégnetic energy but significantly attenuates near infrared

energy (Fig. 18). These absorption coefficients for water as a
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Figure 18. COEFFICIENTS OF ABSORPTANCE FOR PURE LIQUID WATER
AT 20°C (extracted from Curcio and Petty, 1951).

function of wavelength are used exactly as they are reported in the

literature (Curcio and Petty, 1951).
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]
5.6 C(Cuticlo Characteristics

The cuticle of leaves is generally thought to be nearly trans-
parent to incident radiation. A small amount of electromagnetic
radiation is reflected from the upper cuticular surface while the
majority is transmitted into the interior of the leaf (Gates, 1570).
The small amount of cuticular reflection is probably caused by
refractive differences between air and the cuticular wax coating
(Eglinton, 1962) and the upper epidermal cell layer. Although,
ultrastructural surface roughness and characteristics could also
be contributing to this type of initial reflection. The exact
causes of the cuticular reflection remain unresolved at the present
time. The simulation model of the leaf attributed .01 of the inci-
dent fadiation to cuticular reflectance and ,99 of the incident

radiation entered the leaf.



6.0 SPECTRO-OPTICAL MODELS OF LEAVES
6.1 Background

Reports on two general types of spectro-optical leaf models
occur in the Iiterature. Both of these types of leaf models were
developed by researchers in the USDA/ARS at Weslaco, Texas. One is
essentially a geometric ray tracing model (Allen and Richardson,
1971) and the other is a plate type of model based upon four optical
constants of leaves (Allen et al, 1969, 1970, 1971; Gausman et al,
1970). The plate type models have received the most attention in

the literature and will be reviewed first.

6.1.1 Plate Models

The flat plate model was used to explain the spectroreflectance
of a corn leaf over the spectral range of 0.5 to 2.5 um (Allen et al,
1968). The external and internal surfaces of the corn leaf are con-
sidered as diffusing surfaces for a compact leaf which has few
intercellular air spaces in the leaf mesophyll. The flat model for
compact leaves has also been expanded to the noncompact case account-
ing for the presence of many intercellular air spaces in the
mesophyll (Allen et al, 1970; Gausman et ql, 1970).

The model for the compact leaf representé a transparent plate
(Fig. 19) with rough plane-parallel surfaces of a thickness D and a

unit incident isotropic irradiance Hh originating from medium 1
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Figure 19. DTAGRAMMATIC REPRESENTATION OF THE FLAT PLATE MODEL
FOR A COMPACT CORN LEAF. Compact refers to the absence
of intercellular air spaces. H, = spectral irradiance,
N, = spectral radiance, T, = transmitted spectral energy,
and D = leaf thickness. The arrows represent the
resultant E-M rays as they interact with the compact
corn leaf (extracted from Allen et al, 1969).
(e.g. the atmosphere) (Allen et al, 1969). The incident irradiance
interacts with the rough upper surface of the transparent plate,
passes into medium 2 (e.g. the leaf) with thickness D, strikes the
other rough plane-parallel surface interface between media 2 and 3
(e.g. the atmosphere} and is subsequently reflected (N) or trans-
mitted (T) with no absorption occurring for this wavelength of iso-
tropic light. Media 1 and 3 are air while media 2 represents the
compact corn leaf. Monotomic transmissance at an interface between
media i and j will be denoted as Tij and the corresponding reflect-

ance is given at that wavelength Dij’ which, in the absence of

absorption, equals 1 - T Multiple reflections of the isotropic
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radiance within the semfi-transparent plate are referred by the num-
bers 3, 5, 6, 8, 9, 11, 12, 14, and .... (Fig. 19). Medium 2 hés an
absorptance coefficient of a, the relative index of refraction be-
tween air and the plate (e.g. between mediums 1 and 2 or 3 and 2)

is denoted as n, and the sumbol T represents the transmiséance of

the plate (medium 2); Reflectance and transmissance can be expressed
as sums of an infinite series.

The compact flat leaf model has been applied with considerable
accuracy to the interaction between isotropic radiation and corn
leaves represented by the semi-transparent plate (Allen et al, 1969).

The flat plate model has been modified and extended to the non-
compact case (Allen et al, 1970, 1971; Gausman et al, 1970). Non-
compact refers to the presence of many intercellular air spaces in
the leaf mesophyll. Adaptation of the flat plate model to noncompact
leaves treated the leaf as a stack of N identical elementary compact
layers of cells separated by air spaces with a total compact layer
thickness D. The number of air spaces between the plates is N-1.

The same model used in the compact case is used for the noncompact
leaf along with four other parameters: an effective index of refrac-
tion between the plates; an effection absorption coefficient; aﬁ
equivalent water thickness; and the assumed number of compact layers.
The model parameters for the effective index of refraction and the
effective absorption coefficient are optical constants which vary
with wavelength. The equivalent water thickness and the number of

compact layers specify the internal structure of the leaf.
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The four necded parameters or optical constants can he calen-
lated if tﬁe diffuse reflectance and transmissance of the leaf are
known. The compact flat plate model is used in addition to Fresnell's
Law for the interaction between compact layers and the intercellular
air spaces. The extention of the compact flat plate model to non-
compact leaves has explained the approximate equality of leaf
reflectance and transmissance measured by instruménts for single
leaves. Predicted values for the equivalent water thickness (D) are

in close agreement with measured values {Allen et al, 1970).

6.1.2 Ray Tracing Model

A model based on the optical geometry of the leaf has been
developed at the USDA/ARS station (Allen and Richardson, 1971). The
basic geometric theory involved is an extension of that of the Will-
stitter and Stoll theory (1913). The optical system is an unconven-
tional one which is not centered and has no optical axis. This
optical system treats interactions between components as diffuse
and not specular, is restricted to 2 dimensions, and the structural
surfaces are sequences of intersecting circular arcs. The geometri-
cal drrangement is specified by the curvature and the center of
curvature for each interface, a periodic structure of sequential
replications, and a laterally infinite system. The two media are
air and hydrated cells with indices of refraction of 1.0 and 1.4
respectively. The restriction to only 2 dimensions is advantageous’
because the internal structure of typical leaves cannot be repre-
sented accurately with 3 dimensional spherical surfaces (Allen and

Richardson, 1971).
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The geometric abstraction and representation of a black maple
leaf (Acer negundo L.) has been accomplished using this optical
system model and evaluaféd using computer simulation (Allen and
Richardson, 1971)}. The modei is based upon refraction, reflection,
and absorption theory. Incident rays are traced to an intersecting
surface where the ray divides into a reflected and a refracted com-
ponent unless the ray is emerging from the highest index medium at
a critical or greater than critical angle and no refraction occurs.
The resulting interaction components are determined by Fresnel
theory. Absorption occurs in the hydrated cell medium according
to the Lambert-Beer law and the process continues until all result-
ant rays of the incident ray have been absorbed or have escaped from
the optical-geometric system as diffuse reflectance and/or trans-
missance (Allen and Richardson, 1971). Accurate predictions of the
reflected, transmitted, and absorbed incident energy have been

reported using this simulation technique.
6.2 Stochastic Spectro-Optical Leaf Model

6.2.1 Description of the Modél

The stochastic leaf model compartmentalizes a leaf to repre-
sent the energy states, cell parts, and interval scattering
mechanisms (Fig. 20). Four energy states are represented in 6
compartments:

1. The solar input to the model.

2. Specular reflection from the cuticle,

4. The absorption in the palisade parenchyma.



Figure 20,
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COMPARTMENT MODEL OF A LEAF OPTICAL SYSTEM. The
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and the direction of flow. The processes or leaf
cellular aggregates are indicated within the
compartments.
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6. Diffuse refleetod enerpy.
"8. The absorption in the spengy mesophyll.
10. Diffuse transmitted energy.
Two cellular aggregates are represented by two compartments:

3. The palisade parenchyma.

8. The spongy mesophyll.

Two scattering mechanisms are represented by two compartments:

5. The scattering occurring in the palisade parenchyma.

9. Scattering occurring in the spongy mesophyll.

The arrows between compartments are flow functions and also
indicate the direction of flow (Fig. 20). The model accounts for all
incident electromagnetie energy (0.35 to 2.5 um) entering the system
and which ends up either being reflected, transmitted, or absorbed,
The model is represented as a Markovian process and evaluated using
the Markov chain approach. The flow.rates are expressed as prob-
abilities in the Markov chain transition matrix and the energy values
at any given time are stored in a state vector. This approach is not
new as a substantial amount of theory exists on the use of Markov
chains to model.radiative transfer (Preisendorfer, 1965).1

The transfer of energy within the leaf is approximated by the
compartment diagram (Fig. 20) and the Markov chain approach is
justifiable because of the discrete spaces represented in the leaf
optical system diagram. The radiative interactions within the leaf

are considered as a random walk process (Gates, 1970) and therefore

lChapter 13 in this source is entitled: Markov chains and
radiative transfer.
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probabilities can be assigned according to the various interactions
possible. Success in this modeling approach is the calculation and
justification of accurate probabilities to represent the flow between
and within compartments.

Qﬁasi-deterministic expressions have been derived from the
literature, adapted to the diagrammatic representation of the leaf
model, and evaluated in ferms of modeling success. An attempt was
made to derive every possible probability calculation from valid
data available in the literature. Values for the extinction coef-
ficients for chlorophyll a, chlorophyll b, leutin, B - carotene, an&
water were available (Curcio and Petty, 1951; Salisbury and Ross,
1969; Devlin and Barker, 1971}. Values for chlorophyll concentra-
tions, carotenoid concehtration, water concentration, leaf thickness,
and leaf structure were also available (Esau, 1965; Anderson, 1967,
Gates, 1970; Allen et al, 1971). Where no specific data was
available, assumptions were made following a series of consultations
(Ross, 1973; Smith, 1973; Trlica, 1973).

The stochastic model entitled LFMODl1 was written in FORTRAN
and is essentially a matrix multiplication routine within a loop
where each iteration of the loop corresponds to a wavelength inter-
val. At each iteration of this main loop calculated or estimated
probabilities of interaction are ass%gned (Table 1 and 2). At each
wavelength, using the various probabilities which have been calcu-

lated, the state vector is multiplied times the Markov chain

1LFMODI was selected to represent LeaF MODel version 1.
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Table 1. TABLE OF PROBABILITIES USED IN LFMODI. Ri; = flow
function from compurtment j to compartment i, a(l) =
extinction cdefficient for materinl T, X = thickness
of material, PP = thickness of palisade parenchyma,
SM = thickness of spongy mesophyll, and e = Napier's

number.
_ —a (D)X
Rys - [1.-¢ PP
Ras = Ry3/2
Rg, = . [1.-e7*(DXgy]
i=1
Rgg = Rg,/2
Rez = Ryg(1.-Ry5)/2
Rg7 = 1--Rg;

= *—L)
Res (Rss PP + SH

.
[ ¥

= *
Ros (%3 PP + oM

R =1. - R - R -~ R

55 a5 ~ Res ~ Ryse
Rig g = <08
Ryg = .12
Ry, = .01
Ry, = -99
Rgg = 1+ = Rgg = Ry g = Rgg
R,, =R, =R =R, =R 1.

22 44 66 88 10 10

Rij # one of the above, then transition probability = 0.0




Table 2. ASSUMPTIONS USED IN CALCULATING THE VARIOUS PROBABILITIES.

10.

11.

12.

The distribution of chlorophyll a, chlorophyil b, the carote-
noids, and water between the palisade parenchyma and spongy
mesophyll cells is proportional to cellular density. No
cellular concentration differences exist between individual
palisade parenchyma and spongy mesophyll cells for these four
materials.

Incident radiation is normal to the leaf epidermal surface.

1% of the incident radiation is specularly reflected by the
cuticle.

The upper and lower epidermal layers are transparent to
radiation.

Rayleigh scattering is not considered.

A chlorophyll a to chlorophyll b ratio of 3 to 1 exists in the
leaf with a .012 mg cm~2 total concentration present,

25% of the pigment composition are carotenoids or .004 mg of
total carotenoids are present with 8 - carotene representing
35% of this, Lutein 45% and neoxanthin 20% of the total. The
entire carotencid concentration was assumed to be leutin due
to the similarity between the extinction coefficients for
these three carotenoids.

The leaf has a thickness of .020 cm.

The water content is 70%, hence the equivalent water thickness
is .014 cm.

The incident radiation does not saturate the pigment systems.
Internal scattering is diffuse and not specular.

Leaf temperature is assumed to be 20°C.
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transition matrix until a steady state is reached. Steady state

occurs when all the incident energy has been reflected, transmitted,

or absorbed by the leaf (Fig. 21). Normally, 25 to 50 matrix
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Figure 21. ITERATIVE RESPONSE OF STOCHASTIC MODEL TO INCIDENT
RADIATION. Radiative flux plots at two wavelengths
showing the interactions occurring as the predictions
proceed to a steady state. (a) the interleaf radia-
tive flux at .50 um and (b) the interleaf radiative
flux at .80 um, A = absorbed in palisade parenchyma;
S = scattered in palisade parenchyma; R = reflected;
a = absorbed in spongy mesophyll; s = scattered in
spongy mesophyll; T = transmitted. Note the dif-
ferences in magnitude and similarity in form between
wavelengths.

multiplications are necessary to reach a steady state. The model
outputs a tabular and microfilmed summary (Fig. 22) of the pre-
dictigns after evaluating the 216 iterations representing the

spectral range of .35 um to 2.50 um at a wavelength increment of

.010 pm.
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PREDICTED SPECTRO-OPTICAL FUNCTIONS OUTPUT FROM LFMODI.
Model predictions of the spectro-optical characteristics
of a black maple (dcer negundo) leaf from .35 to 2.50 um
based upon leaf structure; chlorophyll, carotenoid, and
leaf water content; and specular properties of the
cuticle. R = reflected (plotted against right axis);

T = transmitted; and area between R and T is A, the
absorbed energy.

6.3 Results Obtained with the Model

The Willstitter and Stoll (1913) theory'of radiative inter-

action within leaves was based upon the existence of distinct scat-

tering differences between the palisade parenchyma and spongy

mesophyll.

This implies that somewhat different physichl and biolog-

ical processes are occurring in each tissue or compartment with

Tespect to transfer and absorption of incident E-M energy for

a black maple leaf (dcer negundo).

The same type of leaf was

selected for the preparation of a stochastic model because it had

’
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been used by Willstftter and Stoll (1913) in their original explana-
tion of the interaction:between plant leaves and electromagnetic
radiation in the visible portion of the spectrum aﬁd more recently
it has begn used in the optical-geometrical model (Allen and Richard-
son, 1971). Prior studies concerning the structure, thickness, and
other optical parameters of black maple made it suitable for use to
validate the new model. No reports of measured spectrorefiectance
for black maple over a sufficient wavelength interval could be found
but curves were available for individual silver maple leaves and
were used for comparison with the model predictions (LARS Purdue,
1969).

Prediction of the spectroreflectance, spectrotransmissance,
and sﬁectroabsorptance Sy the stochastic model varied in accuracy
with wavelength with good predictions in the near infrared from
0.70 to 2.50 um. Relatively poor predictions were achieved for
the ultraviolet-visible region from .35 to .70 um using the model
(Fig. 23). The results of the model will be discussed separately
for these two regions of the spectrum.

The model predictions for all three spectral functions were
very similar to actual measured values in the 0.70 to 2.50 um region
of the spectrum (Fig. 23). These results demonstrate the validity
of the abstraction of a leaf into a Markovian stochastic process
when representative biophysical leaf characteristics are available.
The predictions of the model in this region could be separated into

two effects and their interaction(s):
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COMPARISON OF THE SPECTROREFLECTANCE MODELED FOR
BLACK MAPLE (Acer negundo) AND MEASURED VALUES FOR
SILVER MAPLE (dcer sacchrarum). Note the close
similarity between the two spectrorefelctance curves.
The silver maple curve was extracted from LARS Purdue
(1969},

The 0.70 to 1.30 um interval of the model was a region
where limited absorption occurred and most of the incident

radiation (90 - 99%) was either transmitted or reflected.

‘Predictions of these spectro-optical characteristics in

the absence of absorptance was highly dependent upon'the
diffuse internal scattering mechanism described by the
model. The significant similarity between the prediction
of the model and actual measured values supports the
validity of these approximations of leaf scattering
mechanisms,

The absorption by leaf water of incident spectroirradiance
in the 1.30 to 2.50 um interval is also accurately pre-

dicted. The model predictions were validated for
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reflected, transmitted, and ébsorbed radiation on a
wavelength basis based upon the interaction between the
internal scattering mechanism and the spectral extinction
coefficients for pure liquid water. It is reasonable to
conclude that only slight differences existed between

the spectral éxtinctiqn coefficients for pure liquid
water and the actual im vitro coefficients for the

water in leaf.

The general character of the predicted spectroreflectance
curves approximates actual measured values (Fig. 23). There is
discrepancy, however, between predicted aﬁd measured values partic-
ularly in .50 to .68 um spectral region. The low values for the
extinction coefficients resulted in unrealistically higher values
for the modeled leaf spectroreflectance in this interval and were
probably caused by inaccuracies in the chlorophyll and carotenoid
extinction coefficient values obtained from the liferature. The
reporfed values are low because of the chemical complexing which |
occurs for the pigments in the extraction solvent (acetone,-dime—
thyl ether, ethanol). Structural alterations of the chlorophyli
molecules results from the solvent environment used in its labora-
tory éssay and this altérs the true in vivo ‘extinction curve for
these“pigments (Allen, 1964). Thus, the extinction coefficients
used in this model did not represent the in vivo situation and suéh
extinction coefficients are not available. The reported values for
extinction coefficients in the .50 to .68 um region of the visible

spectrum are particularly suspect. It is clear that in vitro these
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extinction coefficients for the chlorophylls and carotenoids cannot
account for energy atteﬁuation measured in healthy green leaves in
the green region of the spectfum.

The Markov chain approach to modeling the spectro-optical
systemlof a leaf has been used to accurately predict the interaction
between functioning green leaves of Acer negundo and spectroirra-
diance (0.35 to 2.5 pm) of normal incidence. The modeled results
indicated that the im vitro extinction coefficients for extracted
chlorophyll a, chlorophyll b, and leutin were slightly different
from the in vivo situation. This was supported by reports of pos-
sible pigment complexing in the organic solvents used for extraction
when compared to the undisturbed pigments in a functioning leaf.

The Willstdtter and Stoll (1913) hypothesis concerning the mechanisms
for radiative interaction within leaves has thus been substantiated
by moﬂeling with a few minor variations. The model has been used

in predicting the effects that biomass, chlorophyll, and leaf water
concentrations have on the spectroreflectance and spectroradiance of
a plant canopy. Interpretation of the effect of the biophysical
state variables in the model in an in situ field situation will be
the shbject of the balance of this report.

Several changes are contemplated to LEMODI to imprqve its
immediate utility and accuracy. These include the incorporation of
routines to allow non-normal incident radiation; the inclusion of
Monte Carlo methods to approximate the variation in leaf structure,
pigment concentrations, and leaf water content in a lateral dimen-

sion; and thorough revision of the FORTRAN code to increase program
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efficiency and decrease execution time. Currently the model is
being used to determine and evaluate the use of in vitro extinction

coefficients for the plant pigments.



7.0 SPECTROREGRESSION ANALYSIS METHOD

An analytic method has beep developed which cnables the rela-
tionship to be determined hetween the spectroreflectance of a blue
grama sample plot and the biophysical characteristics of that plant
canopy such as total biomass, green biomass, brown biomass, total
chlorophyll (a + b), and the leaf water concentration. The rela-
tionship was checked by computing a series of statistical values
over the visible and photo infrared spectral range (.35 to .8 um).

A least-squares regression approach was used where the simple, linear
correlation coefficient (r) and the coefficient of determination (rzj
were calculated at 91 of .005 um intervals between .350 and .800 um.
Each of the 91 regressions resulted in output of an analysis of
variance table, standard error of the estimate, and the equation of
the linear regression. These statistics, expressed as functions of
wavelength, defined the relative sensitivity on a spectral basis
between the various biophysical characteristics of the sample plot
and their spectroreflectances.

Numerous spectroreflectance curves (v1600) for the grassland
vegetation canopy have been collected in the field using the field
spectrometer (Pearson, et al, 1973; Tucker, et al, 1973b). A subset
of this data base was selected for the tests using the spectroregres-
sion analysis methods. This consisted of the spectroradiance and

spectroreflectance of 1/4 squarc meter plots of in sitw blue grama
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grass measured in an irrigated and nitrogen fertilized area of the
ecosystem stress arca (ESA) at the Pawnce Intensive Site (Appendix
B). Twenty-four plots measured in July and forty measured in

Y

September of 1971 were selected for analysis.
7.1 Effects of the Source of Spectroirradiance

The in situ spectroreflectance of each sample plot was meg-
sured twice using natural sunlight on cloudless days and again using
an aytificial light source.l The spectroreflectance curves for the
same specific sémple plot for the two types of illumination were
quite similar with coefficient of determinations (r2)>.93 for ail
but six of the 40 plots measured (Table 3). The spectroradiances
from the sample plot were quite differcnt between the two sources
of irradiance. The solar irradiance yielded much higher spectro-
radiances from the near ultraviolet through the visible spectrum
while the irfadiance of the artificial lights produced a twofold
greater spectroradiance between ~,720 pym and . 800 um (Fig. 24),

The source of the spectroirradiance had a definite effect on
the accuracy of the measurement of the spectroreflectance for the
spectral interval measured. Higher incident energy values yielded
higher signal to noise ratios yielding accurate reflectance measure-
ments for that respective portion of the spectrum. Spectrocorrela-

tion results for solar spectroirradiance showed less noise hias as

1The artificial light source consisted of ten 150 watt GE
Cool-Ray lights pointed down and inward ~100 ¢m from a stand
surrounding the sample plot in the form of a ring. Solar irra-
diance was excluded by a black felt skirt.
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Table 3. THE MEASURED BIOPHYSICAL CHARACTERISTICS OF THE CANCPY PRESENT ON
EACH SAMPLE PLOT. The following data characterizes the in situ vegetation canopy
of the 40 sample plots of blue grama grass (B. gracilis). All measwements were made
between September 1 and 5, 1971 immediately after the spectroreflectance of the
undisturbed sample plot was measured.

wzm——— = — - ———
" Total Total Dry Dry Total Chlorophyll
Wet Dry Green Brown Leaf s (A+B) =
Plot Biomass Biomass Biomass Biomass  Water Wet Wt. Dry Wt Total

Number (¢/m?)  (m’)  (@/md) (@D @/md)  (mye)  (mgm)  (mgmd)

10001 296.40 208.96 104.92 107.04  87.60 - 1.415 .  2.007 419.41
10002 308,00 202.56  96.88  108.44  105.60 1.415 2.152 435,82
10003 378.80 284.88  114.44 173.36  94.00 777 1.033 294.33
10004 491,20 337.88  155.52  186.40 153 20 1.278 1.858 627.75
10005 450.00 320.00 139.48 181.68  130.00 .950 1.336 427.50
10006 436.40  313.24 156.64 160.20 123.20 1.785 2.487 778.97
10007 442,40 320,00 185.04 144.08  122.40 1.756 2.428 776. 85
10008 393.60 282.76 132.36  157.08  110.80 1.120 1.559 440,83
10009 404.80 293.60 143.96 151.92  111.20 1.012 1,395 409. 66
10010 378.80 271.36 134,28 138.20 107.60 1.655 2.310 626.91
10014 232.00 164,20  89.40  76.00  67.60 1.326 1.874 307.63
10015 188.40 132.72  71.28  62.92  55.60 . 354 .503 66. 69
10017 174,40  124.44  76.12  52.68  50.00 .600 - .g4t 104. 64
10018 155.20  111.12  57.48  56.08  44.00 .571 . 798 88,62
- 10019 124,80 | 84.96 53.84 35.16 40,00 .425 .624 53.04
10020 124.00  85:48 45,04  43.20  38.40 . 800 1.161 ° 99.20
10021 123.60  90.04  60.40  73.28  33.60 .930 1.277 114.95
10022 119.60  76.08  32.80  46.24 43 60 597 .939 71.40
10023 80.80  49.76  23.24  28.60  31.20 . 547 . 888 44,20
10024 73.60 45,48  23.52  24.56  28.00 1,355 2.193 99, 73
10025 70.80  41.48  17.20  24.92  29.60 . 506 .864 35.82
10026 85.60  50.44  17.12  27.96  35.20 635 1.078 54. 36
10027 78.40  44.3  26.12  20.40  34.00 .990 1.751 77.62
10028 138.00  92.00  37.76  56.64  46.00 . 580 .870 80.04
10029 133.60  94.28  32.92  58.60  19.20 .414 .587 55.31
10030 124.00  82.88 32,28 51,48  41.20 1,370 2.050 169.88
10031 198.80 122.76  51.60  72.08  76.00 .859 1. 391 170,77
10032 183.60 108.80  47.96  58.68  74.80 .670 1.131 123.01
10033 427.60  253.28 152,00 104.96  174.40 1. 340 2.262 572.98
10034 437,20 256.32 161.48  139.96 180,80 1.195 2.038 522,45
10035 407.20  227.16 161.48  71.60  180.00 1.250 2.241 509, 00
10036 440,80 250,04 167.92  85.44  190.80 1.134 1,999 499,87
10037 178.40  94.52 57,16  37.00  84.00 1.365 2.576 243.52

10038 328.80 176. 60 116.08 24.40 152.00 1.235 2.299 406. 07
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Table 3.--continued

Total Total Dry Dry Total Chlorophyll
Wet Dry Creen Brown Leaf ~ (A+B) >
Plot Biomass Biomass Biomass Biomass Water Wet Wt. Dry Wt. Total
Number (gm’) (¢/m’)  (&/m)) (g/m’)_ (gwd)  (mgle)  mgle)  (mg/m)
10G39 248.00 139.88 74.92 47, 32 108.00 1,380 2.447 M2.24
10040 306.40 174. 20 106. 48 69, 52 132.00 1.024 1,801 313.75
10041 368.00 213.56 126.96 88.64 154, 40 1.707 2.941 628. 18
10042 36G. 00 192, 20 117. 36 86.04 167. 60 1.997 3.740 718.92
10043 226.00 129,80 65.24 61.36 96.00 1.037 1.806 234. 36

10044 334.40 197.80 104.68 108, 24 136.40 2.204 3.726 737.02
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Figure 24. COMPARISON OF SOLAR (a) AND ARTIFICIAL (b) SPECTRO-
IRRADIANCE OF A SAMPLE PLOT FOR ONE OF THE 40 BLUE
GRAMA (B. graeilis) SAMPLE PLOTS. Note the dif-
ference in spectroradiance for the reference white

panel (A) and sample plot {(®) between the two types
of illumination.

a function of wavelength from .350 to 720 um than did the results
from artificial spectroirradiance. The proximity of the artificial
light ring to the sample plot and the absolute temperature of these
lights resulted in high incident energy in the .720 to .800 um
region. The spectrocorrelations determined for the artificial
spectroirradiance therefore showed better results in this spectral

region than did the spectroreflectances corresponding to solar

. ; I . .
spectroirradiance, The spectrocorrelation values presented in

1The actual spectroirradiance and spectroreflectance curves
combined used in this analysis are available for inspection in hoth
a tabular and graphical portrayal (Pearson «t al, 1973).
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this section result from using spectroreflectance curves measured
using solar spectroirradiaﬁce for the interval .350 to .720 um and
artificial spectroirradiance for the interval .725 to .800 um. This
is justified by the high r2 values between solar and artificial
spectroirradiance for each sample plot and the sigﬁificant incident

energy differences of these two sources on a wavelength basis.
7.2 Biophysical Measurements of the Sample Plots

The in situ sample plots of blue grama were spectroradiometri-
cally measured using the field spectrometer laboratory. Plots were
immediately hand-clipped after the completion of these optical
measurements. Initially, a 5 gram aliquot was extracted for chloro-
phyll analysis and immediately quick frozen in the field in dry ice
(Ross,.1972). The balance of the plot was then clipped and quick
frozen in the field in a chest filled with dry ice. Biomass deter-
minations were made on the fresh frozen clipped vegetation and again
after they had been dried in forced air ovens, separated mechanically
with the girraf,l {Van Wyk, 1972), and then manually separated into
green and brown fractions which were subsequently weighed (Dickinson,
1972). All biomass determinations were made by the IBP's Pawnce Site
laboratory. The chlorophyll assays were made by the IBP's analytical
laboratory on the Colorado State University campus. The various plot

measurements were tabulated (Table 4}, cxpressed as a per unit:

lAn air blower device for separating grass vegetation into
green (live when clipped) and brown fractions (dead when clipped)
based on a gravity principle.
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Table 4. COMPARISON OF THE EFFFCT OF SOLAR VERSUS ARTIFICIAL SFECTROIRRADIANCE
ON THE SPECTROREFLECTANCE MEASURED FROM THE BLUE GRAMA CANOPY.,
These statistics show the linear relationship between 1he spectroreflectunce of sample
plots measured under solar and artific ! spe troireidinnee. The statistical character-
istics result from 2 simple linear regression between the two spectrorefled tance curves
measured at 63 of 005 pm wavelength intervals between . 480 and . 800 pm for 40 of
1/4 square meter plots of blue grama (B. gracilis). Y = predicted artific ially illuminated
spectroreflecténce and NSR = natural spectroreflectance.
e e === =
Standurd Degrees
Plot T rz Error of of Regression Equation
Number Value Value Estimate Freedom F Ratio Y =b +m (NSR)
10001 . 9491 . 9009 1.8461 1/61 554, 37 Y=-1, 8388+1.1267(NSR)
10002 .9628 .9270 1. 7076 1/61 775.15 Y=-1.3415+1. 2082(NSR}
10003 . 9802 . 9608 .95i1 1/61 1495, 29 Y--3.2838+1. 1418(NSR})
10004 .9939 .9878 . 6158 . 16t 4944.90 =-1.5015+1.1281{NSR)
10005 .9972 .9944 .3725 1/61 10787.69 Y=-1.1861+ ,9074(NSR)
10006 .9903 . 9807 . 7948 1/61 3096. 56 Y=-1.5374+1. 1301{NSR)
10007 .9881 .9763 -8568 1/61 2309.03 Y=-1.4281+1.0893(NSR}
10008 . 9682 .9374 1.9694 1761 913,39 Y=-7.6151+1, 7069(NSR)
10009 .9850 .9703 1. 0086 1/61 1991.02 Y=-1.0012+1. 1147(NSR)
10010 .9812 L9627 1.1658 1/61 1574.76 Y=~ .5438+1. 1469(N5SR)
10014 .9823 . 9649 1.1161 1/61 1677.68 =-3.0017+1. 3066({NSR)
10015 .9824 29651 1.1549 " 1/61 1687,99 Y=~4.8622+1, 3809(NSR)
10017 . 5582 .9181 1.4705 1/61 683.46 Y==-2.6120+1, 1658(NSR)
10018 . 9594 . 9205 1.5147 1/61 706. 31 Y=-3.4458+1, 3751(NSR)
10019 . 9699 . 9408 1.0953 1/61 969.43 Y=-1.4769+1. 1296(NSR)
10020 .9695 .9399 - 1, 3483 1/61 954.12 Y=--1.8890+1. 3201(NSR)
10021 .9923 . 9847 T .5278 1/61 3924.98 Y=~ .4329+1.0733(NSR)
10022 .9898 .9797 . 6628 1/61 2944,75 Y=-2.2733+1, 4102({NSR)
10023 .9753 .9513 .8921 1/61 1191. 32 Y=-4.6508+1.2522(NSR)
10024 .9779 .9563 . 7661 1/61 1335.21 Y=-3.8165+1.4052(NSR)
10025 .9749 .9505 . 7627 1/61 11717t Y=-2.6455+1, 2948(NSR)
10026 .9871 . 9744 . 5151 1/61 2318.66 ©  Y:3-1.373441.0838(NSR)
10027 . 9809 9623 .6392 1/61 1554.91 Y=-2.4435+1. 3227(NSR)
10028 L9639 .9291 - 9469 1/61 799.01 Y=- .5646+1. 1600(NSR)
10029 . 9790 . 9584 . 7872 1/61 1405, 57 Y=~ .7721+1,0621(NSR)
10030 .9634 .9281 1.0876 1/61 786,99 Y=-~3.9014+1, 3980(NSR )
10031 L9663 .9337 1. 0494 1/61 .859. 35 Y=-4.8476+1. 1751(NSR)
10032 . 9902 . 9806 .6193 1/61 3073.42 Y=- .9337+1,2564({NSR)
10033 .9911 .5823 1.0053 1/61 3394.58 . Y=-4, 471141, 2238(NSR)
10034 .9910 . 9820 1.0240 1/61 3335.67 Y=-4.1871+1.1612(NSR)
10035 9903 . 9806 1. 0005 1/61 T 3087.84  Y=-3, 7396+1. 2507(NSR)
100135 . 9666 L9344 2.3121 1/61 868.63 ==2.1514+1, 2821(NSR)
10637 .9917 .9834 . 7940 1/61 3617.24 Y=-i.8878+1.2230(NSR)
16038

. 9957 . 9915 L7092 1763 7113.25 Y=-1.4770+1. 1154{NSR)
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10039 L9945 L9891 . 7667 1/61 5h37.8%8 Y==2.6317+1. 3420(NSR)
10040 L9932 L9644 L7073 1761 4423, 56 ¥Y=-1.4260+1. 105 1/NSR))
10041 L9929 .9839 . 9026 1/61 4252.81 Y=-2.2261+],2932(NSR)
30042 L9330 . 98RO . 81363 1761 4294}, Ge, To-dL 36424 1,267 5INSR)
1004 3 L9890 L0782 .9743 1/61 274,81 ' Y2, W7641, 457G(NSR)
10044 .8R82 . 7889 2.81€2 1/61 £27.95 Y= 1.49184+  SO74NSR)
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value, and stored on punched cards for later analysis. Statistical
measures of central tendency were calculated for this same data

subset (Table 5).

Table 5. STATISTICAL SUMMARY OF THE BIOPHYSICAL CHARACTERISTICS
OF THE SAMPLE PLOTS. A statistical description of the
. vegetative canopy characteristics of the 40 of 1/4 m2
sample plots of blue grama (B. gracilis) sampled in
early September, 1971 and used in constructing Figure
25 through Figure 38.

Std.
sStd. Coef. Error -
bevi- of Var- of the

Sample Range Mcan ation iation Mean

wet total biomass 70.83- 261.31 134,40 51.44 21.25
(g/m?) 491.22 \

dry total biomass 41.50- 168.55 90.81 53.88 . 14.36
(g/m?2) 337.84

dry green biomass 17.12- 89,38 50.15 56.11 7.93
(g/m2) 185.04

dry brown biomass 20.40- 82.41 48.54 58.90 7.68
(g/m2) 186.42

leaf water 28.03- 92,75 50.93 54.91 §8.05
(g/m2) 190.80

chlorophyll 53.02-  319.58 238.73 74.70 37.75
(mg/m2) 778.97

7.3 Preparation of the Spectroreflectance Data

The spectral curves were converted from punched paper tape to
magnetic tape for analysis on the Colorado State University's
Control Data Corporation (CDC) 6400 computer. Conversion was accom-

plished using the University Computer Center's off line data



preparation facility using the paper tape to magnetic tape capabil-
ity. This process read the paper tape with a 500 character per second
paper tape reader under.control of a REDCOR mini-computer. The data
read from paper tape was written as a 'stranger' formatted magnetic
tape1 with eighty character records (corresponding to card images)
under the control of a conversion program. The 'stranger' formatted
magnetic tapes were processed by a FORTRAN program which buffers in
the information from the 'stranger' tape, creates an internal CDC
Scope 3.3 formatted disk file, and inputs this disk file into the
CDC UPDATE system library routine which produces a fully packed
binary magnetic tape for processing using UPDATE control language
(Control Data Corp., 1972). The UPDATE data tapes are software
screened by an editing program and carefully reviewed value by value
by visual inspection. Data of suspect nature was checked and cor-
rected where logical and necessary. A final UPDATE binary tape was
then produced. The efficient packing of the final UPDATE binary
tapes resulted in the storage of numerous blocks of 1600 spectral
curves in a multi-file manner on tﬁo magnetic tapes. The permanent
data tapes were duplicated,2 red~labeled for security,3 and placed

in the magnetic tape library of the computer center for analysis.

1 . . .
A 'stranger' formatted magnetic tape is o tapec which was
not created on the computer venterts CDC on-line tape decks.

2 . . . .
The duplicated final data tape is stored in a separate locked
vault away from the computer center.

3
A red-labeled tape can only be rcad and may not be written
upon.
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7.4 Summary of the Computational Method

A computer program entitled ST38RMF (Appendix C) associated the
spectroreflectance curve of a sample plot with the biophysical
characteristics of that plof, merged the spectroreflectance mea-
sured curves.of all plots fo be analyzed by wavelength and computed
the linear or multiple stepwisc least-squares regression at each of
91 of .005 um wavelength intervals between .350 and .800 um. The
reflectances at a given wavelength were regressed against the bio-
physical characteristic of the plot. This approach was used to
compute simple linear regressions. The results of these regressions
and the data point scatter at each .005 um wavelength interval are
displayed in a tabular fashion (Table 6) and as a microfilm plot
Table 6. TABULAR RESULTS OF THL LINEAR REGRESSION BETWEEN GREEN

BIOMASS AND CANOPY REFLECTANCE. Tabular results for the
simple linear regression between reflectance at 775 um

and the dry green biomass clipped from 40 1/4 m in situ
sample plots of bluc grama (3. gracilis).

Wavelength = .775 um:

Correlation coefficient (r) ” = .8493

Coefficient of determination (r") = .7213

Standard error of the cstimatce = 1.6657
Regression equation: [stimatcd reflectance (%) = 16,5695 + .0527

(ireen Biomass--G/m’ )

Analysis of Variance Tuble

Sum of Mean
Source d¢f Squares Squarcs F Ratio P{F>Comp F)
Regression 1. 272.8683 272.8683 98.3517 (4.0000
Residual 38 105.4277 2.7744

Total 39 378.2959
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(Figures 25 and 26). At the conclusion of computation, cach of the
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Figuré 25. LINEAR REGRESSION BETWCEN GRLIN BIOMASS AND CANOPY
' REFLECTANCE. Simple linear regression of the reflect-
ance at .775 um (.005 um spectral bandwidth) against
the dry green biomass clipped from 40 1/4 m? in sttu
sample plots of blue grama (B. graciiis). A summary
of the coefficients of this regression occurs in
Table D-3 in the appendix.
ninety-one individual linear spectral relations, the simple lincar
correlation values (r), the simplc linear coefficient of determina-
tion (rz), the F ratios for the analysis of variance regression
model, the Y-intercepts, and the X-coecfficients (slope) were
plotted on microfilm as a function of wavelength, The plot of the
correlation values (r values) versus wavelengths are hereafter re-
ferred to as spectrocorreclation curves (Fig. 27). The coefficient

of determinance (rz) versus wavelength hereafter will be referred

to as the spectral coefficient of determinance curve (Fig. 28).
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Figure 27, SPECTROCORRELATION CURVE. Simple linear spectrocorrela-
tion curve for dry green biomass constructed by plotting
the correlation ceoefficients (r values) hetween reflect-
ance and dry green biomass for each of the 91 wavelength
intervals. Note: These arc the same r values illustrated
in Figures 25 and 26.
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Figure 28. SPECTRAL COEFFICTENT OF DETERMINATION CURVE. Simple
linear coefficient of determination curve for dry green
biomass constructed by plotting the coefficients of
determination (r2 values)} between reflcctance and dry
green biomass for each of the 91 wavelength intervals.
Note: These are the squares of the r values in Figure 27,
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These two graphical portrayals show the linear sensitivity of the
spectroreflectance to each of the hand sampled biophysiéal charac-
teristics of the sample plot, in this case the dry green biomass of
the canopy (Fig. 27 and 28). The spectral F curve, that is the plot
of the F value against wavelength, shows the relative significance

of the regression fit resulting from this linear regression (Fig. 29).
The probability of significance can be quickly dctermined by con-
sulting a statistical reference for the level of significance

desired.
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Figure 29. SPECTRAL F CURVE. F value curve resulting from the
simple linear regression model analysis of variance
for the regression between reflectance and dry green
biomass for cach of the 91 wavelength intervals. The
horizontal (-5-} line represents the .5% level of
significance for 1/38 degrees of freedom.

The Y-intercept plotted against wavelength, that is the Y-

intercept spectral plot, was an accurate prediction of the
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spectroreflectance of the soil surface underlying the canopy (Fig.

30).1 When the plot parameter in question is taken to zero, the
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Figure 30. Y-INTERCEPTS PLOTTED AS A FUNCTION OF WAVELENGTH.
Computed by the 91 simple linecar regressions between
reflectance and dry green biomass for the 40 iu sttu
blue grama plots. This spectral plot closely approxi-

mates the underlying soil-mulch spectra.
Y intercept for the linear equation derived from this computer inter-
cept reflectance was the reflectance of the underlying soil surface
at that wavelength. The plots of each of the intercepts was derived
as a function of wavelength. This yiclded the spectroreflectance
of the soil surface and provided a method for extracting the sur-
face spectroreflectance of the surface

underlying a vegetative

canopy.

1 . . . .
The litter on the soil surface also contributed to this
spectral curve to a lesser extent.



The dependent variable coefficients resulting from the simple
linear spectrdregression equations represented the weighting coef-
ficients or the degree of deviation from the underlying soil spec-
troreflectance caused by the canopy when plotted as a wavelength

function (Fig. 31)}. Regions of minimum and maximum values
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Figure 31. DEPENDENT VARIABLE COEFFICIENTS PLOTTED AS A FUNCTION
OF WAVELENGTH. Computed by the 91 simple linear re-
gressions between reflectance and dry green biomass
for the 40 in situ blue grama plots. Areas of maximum
and minimum values represent spectral recgions of sensi-
tivity to the spectral estimation of the dependent

variable.
represented spectral regions of maximum sensitivity between the
dependent biophysical plot characteristics and spectral measurements
of this biophysical characteristic (Fig. 31).

The linear spectroregression analysis.méthod vielded five highly

significant curves:
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1. The spectrocorrelation curve (r values versus wavelength)
{Fig. 27).

2. The spectral coefficient of determinance curve (r2 values
versus wavelength) (Fig. 28).

3. The spectral F curve (F values versus wavelength)
(Fig. 29).

4. The computed soil spectroreflectance (Y intercept versus
wavelength) {(Fig. 30).

5. The spectral canopy dependent variable coefficient curve
(X coefficient versus wavelength) (Fig. 31).

The five relationships (Figs. 27 through 31) were formed for
each of the six measured biophysical characteristics of the blue
grama:canopy of the sample plots and each was displayed graphically
and tabularly (Appendix D). Interpretation of a set of these forty
curves added measurably to the understanding of the codes placed
upon the outgoing spectroradiance reflected from the plant canopy
by the biophysical characteristics of the canopy. The understanding
of these processes in at least one earlier case has allowed the
development of a simple means for cstimating canopy biomass from
the solar irradiance reflected from the canopy at selected wave-
lengths (Pearson and Miller, 1973). It is proposed that similar
estimation of chlorophyll, leaf water, soil surface reflectance,
and other characteristics of the plant canopy may now be contemplated,
The balance of this report will be devoted to a discussion of these

relationships.
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7.5 Results of the Spectroregression Analysis

7.5.1 Total Wet Biomass

A strong negative correlation occurred between spectroreflect-
ance and total wet biomass (green + brown vegetation) in the two
pigment absorption bands of the visible Spectrum (.35.t0 .50 um

and .60 to .69 um) (Fig. 32). A significant positive correlation
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Figure 32. SPECTROCORRELATION FOR TOTAL WET BIOMASS. Simple linear
spectrocorrelation curve for total wet biomass con-
structed by plotting the correlation coefficients (r
values) between reflectance and total wet biomass for
each of the 91 of .005 um wavelength intervals.

occurred in the near infrared spectral region (.74 to .80 um) (Fig.

32). These spectrocorrelation results for total wet biomass were

based upon the pigments prescnt (mainly the chlorophylls), the

structure of the functioning green lecaves, and the geometrical



arrangement of the plant canopy which displays the pigments and

1
green leaf structure.

7.5.2 Total Dry Biomass
The spectrocorrelation curve for total dry biomass (Fig. 33)

was very similar to that for total wet biomass (Fig. 32). A close’
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Figure 33, SPECTROCORRELATION FOR TOTAL DRY BIOMASS. Simple linear
spectrocorrelation curve for total dry biomass con-
structed by plotting the correlation coefficients (r
values) between reflectance and total dry biomass for
each of the 91 of .005 um wavelength intervals.

comparison of these two curves shows that there is little difference
in the regression results between reflectance and the two methods

for expressing biomass. Approximately thc same ratc of conversion

1 . : .
Graphical and tabular representations for each of the § spec-
troregression curves for total wet biomass occur in Appendix D.
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from green-functioning biomass to standing dead biomass throughout
the growing season for blue grama has been reported (Uresk, 1971).
At the time of fail sampling, the ratio of brown biomass to green
biomass was roughly equal in the forty plots sampled. The relative
leaf water content was approximately constant among plots and ac-
lcounted for the differences among the valueé of total wet and dry

biomass {Appendix D).

7.5.3 Dry Brown Biomass

Considerable information is available in the literature about
the spectroreflectance of green vegetation but little information is
available on the leaf characteristics which control the spectrore-
flectance of dead or senescent vegetation. Thus, sensitivity of
the spectroreflectance of the dry brown fraction of the total bio-
mass in the near ultraviolet spectral region was not anticipated
(Fig. 34). This high negative correlation of the spectroreflectance
in the néar ultraviolet wavelengths to standing brown biomass oc-
curred between .355 and .375 um. The correlation value at 350 um
was degraded due to a biasing error resulting from occasional mis-
setting of the wavelength grating to .355 ym at the start of the
scan (i.e. value at .350 wm = 0). An inspection of the simple linear
regression (Fig. 35) between reflectance and dry brown biomass at
.365 um where the negative correlation was most significant indi-

cated that there was some biophysical basis for this relationship.1

1Graphical and tabular representations for each of the §
spectroregression curves for total dry biomass occur in Appendix D,
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Figure 34. SPECTROCORRELATION FOR DRY BROWN BIOMASS, Simple linear
spectrocorrelation curve for dry brown biomass con-
structed by plotting the correlation coefficients (r
values) between reflectance and dry brown biomass for
each of the 91 wavelength intervals. Note the signif-
icant correlation in the near ultraviolet region of
spectrumf
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7.5.4 Dry Green Biomass
The spectrocorrelation between reflectance and dry green bio-

mass (Fig. 36) closely resembled the results for total wet biomass
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Figure 36. SPECTROCORRELATION OF DRY GREEN BIOMASS. Simple linear
spectrocorrelations for dry green biomass was con-
structed by plotting the correlation coefficients (r
values) between reflectance and dry green biomass for
each of the 91 wavelength intervals.
and total dry biomass (Figures 32 and 33). Somewhat more significant
spectrocorrelations between reflectance and dry green biomass occurred
than the corresponding spectrocorrelations between the same reflect-
ances and total wet biomass and total dry biomass. Significant
negative correlations occurred in the two spectral regions of pig-
ment absorption (.35 to .50 pm and .60 to .69 pm) and significant

positive correlation occurs in the near infrared region of the

spectrum. This was in complete agreement with the factors input
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into the stochastic model described earlier. The model illustrated
the complex interactions acting upon incident spectroirradiance in
individual green leaves in the spectral regions of pigment absorp-

. . 1
tion and in the region of near infrared intercellular effects.

7.5.5 Chlorophyll

The stochastic model of the spectroreflectance of a leaf re-
ported earlier was shown to be quite scnsitive to the chlorophyll
and carotenoid content of leaves modeled. The concentration of
chlorophyll directly controls absorption of incidental radiation in
the blue and red-orange wavelengths. The spectrocorrelation curve
for spectroreflectance and total chlorophyll content (Fig. 37} thus
approximated the spectrocorrelation curve between reflectance and
dry green biomass (Fig. 36). Chlorophyll was probably largely
responsible for establishing the spectroreflectance (green color)

of the green biomass by its selective absorption of more blue and

- . ll“ l! erminallons oOr otal chloro-

phyll were made for the 40 of 1/4 square meter plots sampled in

September, 1971 (Ross, 1972). Only one analysis per sample was
performed. The results were obtained in terms of mg/g wet weight,
Multiplications of the aliquot weight concentration of chlorophyll
times the respective total wet weight of the plot biomass expressed
the total chlorophyll as a unit arca concentration. The chlorophytl
values for each plot in mg/m2 were then regressed against reflect-

ance for the 91 wavelength intervals to yield the chlorophyll

1 . .
Graphical and tabular reprcsentations for each of the five
spectroregression curves for dry green biomass occur in Appendix D,
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30

spectrocorrelation curve (Fig. 37). It is interesting to note that
the resulting spectrocorrelation curve was very simnilar to that
obtained for dry green biomass cven though these two biophysical

.. . 1
characteristics were measured by two completely independent methods.
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Figure 37. SPECTROCORRELATION OF THE CHLOROPHYLL PRESENT. Simple
linear spectrocorrelation curve for total chilorophyll
constructed by plotting the correlation coefficients
(r values) between reflectance and total chlorophyll
for each of the 91 wavelength intervals., Note the
similarity between this figure and Figure 36.

7.5.6 Leaf Water
The leaf modeling effort demonstrated that leaf spectrore-
flectance between 1.30 to 2.50 um was regulated by the amount of

leaf water present which controlled the interaction of these

1Graphical and tabular represcntations for each of the §
spectroregression curves for chlorophyll occur in Appendix D,
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wavelengths of clectromignetic energy in leaves by»sélective absorp-
tion. The model also showed that leaf water had no direct effect
upon radiation attenuation in the visible and photographic infrared
regions of the spectrum although there was indirect coupling of leaf
water with the physiological status of vegetation. That is, when
leaf water became limiting, green healthy vegetation dried out and
changed into brown vegetation. This coupling of leaf water with
green biomass in functioning leaves ﬁas demonstrated by the spectro-
correlation results between reflectance and leaf water for the 40

sampled plots of blue grama (Fig. 38).
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Figure 38. SPECTROCORRELATION OF LEAF WATER. Simple linear spec-
trocorrelation curve for leaf water constructed by
plotting the correlation coefficients (r values) be-
tween reflectance and leaf water for each of the 91
wavelength intervals. Note the similarity between
this figure and Figures 36 and 37.
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The striking similarity between the leaf water, total chloro-
phyll, and dry green biomass spectrocorrelation curves indicated
that these parameters wére biologically coupled in the canopy.1 The
relationship between leaf water, chlorophyll and dry green biomass
also indirectly controlled the spectrocorrelation curves of total
wet biomass and total dry biomass. The spectrocorrelation curve
of dry brown biomass, however, was very dissimilar to any of the

other five curves.

1 . .
Graphical and tabular representation for each of the five
spectroregression curves for leaf water occur in Appendix D.



§.0 COMPARATIVE INTERPRETATION OF
SPECTROCORRELATION CURVES

8.1 Green Biomass, Chlorophyll, Leaf Water

The spectrocorrelation curves for the leaf water, chlorophyll,
and green biomass measured for the sample plots were slightly dif-

ferent in magnitude but were similar in character (Figure 39).
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Figure 39. SPECTROCORRELATION COMPARISON FOR DRY GREEN BIOMASS,
CHLOROPHYLL, AND LEAF WATER. Simple linear spectro-
correlation curves for the dry green biomass (G),
chlorophyll content (C), and leaf water (W) for the
same 40 in situ plots of 1/4 mZ of blue grama {B.
gracilis). Note the similarity in the three curves
and that the leaf water correlation was generally
most significant.

This indicated that these characteristics of the vegetation canopy

sampled were highly interrelated and represented measurements of
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the amount of the functioning green biomass on the plot. Signifj*
cant correlations among these three measured characteristics were
calculated and supported the spectrocorrelation similarities ob-
tained (Table 7). The absence of near perfect correlation among
Table 7. .CORRELATIONS BETWEEN PLOT CHARACTERISTICS. Correlation
matrix of the hand sampled characteristics of the 40

sample plots described in Table 4. Note the high corre-
lations among dry green biomass, chlorophyll, and leaf

water.

total total dry dry

wet dry green  brown

bio- bio- bio- bio- leaf chloro-

mass mass mass mass water  phyll
wet total biomass 1.000 .972 .975 .836 .907 .893
dry total biomass 1.000 . 946 . 924 .781 .884
dry green biomass 1.000 .780 .885 .880
dry brown biomass 1.000 .559 .698
leaf water 1.000 .850
chlorophyll : 1.000

the hand sampled values of dry green biomass, chlorophyll, and leaf
water was probably caused by the variability associated in measuring
these individual characteristics. Chlorophyll determinations were
the most variable because of sampling error, dilutions, blendings,
and extractions necessary for this laboratory measurement. Dry
biomass measurements used machine sorting on a gravity basis with
hand finishing to separate the dried vegetation into green and brown
fractions. This process was very time consuming and errors were
likely caused by technician fatigue. Leaf water measurements only

required that the dry weight of the grass clipped from the plot be
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subtracted from the wet weight measured for that sample in the field.
The leaf water determination was thus least likely to include meas-
urement error and thus showed the most significant spectrocorrela-
tions of the three measures for functioning green biomass (Fig. 39).

The coefficients of variation for the piot parameters {Table 5)
show the variability introduced by the various determinations. Leaf .
water had the smallest coefficient of variation. The coefficient of
variation for dry green biomass was slightly larger. The chlorophyll
coefficient of variation of 75 per cent was much larger than eéither
the coefficient of variation for dry green biomass or leaf water
indicating the additional variability introduced by this complex
laboratory determiﬁation.

Functioning green vegetation maintains proportional amounts of
‘green biomass, chlorophyll, and leaf water in an interrelated
fashion. Therefore, the interrelationship between green biomass,
chlorophyll, and leaf water was a direct relationship. Approxi-
mately 70 per cent of the wet weight of green vegetation was tissue
water. The water content exerted a direct biological control upon
chlorophyll concentrations by preventing enzymatic and photo—
oxidative breakdown of the chlorophyll molecules, |

Under non-limiting leaf water conditions, photosynthetically
absorbed energy is passed along the pigment system without modify-
ing the chlorophylil molecﬁles. However, when leaf water decreases
the pigment system is apparently no longer capable of #ranSporting

all of the captured electrons and enzymatic and photo-oxidative
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degradation of chlorophyll occurs depending on the leaf water con-
centration (Ross, 1973).
8.2 Total Wet Biomass, Total Dry Biomass,
and Dry Green Biomass
Spectrocorrelation results for total wet biomass, total dry
biomass, and dry green biomass were compared to graphically measure
the impact of the green biomass (the functioning green biomass) upon

the spectrocorrelation curves for total wet and total dry biomass

(Fig. 40). The interrelationship among amounts of total wet biomass,
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Figure 40. SPECTROCORRELATION COMPARISON FOR TOTAL WET BIOMASS,
TOTAL DRY BIOMASS, AND DRY GREEN BIOMASS. Simple linear
correlation curves for the total wet biomass (W), total
dry biomass (D), and dry green biomass {(G) for the same
40 in situ plots of 1/4 square meter blue grama (B.
gracilis). Again note the similarity among these three
measures of the total amount of vegetation present on
the plot.
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total dry biomass, and dry green biomass for this set of forty sam-
ples is clearly demonst;ated by the similarity of these spectro-
correlation curves. Inspection of the intercorrelation among

these three plot characteristics further substantiates this (Tabie
7). An earlier study at the Pawnee Site reported upon the seasonal
dynamicg of blue grama and stated that the coﬁversion or transfer

of green vegetation to brown vegetation could be modeled utilizing
temperature and precipitation (Uresk, 1971). The temperature and
precipitation variation among the forty sample plots would be a mini-
mum because of the close proximity among plots. Thus the percentage
of standing dead or brown vegetation would be relatively constant
from plot to plot. This interrelationship demonstrated the markea

. sensitivity of the total wet biomass and total dry biomass spectro-
correlations to the green biomass present and the apparent insensi-
tivity to the dry brown biomass preseﬁt on the plots., The relatively-
constant conversion of green functioning vegetation to brown or
standing dead biomass (Uresk, 1971) resulted in appfoximately the
same ratio of dry green to dry brown biomass for the forty sample
plots of blue grama.1 The similarity of the three spectrocorrela-
tion curves for biomass simply reflected this compositional charac-
teristic of blue grama dynamics. Therefore the estimation of total
wet biomass or total dry biomass was possible because of predictable

interrelationship to the green functioning biomass at any point in

'1Uresk (1971) states that this conversion is approximately
. 210 per cent per day of the green biomass present during the
growing season for blue grama.
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time during the growing season (Pearson and Miller, 1973). Compari-_
sons among sampling dates during the growing season, however, are
complicated due to temperature and precipitation variation.
8.3 Dry Brown Biomass, Dry Green Biomass,
Chlorophyll and Leaf Water

The spectrocorrelation curve between reflectance and dry brown

biomass showed a heretofore unreported effect (Fig. 41). A great
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Figure 41. SPECTROCORRELATION COMPARISON FOR DRY GREEN BIOMASS,
DRY BROWN BIOMASS, LEAF WATER, AND CHLOROPHYLL. Simple
linear spectrocorrelation curves for the dry brown
biomass (B), dry green biomass (G), c¢hlorophyll (C),
and leaf water (W) for the 40 in situ plots of 1/4
square meter blue grama (B. gractlis). Note that the
similarity exists only in the ultraviolet region of
the spectrum among dry brown biomass and the three
related measures of the functioning green biomass.

deal of similarity existed among spectrocorrelations of dry brown

biomass, dry green biomass, leaf water, and chlorophyll for the
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ultraviolet region of the spectrum studied. It is not known whether
this effect ﬁas caused by sampling at a favoréble time or was indica-
tive of a fundamental spectroreflectance property of standing dead
vegetation. The absence of good spectrocorrelations for the three
measures of the functioning green biomass in the areé of strong
negative spectrocorrelation between reflectance and dry brown bio-
mass suggested that a method of ultraviolet mapping of standing
dead prairie vegetation might be devised (Fig. 41).
8.4 Computation of the Spectroreflectance of the
Underiying Soil Surface

An important aspect of the spectroregression analysis developed
was that it could be used to extract the spectroreflectance of the
soil surface underlying the sample plots. The linear equation

obtained by regression at each wavelength interval is of the form
Canopy Reflectance = Intercept + Slope (Plot Characteristic)

Once this linear relationship at each wavelength was established the
Plot characteristic could be taken to zero and the intercept equaled
the soil reflectance at that wavelength. The linear expression at

each wavelength is

Canopy Reflectance = Soil Reflectance + Coefficient 1
(Plot Characteristic 3

orT

1. s . .

Where the plot characteristic was a measured biophysical
characteristic of the plot such as green biomass, leaf water, or
chlorophyll concentration.
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- 50il Reflectance = Canopy Reflectance + Coefficient
(Plot Characteristic)

The above regression model was an accurate approximation of the
physical situation. The plotted spectrointercept éurves utilizing
each of the six different available biophysical measures of the
vegetation canopy characteristics wére very similar, as in all cases
as the underlying soil surface was in fact the same and should have

the same spectroreflectance (Fig. 42). This was considered to be
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Figure 42. COMPARISON BETWEEN THE SPECTRAL INTERCEPT CURVES FOR

THE SIX INDEPENDENTLY SAMPLED BIOPHYSICAL CHARACTERISTICS
OF THE OVERLYING PLANT CANOPY. Note the very close

similarity between the intercepts for the six different
biophysical plot parameters defining the canopy for the
same 40 in situ plots of 1/4 square meter blue grama

(B. gracilis).
quite significant as the measurement method used to obtain the green
biomass characteristics of the canopy was independent of that method

used for chlorophyll assay but yielded an almost identical computed

soil spectroreflectance.
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Regardless of the biophysical measure of the canopy ased, the
regression intorccpts‘clusuly resembled those of the other ive inter-
cept curves. All six of thcsé curves in turn closely resembled the
independently measured spectroreflectance of bare soil measured in the
same area (Fig. 43). The six plot parameters were themselves inter-
related as shown earlier (Table 7) by the correlation matrix for ihese
measured biophysical characteristics. The soil reflectance at any
wavelength could be estimated in this fashion from the canopy re-
flectance which was a combination of soil and vegetation reflectance.
This estimate could be made for any sample plot at any wavelength for
which the following conditions exist:

1. Linear relationship exists between canopy reflectance

and a biophysical measure of the vegetation on the plot--
i.e., a slope or coefficient is available.
2. The canopy reflectance is measured.
3. The biophysical characteristic of the canopy can be
measured or estimated.
All three of these conditions could be met for the blue grama canopy
studied:

1. Linear relationships were established with six different

characteristics of the blue grama canopy by the spectro-

~regression analysis method described and the degree of
linearity at each wavelength was indicated by the spectro-
correlation curves presented,

2. The canopy reflectance could be measured at any wave-

length or wavelength interval on the ground, remotely
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Figure 43. COMPARISON AMONG THE MEAN OF SIX COMPUTED S0IL SPECTRC -
REFLECTANCES AND THE MEAN OF SOIL SPECTROREFLECTANCE
MEASURED IN THE SAME AREA. -s- represents the mean
spectroreflectance of 25 soil curves. - Tepresents
Plus and minus one standard deviation of the mean.
-i~ represents the mean of the six regression inter-
cept values. Note the close similarity between the
two mean curves from .350 to .800 ym. The soil mean
was formed by averaging 25 soil spectroreflectance
curves for 5 bare soil plots with 5 repetitive curves
per plot. The mean intercept curve was formed from
the individual intercept curves resulting (Figure 42)
from the simple linear regression between reflectance
and the plot parameters for the 40 in situ plots of
1/4 square meter blue grama (5. gractiia}.

from the air and potentially from satellite.

3. The needed biophysical characteristics could be esti-
mated for plots from other remotely measured charac-
teristics of the canopy (Pearson and Millqr, 1973}.

The consistency of the regression intercept values for dif-

ferent biophysical characteristics at each wavelength compared with
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known soil spectroreflectance demonstrated the validity of the regres-
sion model and the accuracy or precision of the results of this
approach. These results could be used to quantify the contribution
of the soil to the canopy spectroradiance or spectroreflectance and
hence better estimate the biophysical characteristics of the canopy
itself. Application of this concept from aircraft or satellite plat-
forms should be undertaken to evaluate its usefulness in the concur-
rent mapping of the functioning biomass and the underlying soil
spectroreflectance by remote sensing methods. The computation of
an accurate soil surface spectroreflectance from canopy reflectance
also holds promise for the mapping of soil types from soil surface
spectroreflectance in grassland areas. This automated soil typing
has only been attempted heretofore for areas with relatively bare
soil such as plowed fields.
8.5 Comparison Between Sampling Dates
for Dry Green Biomass

The analysis of the forty plots éampled in early September and
used throughout the preceeding examples have been compared with a
similar analysis of twenty-four plots sampled eight weeks earlier
in July. At both sampling times, approximately equal total dry
biomass means, standard deviations, coefficients of variations,-and
standard errors of the mean were evident (Table 8). The datga set
analy%ed and discussed in great detail earlier from the early part
of September represented the more complex vegetational situation

containing significant amounts of both dry and green biomass
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Table 8. COMPARISON OF THE BIOPHYSICAL CHARACTERISTICS OF THE BLUE
GRAMA CANOPY FOR TWO SAMPLING PERIODS. A statistical
comparison of the vegetative characteristics of plots of

blue grama (B. gracilis) sampled 8 weeks apart in July
and September and used in constructing Figure 44. Note
the consistency of the total dry biomass between the two
sampling periods but that dry green biomass was trans-

formed to dry brown biomass.

Total dry biomass (g/mz)

July _ September

number of sample plots 24 40
range 69.32 to 352.40 41.50 to 337.84
mean 171.36 168.55
standard deviation 82.36 90.81
coefficient of variation 48,06 53.88
standard error of the mean 16.81 14. 36

Dry brown biomass (g/mz) July September
number of sample plots 24 40
range 17.84 to 91.48 20,40 to 186.42
mean 48.53 82.41
standard deviation 21,81 48.54
coefficient of variation 44,95 58.90
standard error of the mean 4.45 7.68

Dry green biomass (g/mz) July September
number of sample plots 24 40
range 38.72 to 260.92 17.12 to 185.04
mean 122.83 89.38
standard deviation 71.44 50.15
coefficient of variation 58.16 56.11
standard error of the mean 14.58 7.93

fractions (Table 5). A comparison of these bilophysical characteris-

tics for the two dates illustrated that a compositional change from

green to brown biomass occurred in the eight weeks, although the mean

amount of total dry biomass remained relatively constant {Table 8).

The experimentai pPlots contained a dry green to dry hrown biomass
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i
ratio of approximately 3:1 in July during the active growing season.

In September this ratio had become approximately 1:1. Spectrocor-
relation curves for dry green biomass values from the two sampling
dates also reflected the change in composition in the vegetation

canopy (Figure 44), The two spectral regions of strong pigment

I
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Figure 44. SPECTROCORRELATION COMPARISON FOR TWO SAMPLING PERIODS.
Simple linear spectrocorrelation curves for dry green
biomass taken at two different times in the growing
season. S represents September and J represents July.
Note the consistency in the high negative correlations
in the two chlorophyll absorption bands in the blue-
violet and red-orange and the high positive correla-
tions in the photo infrared spectral region.

absorption had high spectrocorrelations with dry green biomass on
both dates as did the photo infrared spectral region where the water
in the green biomass controlled the spectroreflectance, The re-

mainder of the September spectrocorrelation curve was degraded

because of the presence of large amounts of dry brown biomass in
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the plant canopy. The more significant spectrocorrelations existed
earlier in the growing season when the ratio of dry green to dry
brown biomass was much higher. The September results represented
sampling at a less advantageous time in the growing season, although
certain spectral intervals continued to be equally sensitive to the
functioning green biomass regardless of the presence and amount of

standing dead vegetation.



9.0 CONCLUSIONS
9.1 Summary of Results

1. A stochastic leaf model based upon leaf structure, pigment com-
position and concentration; and leaf water content has been
developed using the Markov chain approach and simulated by
computer techniques.

2. The predicted values for spectroreflectance, spectrotransmis-
sance, and spectroabsorptance closely agree with measured
values in the .70 ym to 2.50 um region of the spectrum.

3. Model predictions from .35 to .70 um agree in character with
measured values but magnitude differences indicated that major
differences existed between the extinction coefficients for
plant pigments in organic solvents and the actual im leaf

" situation,

4. Results from the leaf model theoretically support the measure-
ment of canopy biomass: chlorophyll, and leaf water because of
their contribution to canopy spectroradiance and spectrore-
flectance.

5. Green biomass, chlorophyll, and leaf water are measurements of
the amount of functioning green biomass and are highly interre-
lated in blue grama (B. gracilis) plots of the shortgrass prairie.

6. Simple linear spectrocorrelation curves for dry green biomass,

chlorophyll, and leaf water were very similar. Differences
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were probably caused by sampling errors associated with eéch
type of determination.

Regions of high negative spectrocorrelation for these plot
characteristics occurred in two chlorophyll absorption bands
of the visible spectrum. These remained relatively constant
for functioning green vegetation and werc unaffected hy in-
creasing amounts of standing dead vegetation on the plot.

The near infrared region of the spectrum showed a high positive
spectrocorrelation to the three sample characteristics and was
also unaffected by increasing amounts of standing aead
vegetation,. |
Spectrocorrelation results for total wet biomass and total dry
biomass were similar to the spectrocorrelation results for dry
green biomass, chlorophyll, and leaf water. This strong
similarity was caused by the contribution of the functioning
green biomass to canopy spectroradiance and spectroreflectance
and the relative consistency between the sampled plots of the
dry green to dry brown biomass ratio.

Spectral plots of the regression intercept yielded the spectro-
reflectance of the underlying soil or soil-mulch surface. This
provided a method for extracting the effeét of this spectra
from the composite spectroradiance or spectroreflectance of

the canopy.
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9.2 Interpretations of Results

Spectrocorrelation results for total wet biomass, total dry
biomass, dry green biomiss, leaf water,.and total chlorophyll were
slightly different in magnitude but were very similar in character.
This common similarity was probably based upon the contribution of
the functioning green biomass to the grass canopy spectroreflectance.
The dry green biomass, leaf water, and chlorophyll were shown to be
intercorrelated and are actually measurements of that same biological
characteristic--the amount of functioning green biomass present in
the blue grama plant canopy.

The spectrocorrelation curve for brown biomass indicated a
possible near-ultraviolet sensitivity between this plot characteris-
tic and canopy spectroreflectance. The physical basis for this is
not understood and additional investigation is suggested.

Spectrocorrelation comparisons between sampling dates have
identified regions of the spectrum which were unaffecfed by the
presence of standing dead vegetation and continued to show strong
correlations with the amount of functioning green biomass regardless
of the date during the growing season. Other regions of the spectrum
were in turn sensitive to the amount of standing dead vegetation on
the plot.

Spectral plots of the regression intercept yielded the spec-
troreflectance of the underlying soil-mulch spectra and provided a
method whereby the soil or soil-mulch spectra could he extracted

from the composite canopy spectroreflectance.
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The varioué results from the spectrocorrelation-regression
analysis defined the spectral sensitivity hetween spectroradiance
and the vegetative parameters and quantified the contribution of
the soil or soil-mulch spectra to the canopy spectroradiance or
spectroreflectance. These combined results could be used to select
spectral intervals or channels for remote aircraft or satellite
sensing of grasslands and to extract information from the results

of remotely sensed images.
9.3 Current and Future Efforts

Analysis currently underway includes polynomial and multiple
regression spectrocorrelations. These approaches are being used to
evaluate multiple combinations of all possible wavelengths and sample
plot characteristics, Preliminary results have been obtained but are
not sufficiently understood to allow presentation. Results generated
by a plant canopy bidirectional spectroreflectance model are being
used to calculate the pProjected biomass and projected soil area in the
direction of the sun and of a sensor (Smith and Oliver, 1972). Using
these more complex analyses methods it is hoped that more of a varia-
tion can be accounted for than is explained from the simple linear
regressions of the plot characteristics an! that the second order
variation resulting from solar angle at the time of measurement will
be compensated for. Additionai research is also underway to more
clearly identify and model the contribution of standing dead vegeta-
tion or dry brown biomass to canopy spectroreflectance. Multiple

and polynomial regressions of the availahle biophysical measurements
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of the plant canopy wil} be compared with the bidirectional spectro-
retlectance model predictions to determine the significance of the
individual canopy characteristics, including the dry brown hiomﬁss.
Detailed investigations have been initiated into the methodol-
ogy used to compute the spectroreflectance of the soil or soil-mulch
surface underlying the plant canopy. The results of future under-
standing of this approach could lead to automated image processing
approaches to extract and map the soil surface type from aircraft
or satellite for images of grasslands in concert with the produc -

tion of biomass maps of the same areas.
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APPENDIX A
LFMOD1 Description

This appendix contains detailed information concerning the
operating sequence of LFMOD1 (Figure A-1), a complete listing of
the FORTRAN code and subroutines (Exhibits A-1 to A-5), and the
tabular model predictions (Table A-1).

LFMOD1 predicts the spectro-optical properties of a single
green leaf based upon the histological structure, leaf thickness,
pigment composition and concentration, and leaf water content.
Model predictions are made for the absorbed, reflected, and trans-
mitted energy at each of 216 of .10 um intervals between .35 and
2.50 um based upon the noted input parameters,

LFMOD1 requires 40,0008 words of central memory to load and
took approximately 90 seconds to perform the 216 wavelength inter-
actions between 0.35 and 2.50 um on a CDC 6400 computer,

The following sections are contained in this appendix:

Execution sequence diagram - p. 122
FORTRAN code - p. 123

Table of model predictions - p. 131
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PROGRAM
Define variables, arrays,
LFMODL input/output units,
. zero out arrays.
y .
READ INPUT Read in the leaf optical
PARAMETERS parameters.

BLEGIN

Begin the main loop of
the model where each
iteration corresponds to
4 specific wavelength.

WAVELEXGTH
ITERATTUNS

Call PROB to calculate
transistion matrix
probabilities.

RO

MULTIPLY _
ANVTRIX AND Multiply the transfstion
VilCTOR matrix times the state
vector to reach a steady
state by calling MATMPY
to perform the matrix
HATMPY multiplication.

microfilm
pluts at
wavelength

Call FLUXPLT to produce
microfilm plots of the
model as it goes to a

steadv state.

tabular
summary

Figure A-1.

Call PLOTTER to produce
the summary microfilm
and tabular output.
Program stops here.

AN EXECUTION SEQUENCE DTAGRAM FOR THE SIMULATION PROGRAM
LFMOD1 WHICH COMPUTES THE SPECTRO-OPTICAL CHARACTERISTICS
OF A SINGLE LEAF FROM ITS MORPHOLOGICAL AND PHYSIOLOGICAL
PROPERTIES. The spectro-optical characteristics of a
single leaf of black maple (4. negundc) computed by this
program occurs in Table A-1. The complete FORTRAN 1ist-
ing for the main program LFMOD! and its subroutines
MATMPY, PROB, FLUXPLT, and PLOTTER occur as Exhibits A-1
through A-5.
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Exhibit A-1. PROGRAM LI'MODL. Inpnt, outpu!, and program con-

10

trol are handled by this main section of LFMODI. See
Figure A-1 for the execution sequence diagram.

PROGRAM LFMODI
1 (INPUT=64, OUTPUT=64, FILMPL=128, PUNCH=64, TAPES5-
IINPUT, TAPE7=64)

COMMON/I1111/TRAN(12,12),ST1(12), ST2(12), TRAN2(12, 12)
COMMON/22722 /PFI{300), ABS(300), TRN(300), WAVLN(300)
COMMON/33333/CAROT(300}, CHLOROA{30N), CHI.OROE(300),
1H2G(300)

COMMON /44444 / OUT{12,250),M, LEVEL, IS

1, CONCART, CONCHIA, CONCHLR, EWT

DIMENSION COMP(12), N{(230}, STC(12)

READ(5, 100)M, LEVET,

NROWS=LEVEL/LG

READ(5, 101} (COMP(T), =1, M)

READ(5,102)  (STO0{1), [=1, M)

DO 1 I=1,250

N(I)=1I-1

CAROT(I)- CHLOROA({I)=CHLOROR(I)=H2O(I}=0.

READ(%, 105) CONCART, CONCHLA, CONCHLR, EWT
READ(%, "04) (CAROT(I), CHLOROA(I}, C HLOROA(I), H20(1),
11=1, 7)

READ(5, 203) (CHLOROA(I), CHLOROBR(I}, 18, 216)
READ(5,305) A,B

READ(5,301;  (CARO'T(1),1:8,216)
READ(S5, 36G2)  (HZG(1),I:6,2146)

PUNCH 3060, (CAROT(I),I-1,216)

PUNGCH 305, (CHLOROA(I), CHLORO®I), I-2
PUNCH 300, (H20(1),1-1,716)

DOSI=1,216

W WAVLN(I)- 3401 FLOAT 1)+, 01

PRINT 250, I, WL, CAROT(1), CHLLOROQA(L), CHIL.OROB(I),
1H206(1)

CAILL PLTDATA

DO 1D 1=1, M

DO 10 J=1,M

TRAN(I, T7)-0.0000

DOQ76IS:1,216

CALY, PROB

WRITE(7,200) WAVLN(IS)

WRITE(7,201) (COMP{I},1-1, M)

DO 0TI, M

,216)
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Exhibit A-1 - cont.

20 WRITE(7,202) COMP(I), (TRAN(I, L), L=1, M)
DO 3011, M

30 ST (1)~ bI‘O(I)
DO 40 1=-1, M

40 OUT(1, 1)-STI(I)

DO 50 K=2, LEVEL
CALL MATMPY
DOSOI-1l, M
OUT(1, K)=ST2(1)

50 STI(1}-ST2(1)
CALL FLUXPLT
K= MM-= 1 $ NN-=10

DO751: 1, NROWS
WRITE(7, 203)N(K), N(K+ 1), N(K12), N(K! 3), N(K+4), N(K+5),
IN(K+6), J(K+7) N{K+8), N(K+9)
K=K+10
DO 70 I=1, M .
70 WRITE(7,204) COMP(1),(OUT(L, J), J=MM, NN)
MM=MM+ 10
IF(MOD(L, 5).EQ.0) WRITE(7, 210)
75 NN=MM+ 9
RFL(IS)-ST2(2)+ST2(6)
ABS(IS)-ST2{4)+STZ(8)
76 TRN(IS)=STZ(10)
PRINT 210
PRINT 207
IS=15-1
DO 80 I- 1,18
80 PRINT 206, WAVLN(I), ABS(I), RFL(I), TRN(I)
CALL PLOTTER
100 FORMAT{41%)
101 FORMAT( 8A]0)
102 FORMAT(16F5.3)
103 FORMAT(2F6.3)
104 FORMAT(F6.3,3X, 3(F6.2, 3X))
105 FORMAT{8(F10.0)) '
107 FORMAT(10X,2(F10.3))
200 FORMAT(//25X* TRANSISTION MATRIX AT WAVELENGTH =
1#F6.,3*MICROME TERS# )
201 FORMAT({1X* TO/FROM% /14X, 10{A}0, 1X)/)
202 ~ FORMAT(1X,Al10,2X, I0(F8.6, 3X))
203 FORMAT( /18X, 1%{13, 7X))}
204 FORMAT(1X,AL0, 32X, I(F8.6,2X))
205 FORMAT(//50X+* WAVELENGTH - #F6.4*MICROMETERS* /)
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Exhibit A-1 - cont.

206
207

210
250
300
301
302
303
304

305

FORMAT(10X,4(F10,3))

FORMAT(l4X+*WAVELEM. ARSORB. REFLECT.

/1)
FORMAT(1HI)
FORMAT(5X, I3, 5(F10.4))
FORMAT{10{F8.3))
FORMAT(2(10X, F10.0, 20X))
FORMAT(4(10X, F10. 0})
FORMAT(2(10X, 2(F10.0)))
FORMAT(4(F10.0))
FORMAT(AL0/A10)
END

TRANS.
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Exhibit A-2. SUBROUTINE MATMPY. This subroutine multiplies
the Markov transition matrix times the state vector.
See Figure A-1 for the execution sequence diagram.

SUBROUTINE MATMPY
COMMON/11111/TRAN(12, 12), ST1(12), ST2(12), TRAN2(12, 12)
COMMON /44444/ OUT(12,250),M, LEVEL, IS
DO 10J=1, M
10 ST2(J)=0.
DO201=1,M
DO 20J-1, M
20 ST2(I)= TRAN(I, J )*ST1{J)+ST2(I)
RETURN
END
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Exhibit A-3. SUBROUTINE PROB. PROB is called to calculate the
Markov transition matrix probabilities for each wave-
length interval. Entry point PLTDATA produces a
microfilm plot of all input data values. See Figure A-1
for the execution sequence diagram.

SUBROUTINE PROB
COMMON/11111/TRAN(12,12),ST1(12), ST2(12), TRAN2(12, 12)
COMMON /22222 /RFL(300), ABS(300), TRN(300), WAVLN({300)
COMMON/33333/CAROT(300), CHLOROA(300), CHLOROB(300},
1H20(300)
COMMON /44444 / OQUT(12,250),M, LEVEL, IS
l, CONCART, CONCHLA, CONCHLB, EWT
ECAT=-.008 $ ECBT=-.003 $ ECRT=-.002
EWT=-.015
PP=.55 $ XM= . 45
TRAN(2,2)=TRAN{4, 4): TRAN(6, 6)= TRAN(8, 8)=TRAN(10, 10)=
11.000 ‘
TRAN(2, 1)-.01
TRAN(3.1)=.99
A=1,- EXP(CHLOROA(IS}ECAT)
B=1.-EXP(CHLOROB(IS}ECBT)
C=1.-EXP(CAROT(IS*ECRT)
HOH=1.-EXP(H2QISPEWT)
TOTAL=A+B+C+HOH
IF(TOTAL.GE.1.)TOTAL=1.
IF(TOTAL.LE.0)TOTAL=0.000
TRAN(4, 3)= TOTAL*PP
. TRAN(4, 5)- TRAN(4, 3)/2.
"TRAN(8, 7)- TOTAL*SM
TRAN(8, 9)- TRAN(S, 7)/2.
TRAN(S5, 3)= TRAN(7, 3)=(1.-TRAN(4, 3))/2.
TRAN(9, 7)=1.-TRAN(8, 7)
TRAN(6, 5)= TRAN(5, 3)%.3
TRAN(7,5)- TRAN(5, 3)+.2
TRAN(5,5)=1.-TRAN(4, 5)- TRAN(%, 5)- TRAN(7, 5)
TRAN(10,9)=.08
TRAN(3,9)=.12
TRAN(9,9)=1.-TRAN(3, 8)-TRAN(10,9)- TRAN(8, 9)
RETURN '
ENTRY PLTDATA
CALL SET(.15,.9,.18, .85, .350,.800,0.,300.,1)
CALL LABMOD(7H(FL0.3},7H(F10.0),10,10,1,1,0,0,1)
CALL PERIML((10 5,10, 5)
CALL PWRT(428, 90, I9HWAVELENGTH ($L?M$U), 19,2, 0)
CALL PWRT(428, 90, 19 HWAVELENGTH ($L?M$U), 19,2, 0)
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Exhibit A-3 - cont.

CALL PWRT(35, 343, 26HCOEFFICIENT OF ABSORBTANCE,
126,2,1)
CALL PWRT(35, 343,26 HCOEFFICIENT OF ABSORBTANCE,
126,2,1)
CALL FRSTPT(WAVLN( 2), CAROT(2))
DO101=2,17
10 CALL PSYM(WAVLN(1), CAROT(I), 1HL, 1, 0,2)
CALIL, FRAME
CALL SET(.15, .9, .18, .85, .350,.800,0.,300.,1)
CALL LABMOD(7H(F10.3),7H(F10.0),10,10,1,1,0,0, 1)
CALL PERIMI{10,5, 10, 5) -
CALL PWRT(428, 90, 19HWAVELENGTH ($L2M$U), 19, 2,0)
CALL PWRT(428, 90, 19 HWAVELENGTH ($L.7 M$U), 19,2, 0) .
CALL PWRT(35, 343 . 26HCOEFFICIENT OF ABSORBTANCE,
126,2,1)
CALL PWRT(35, 343, 26HCOEFFICIENT OF ABSORBTANCE,
126,2,1)
CALL FRSTPT{WAVLN(1), CHLORQA(1))
DO20I=1, 30
20 CALL PSYM(WAVLN(I), CHLOROA(I), 1HA, 1, 0,2)
CALL FRSTPT(WAVLN(1), CHLOROB(1))
DQ30I1=1, 29
30 CALL PSYM(WAVLN(I), CHLOROB(I), 1HB, 1, 0, 2}
CALL FRAME
CALL SET(.15, .9, .18, .85, .350,2.50,0.,150.,1)
CALL LABMOD(7H(Fi0.3), 7H(F10.1),10,10,1,1,0,0, 1)
CALL PERIML(10, 5, 10, 5)
- CALL PWRT(428, 90, I9HWAVELENGTH ($L?M$U), 19, 2, 0)
CALL PWRT(428, 90, 19HWAVELENGTH ($L?M$U), 19, 2, 0)
CALL PWRT(35, 342, 26 HCOEFFICIENT OF ABSORBTANCE,
126,2, 1)
CALL PWRT(35, 342, 26HCOEFFICIENT OF ABSORBTANCE,
126,2,1)
CALL FRSTPT(WAVLN(36), H20(36))
DO401-36,211, 2
40 CALL PSYM(WAVLN(1), H20(1), LHW, 0, 0, 2)
CALL FRAME . \
RETURN
END
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Exhibit A-4. SUBROUTINE FLUXPLT. This subroutine produces a
microfilm plot of the interleaf radiative flux at each
wavelength. See Figure A-1 for the execution sequence
diagram.

SUBROUTINE FLUXPLT

COMMON /22222 /RFL(300), ABS(300), TRN(300), WAVLN(300)
COMMON /44444 / OUT(12,250),M, LEVEL, IS

DIMENSION ICHAR(10), ISIZE(10), TITLE(5)

DATA ICHAR/IH(, 1H,, |HP, 1HA, 1HS, 1H', |HM, 1H9, 1H", 1HT
1/ISIZE /21,550,221, 0 /

OUT(11, 1)-0. 00

IWL=1S% 104340

ENCODE(36, 100, TITLE) IWL

CALL SET(.15,.9,.18..90,0.,39.,0.,60.,1)

CALL LABMOD(7H(F10.2), TH(F10.2),10,10,1,1,0, 0, 1)

PFRTN 1 1

CALL PWRT(440, 40, 11HSTEP NUMBER, 11,2, 0)

CALL PWRT(440, 40, | IHSTEP NUMBER, 11, 2, 0)

CALL PWRT(40, 470, 7THPERCENT, 7,2, 1)

CALL PWRT(40.470, THPERCENT, 7,2, 1)

CALL PWRT( 80,950, TITLE, 36, 3, 0)

CALL PWRT( 80,950, TITLE, 36, 3, 0)

CALL FRSTPT(0., OUT(4, 1))

DO20I-4, M

DO10I- 1, LEVEL

ALEVEL-J-1

1F { I .EQ. 7 ) GOTOl0

IF (OUT(I.J} .LT. .005) GOTOILO

OUTS:=0QUT(I, J )+ 100.

- CALL PSYM(ALEVEL, OUTS, ICHAR(I), 1, ISIZE(]), 2)

10 CONTINUE : :
20 CALL FRSTPT(0., OUT(I+1, 1))

CALL FRAME -
100 FORMAT(28HINTERLEAF RADIATIVE FLUX AT 5. 3H NM)

RETURN :

END
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Exhibit A-5. SUBRQUTINE PLOTTER. The final model predictions

10

20

30

are plotted on microfilm by this subroutine. Refer to
Figure A-1 for the execution sequence diagram.

SUBROUTINE PLOTTER
COMMON /22222 /RF (300, ABS(300), TRN(300), WAVLN{300)
CCMMON /44444 /0UT(12,250), M, LEVEL, IS

DO 101=1,1S

ABS(I)-1.-RFL(I)

CONTINUE

CALL SET(.15,.9,.18, .80, .350,2.50,0..1.,1)

CALL LABMOD(7H(F10.3), 7H(F10.2),10,10,1,1,0, 0, 1)
CALL PERIML(10 3,10, 5)

CALL PWRT(428, 90, I9WAVELENGTH ($L?M$U), 19,2, 0)
CALL PWRT(428, 90. I9WAVELENGTH ($L?M$U), 19.2, 0)
CALL PWRT(30,485, 7THPERCENT, 7,2, 1)

CALL PWRT(30,485, 7HPERCENT, 7,2, 1)

ICHAR=1Hx

CALL FRSTPT(WAVLN(1), TRN(1})

DO 20 I-1, IS

CALL PSYM(WAVLN(I), TRN(I), ICHAR, 1, 0, 2)

CALL FRSTPT(WAVLN(1), ABS(1))

DO 30 1-1, IS

CALL PSYM(WAVLN(I), ABS(I), ICHAR, 1, 0, 2)

CALL FRAME

STOP 1

END



Table A.1. THE MODELED SPECTRO-OPTICAL CHARACTERISTICS OF A
SINGLE LEAF. The values for spectro reflectance (RFLCTD), spectro trans-
missance (TRANSMTTD), and spectro absorbance (ABSRBD) were computed
at .01 pm by the program LFMODI. The input data were the leaf thickness
and structure, pigment composition and water content of a single leaf of

black maple.
TWAVE- WAVE-
LENGTH RFLCTD TRNSMTTD . ABSRBD LENGTH RFLCTD TRNSMTTD ABSRBD

{pm) (%) (%) (%) {pm) (%) (%) (%)

. 350 22.25 16.27 61.47 .650 33.28 27.04 39.67
. 360 20.22 14. 44 65.34 . 660 26.69 20,45 52.87
. 370 18,56 12.97 68.47 .670 20, 33 14.53 65. 14
. 380 17.30 11,90 70. 80 .680 14.09 9.24 76.67
. 390 15.60 10, 47 73.92 . 690 22,99 16.95 60.07
. 400 14,21 9,34 76.45 - .700  46.98 41,84 11.06
. 410 13.32 8.63 78.05 .710 50.79 46.15 2.86
.420 9.61 5,82 84. 56 . 720 52,06 47.61 .08
<430 7.67 4,44 87.88 .730 52,05 47.60 .11
. 440 5.21 2.79 92,00 . 740 52.04 47.59 .12
.450 5.04 2.68 92,28 . 750 52.03 47.57 .15
. 460 7.77 4,52 87.71 . 760 52,04 * 47,58 .14
. 470 9.17 5,50 85,33 .770 52.04 47,58 .13
.480 7,80 4,53 87.67 . 780 52.04 47,59 .12
. 490 14.33 9.44 76.23 . 790 52,05 47.59 .12
. 500 29, 64 23,35 47.00 .800 52.50 47,59 .11
. 510 34.89 28.71 36. 38 .810 52,04 47,58 .13
.520 35.89 29.76 34.32 .820 52.03 - 47,57 .16
.530 37.87 31.85 30.25 .830 52.02 47,56 .18
. 540 38.11 32,11 29.75 .840 52.01 47,55 .20
. 550 38.33 32,35 29,29 L850 52,00 47.53 .22
. 560 38,53 32.56 28.87 . 860 51.98 47.52 .26
.570 39.95 34.09 25.92 .870 51.97 47,50 .29
. 580 38.90 32.96 28.11 .880 51.95 47.48 .33
. 590 38.71 32,75 28.51 .890 51.94 47,46 .36
. 600 38.16 32.16 29.65 .900 51.92 47.45 .39
.610 36.95 30.88 32.15 .910 51.72 47.z2 .83
.620 . 36.55 30. 45 32.98 .920 51,52 46,99 1.26
.630 35.27 29.10 35.61 .930 51.33 46.76 1.68

. 640 34,69 28. 51 36.79 940 51.13 46. 54 2.11
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Table A.1, Cont.

WAVE- WAVE- .

LENGTH RFLCTD TRNSMTTD ABSRBD LENGTH RFLCTD TRNSMTTD ABSRBD
tpm}) (%} (%) (%) (pm) (%) (%) (%)
.950 50.94 46. 32 2.53 1,300 49,52 44.70 5.60
. 960 50.99 46. 38 2.42 1,310  48.62 43,69 7.53
.970 51.04 46.43 2.31 1,320  47.75 42.71 9. 39
.980 51.09 46.49 2.20 1.330  46.92 41.77  11.19
.990 51.14 46, 55 2.10 1.340  46.11 40.86 12.92
1.000 51.19 46.60 1.99 1.35  45.33 39.99 14, 58
1.010 51. 30 46,74 1.74 1.360  42.03 36.35  21.5
1.020 51.42 46.87 . 1.49 1,370 39.16 33.24  27.56
1.030 51.53 47.00 1.23 1.380  36.65 30. 56 32. 76
1.040 51.65 47.13 .98 1.390 34,44 28.24 37.31
1.050 51.77 47.27 .73 1.400 32,46 26,20  41.33
1.060 51.74 47.23 .79 1,410 29,78 23.49 46.72
1.070 51.71 47.20 .86 1.420  27.49 21,23 51.27
1.080 51.68 47.16 .93 1.430  25.51 19, 32 55. 17
1.090 51.65 47.13 .99 1.440  23.79 17.69  58.53
1.100 51.61 47.09 1.06 1.450 22,26 16.28  61.45
1.110 51.31 46.74 1.73 1.460  23.11 17.06  59.83
1.120 51.00 46. 39 2.39 1.470  24.02 17.91 58.07
1.130 50.70 46.05 3.04 1,480  25.00 18.83 56.17
1.140 50. 40 45.71 3.68 1.490  26.05 19.84 54,11
1,150 50. 11 45. 38 4.32 1.500  27.19 20.94  51.87
1.160 50.01 45.27 4,53 1.510  28.43 22.15  49.41
1.170 49.92 45.16 4.73 1,520  29.78 23.49 46,72
1.180 49.82 45.05 4,94 1.530  31.26 24.98  43.76
1.190 49.73 44.94 5.14 1.540  32.8% 26.63  40.48
1.200 49,63 44.84 5.35 1.550  34.67 28. 48 36,83
1.210 49.68 44,89 5.24 1.560  35.54 29.39.  35.06
1.220 49.73 44,94 5.14 1.570  36.45 30.34 33. 19
1.230 49.78 45.00 5,04 1.580  37.40 31. 36 31,22
1.240 49.82 45.05 4.94 1,590 38,41 32.43  29.13
1.250 49,87 45.11 4,84 1,600  39.46 33,56 26.93
1.260 49,80 45,02 4.99 1.610  39.89 34.02 26.04
1.270 49.73 44.94 5.14 1.620 40,133 34,50  25.13
1.280 49.66 44.86 5.30 1.630  40.77 34.98  24.20
1.290  49.59 44.78 5.45 1.640  41.22 35.47 23,25
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Table A.1. Cont.

e e e e e e =

WAVE~ WAVE-
LENCTH RELCTD TRNSMTTD ABSRBD LENGTH RFLCTD TRNSMTTD ABSRBD
() (%) (%) (%) _fpm) (%) {%) (%)
1.650 = 41.69 35.98 22.27 2.000  11.22 7.01 81,77
1.660 41.62 35,91 22.41 2.010  11.94 7.56 80. 50
1.670 41,56 35.83 22.55 2.020  12.78 B.21 79.02
1.680 41,49 35.76 22.69 2,030 13.74 8.97 77.28
1.690 41,42 35.69 22.43 2.040 14,88 9.88 75.24
1,700 41,36 35. 62 22.97 2,05  16.21 10. 98 72.81
1.710 40.96 35.19 23.80 2.060 17,22 11.82 70, 96
1.720 40, 58 34.77 24,60 2.070  28.135 12.79 68.86
1.730 40,20 34.36 25.40 2.080 19,63 13.92 66.45
1.740 39.83 33.96 26.17 2,090  21.10 15,22 63.68
1.750 39.46 33.56 26.93 2.100  22.79 16. 76 60. 45
1, 760 38.99 33,05 27.93 2.110  23.56 17,47 58.97
1.770 38.52 32,55 28.90 2.120 24.38 18,24 57.38
1.780 38.07 32.06 29.84 2.130 25,25 19,07 55.67
1.790 37.19 31,13 31.66 2.140  26.19 19.97 53,84
1.800 34,67 28,48 36,83 2.150  27.19 20.94 51,87
1.810 32.46 26.20 41,33 2.160 27,49 21.23 51.27
1,820 31.45 25.17 43.37 2.170  27.80 21.53 50. 67
1.830 29, 61 23,32 47.07 2.180  28.11 21,84 50.05
1.840 27.96 21.68 50. 36 2.190  28.43 22.15 49, 41
1.850 25.78 19, 57 54. 64 2,200  28.76 22.47 48.76
1.860 23.56 17.47 58.97 2.210  28.43 22.15 49.41
1.870 17.50 12.07 70.43 2.220 28,11 21.84 50.05
1.880 13.87 9.07 77.07 2,230  27.80 21.53 50. 67
1.890 11.50 7.22 81.28 2.240 27.49 21.23 51,27
1.900 9.87 6.07 84.11 2.256 27.19 20.94 51.87
1.910 9.33 5.62 85.04 2.260  26.61 20. 37 53,01
1,920 8.87 5.29 85.85 2.270  26.05 19,84 54,11
1,930 8.46 5.00 86. 55 2,280  25.51 19. 32 55.17
1.940 8.10 4.74 87.16 2.290 25,00 18.83 56. 17
1.950 7.78 4,52 B7.69 2. 300 24,50 18. 36 57.14
1.960 8.24 4.84 86.92 2.310 23,33 17.27 59. 40
1.970 8.78 5.22 86.00 2.320 22.26 16.28 61.45
1,980 9.44 5,70 84.87 2.330  21.29 15. 39 63, 32

1.9590 10,23 6.28 83. 49 2, 340 20, 38 14. 58 65.03
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Table A.1. Comt.

WAVE- WAVE-
LENGTH RFLCTD TRNSMTTD ABSRBD LENCTH RFLCTD TRNSMTTD ABSRBD
{pm ) (%) {%) (%) _{pm) -~ (%) (%) (%)

2.350 19, 55 13.84 66. 60 2.450  12.38 7.90  79.73
2. 360 18.71 13.11 68.18 2.460  11.71 7.38 80.91
2.370 17.93 12. 44 69.63 2.470 11,11 6.93  81.95
2. 380 17.22 11,82 70.96 2.480 10,58 6.54  82.88"
2. 390 16.55 11.26 72.19 2.490  10.11 6.19  83.70
2.400 15.93 10.75 73.32 2. 500 9.68 5.88 84,44
2.410 15.07 10.04 74.90

2.420 14.29 9.40 76.31

2.430 13.59 8.84 77.57

2.440 12.95 8.34 78.70
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APPENDIX B

The Selection of a Species for Fiéld
Validation Measurements

Description of Study Area

The measurements made in the field and used in this thesis
were obtained from the shortgrass prairie at the International
Biological Program's (IBP) Grassland Biome Pawnee Intensive Site
located on the Central Plains Experiment Station of the Pawnee
National Grasslands. The Pawnee Intensive Site is épproximately
30 miles northeast of Ft. Collins, Colorado, near the town of Nunn
on sections 21 and 27, Township 10N, Range 66W in Weld County
(Jameson, 1969). The soil underlying the sample plots is as an
Ascalon sandy loam, aridic arguistall, fine-loamy mixed, and mesic
(Dye, 1972). Thg 29-year (1939-1967) average annual precipitation
of the area is about 31 cm per year with approximately 80 per cent
of the precipitation falling as rain during the growing season from
May 1 to September 30. ' Annual precipitation has varied from a low
of 11 em to a high of 58 cm (Bement, 1968). Wind velocity averages
10.3 kilometers per hour and the mean high and low temperatures
during the growing season were 25.6°C and 8.3°C respectively, The

average frost period was 135 days.
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Selection of Species

The shortgrass prairie which was used as the field site is
dominated by various species of grasses (Table B-1). One species,
blue grama (Bouteloua gracilis) (H.B.K. Lag. ex. steud.) is the major
forage species in.the shortgrass ecosystem, comprises about 43 per
cent of the weight of the graminous vegetation at the Pawnee Inten-
sive Site, and is one of the important grass species on well over
200 million acres in the Great Plains of the United States (Uresk,
1971). The development-of remote methods to estimate and map thé
biomass and physiological status of blue grama will enable Tesearchers
Lo estimate the nutrient cycling and energy flow through this impor-
tant species to other trophic levels of the shortgrass prairie.

Therefore, blue grama was selected for the field experimentation.

Selection of Sample Plots

The selection of blue grama plpts was made in the Ecosysten
Stress Area (ESA) located to the west of the headquarters building
at the Pawnee Intensite Site. The ESA contains two Tepetitions of
4 types of treatments: control, irrigated, nitrogen fertilized, and
irrigated and fertilized. These treated areas were selected for use

as they allow a much wider biomass sampling range and the vegetation

e s o NI

tions of this research were conducted at the boundary between an
irrigated treatment and an irrigated and nitrogen fertilized treat-

ment and used plots of 1/4 m2 in area,.
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Table B-1. NATIVE RANGE PLANTS OF THE SHORTGRASS PRAIRIE
(extracted from Uresk, 1971).

Percent of Total
Aboveground Biomass

VEGETATION TYPE by Dry Weight
GRASSES: : 57%
Blue grama (Bouteloua gracilis) 43
Red threeawn (Aristida longiseta) 8
Sunsedge (Carex heliophila) 3
Buffalo grass (Buchloe dactyloides) 2
Sand dropseed (Sperobulus eryptandrus) 1
PRICKLY PEAR (Opuntia polyacantha) 26%
SHRUBS ; * 7%

Fringed sagewort (Artemisia frigida)
Rubber rabbitbrush (Chrysothammus nauseosus)
Broom snakeweed (Gutieirizia sorothrae)
FORBS: * 6%
Plains bahia (Bahtia oppositifeolia)
Scarlet globemallow  (Sphaeroleec cocecineq)
Evening primrose (Oenothera spp.)
MISC. 4%

TOTAL 100%

*The individual contribution of these vegetation types was not
given.



APPENDIX C



140

APPENDIX C
ST38RMF Statistical Program Description

ST38RMF is a modified version of the Colorado State University
Statistiéal Laboratory's stepwise multiple regression FORTRAN pro-
gram STATSSR, which is, in turn, adapted from a BMDO2R program
originally developed at UCLA under sponsorship of the National
Institute of Health (Dixon, 1971). The Colorado State University
Statistical Laboratory modified the program for use on the Univer-
sity's CDC 6400 central computer and makes the STAT38R version
available on permanent file for anyone wishing to uée it. A card
deck version of STAT38R was obtained from the Statistical Laboratory
and modified to accept a series of spectral data as gathered by the
IBP field spectrometer laboratory. No modifications of any sort
were made to the statistical logic of the original program and the
control card setup for ST38RMF is identical to that of STAT38R. The
modifications made to the program included reducing the size of all
input/output buffers, reducing the total number of input/output units
to eight, and adding a microfilm plotting subroutine to plot the
simple linear regressions and the summary spectrocorrelation plots,
Both STAT38R and ST38RMF are documented and any interested parties
should address their inquiries to the CSU Statistical Laboratory or

to C. J. Tucker for further information or a copy of the program(s).
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A brief summary of the %eatures and options of ST38RMF follows to
acquaint the reader with the utility of this software package.

ST38RMF computes a sequence of multiple linear regression
equations in a stepwise manner. The program will handle a simple
linear regression of two variables to an eighty variable multiple
regression.. The user has the option of forcing variables into the
equation and specifying a regression intercept if desired. Output
at every step of the program includes simple or multiple correla-
tion coefficients, standard error of estimate, analysis of variance
table, the F value to remove and the standard error of the regres-
sion coefficient(s), and the partial correlation coefficient of
variables mot in the equation and their F value to enter. Optional
output includes;

I. Tables of the means, standard deviations, coefficients
of variation, and standard errors of the mean.

2. Correlation matrix.

3. Covariance matrix.

4. Variable plot residual list.

5. List of the unit normal deviate form of the residuals.

6. Plots of the unit normal deviate forms of the residual
against the variables,

7. Full normal plot of the unit normal deviate form of
the residuals.

8. A microfilm plot of a two-variable regression, including
the point scatter, r value, sample size, regression line,
and regression equation.

At the conclusion of each computer run, ST38RMF outputs a

punched card, tabular, and microfilm summary of the r, rz, F, slope



and intercept values for every case. In addition, a complete analy-
sis of variance table of the regression model is printed and punched
onto cards for storage (see Appendix D for an example of the tabular
output of thishanalysis). Limitations include a minimum of two
original variables and a maximum of eighty, a maximum of seventy-
eight transgenerated variables, a total number of eighty variables,
and a total number of data values not to cxceed 9999. Operating time
in éentral processor (CP} seconds on a CDC 6400 computer is approxi-
mately equal to the sample size divided by 18 for each wavelength
interval operated upon. This is a total CP time of approximately
200 seconds for the ninety-one wavelength intervals between .350

and .800 ym with all optional output generated,
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APPENDIX D
Statistical Results of Spectrocorrelation Analysis

Detailed statistical results of the spectrocorrelation analyses
are presented in this appendix as plotted on microfilm and in tabular
format for all ninety-one .005 um wavelength intervals.

All of the results presented in this appendix were generated
by the ST38RMF statistical program (seé Appendix B) and output by
that program in the tabular form and also in a punched card deck for
subsequent display on microfilm. All figures presented in this
appen&ix were generated on the CDC 280 microfilm plot package of
the CSU computer center. The resulting microfilm was then printed
photographically and the high contrast prints included directlf into
the thesis and this appendix. No retouching of any data points has
been done in either the microfilm prints or in the statistical tables.
A complete summary of the input plot data parameters was given in
Table 4 in the text (Pearson et al, 1973). The complete suite of
spectral curves utilized are given in both tabular and plottéd format.

The tabular graphical and tabular ou*put which follows is

broken into the following subsections:

Total wet biomass - p. 145
Total dry biomass - p. 150
Dry green biomass - p. 155
Dry brown biomass - p. 160
Leaf water - p. 165
Total chlorophyll - p. 170
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Total wet biomass
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Figure D-1. STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRESSION

FOR TOTAL WET BIOMASS (TWB} VERSUS REFLECTANCE AT EACH
WAVELENGTH. The linear regressions were formed for the
total wet biomass present on 40 of 1/4 meter squared plots
of blue grama (5. gracilic) and the reflectance of the
plot at 91 wavelengths between -350 and .800 pum. The
tabular values of these coefficients can be found in

Table D-1. (a) The correlation coefficient (r) versus
wavelength or the spectrocorrelation curve. (b) The
coefficient of determination (rl) versus wavelength. (c¢)
The F value versus wavelength where the horizontal line

shown by -5- represents the .5% level of significance for
1/38 degrees of freedom.
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Figure D-2.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
STON FOR TOTAL WET BIOMASS (TWB) VERSUS REFLEGTANCE AT
EACH WAVELENGTH. The linear regressions were formed for
the total wet biomass present on 40 of 1/4 meter squared
plots of blue grama (3. gracilis) and the reflectance
between .350 and .800 um. Each regression equation at
each wavelength yields a slope and intercept value which
occur in Table D-1. (a) The plot of the slope at each
wavelength. (b) The plot of the ''ym intercept of the
straight line which represents the reflectance of the
plot when the total wet biomass value is zero, Plotted
against wavelength it represents the spectroreflectance
of the underlying, unexposed soil surface.
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Table D-1. SIMPLE LINEAR REGRESSION BETWEEN CANOPY REFLECTANCE AND TOTAL WET
. BIOMASS (TWB). The coefficients and equatipn resulting from these computations are
shown for each available wavelength. The sample set in each case consisted of 40 of
1/4 square meter plots of blue grama (B. gracilis). Plots of r, re, F, Y, and m
values versus wavelength occur in Figures D-1 and D-2.
Wave- Standard Degrees
Length T r2 Error of of ) Regression Equation
{jmm) Value Value Estimate Freedom F Rutio - (y =b + mx)
. 350 -.4595 2112 .8417 - 1/38 10. 1718 Y= 3.7951-.0032(TWB)
. 355 -. 7197 .5179 . 5455 1738 40,8235 = 4.0252-.0042(TWB)
. 360 -.7385  .5454 - 3396 1/38 45. 5950 Y=3.9758-.004 % TWR)
. 365 -.7816 - .6108 -4911 1/38 59.6432 Y=4.0034-,0045( TWB)
. 370 -.7834 .6137 .5077 1/38 60. 3635 Y= 4.0755-,0047(TWB)
.375 -.7914 .6263 .5023 1/38 63.6901 Y= 4.1508-.0048( TWB)
.380 - 7935 .6296 . 5069 1/38 64.5936 Y= 4.2493-,0049( TWB)
. 385 -.8329 .6937 .4834 1/38 86.0811 Y=4,9326-.0053(TWB)
-390 -.8242 .6793 . 4645 1/38 80.4997 Y=4.7979-.0050( TWB)
. 395 -.7783 .6057 .6055 1/38 58. 3810 Y=15.1374~.0055(TWB)
.400 -. 7568 . 5727 .6211 1/38 50.9338 Y= 5. 3566-.0053(TWB)
»405 -.8117 .6589 .5226 1/38 73.4025 Y= 3.5292-.0053(TWR)
.410 -.8324 . 6928 - .4809 1/38 85.7126 Y= 5.6525-.0053(TWB)
.415 -, 8091 .6547 .5181 1/38 72.0531 Y= 5.8477-.0052(TWB)
«420 -. 7960 .6336 . 5405 1/38 65.7158 Y=6.0136-.0052(TWB)
.425 -, 7445 . 5542 .6349 1/38 47,2431 Y= 6.2448-,0052(TWB)
.430 ~. 7295 . 5322 . 7069 1/38 43.2241 Y=6.5804-.0055(TWB)
.435 -. 6180 . 3819 .8562 1/38 23.4751 Y= 6.6678-.0049( TWB)
.440 -.7021 .4929 . 7490 1/38 36.9392 Y=7.0213-.0054TWB)
.445 - -.7638 .5833 .7135 1/38 53.1963 ¥=7,3960-.0063( TWB)
.450 ~. 7916 .6266 .6436 1/38 63.7692 Y=7.5171-.0061{ TWB)
-455 -. 7889 .6223 6547 1/38 62.6039 Y=7.6704-,0062( TWB)
-460  + -.7912 . 6260 6775 1/38 €3.6053 Y=7.8870-.0064 TWB) .
. 465 -.8061 . 6498 .6613 1738 70. 5081 Y=8.1039-, 0066{TWB)
.470 -.7914 .6263 . 7164 1/38 63.6780 Y= 8. 3224, 0068( TWB)
.475 -. 7686 . 5908 .8033 1/38 34.8548 Y=18.6088-.0071(TWB)
«480 -. 7276 « 5294 .8744 1/38 42.7510 Y=8.7463-.0068(TWB)
.485 -. 7587 . 5756 . 7803 1/38 51.5345 Y=9.1150-, 0074(TWR)
.490 -.7403 « 3480 8630 1/38 46,0654 Y=9.1413-.0070( TWR}
.495 ~-.7331 . 5375 8634 1/38 44,1591 Y=9.2437-.0068( TWB)
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Wave- Standdard Degrees

Length r r2 Frror of of Regression Equation
(pm) Value Value Estimate Freedom F Ratio {y = b + mx)
. 500 -.7212 . 5202 . 8607 1/38 41.1936 Y= 9.3875-. 0066{TWB)
. 505 -.7084 .5018 .8600 1/38 38.2819 Y= 9.5719-.0063(TWB)
. 510 -. 6503 . 4229 L8791 1/38 27.8456 Y= 9.6965-. 0055 TWRB)
. 515 -.6320 . 3994 . 8596 1/38 25.2736 Y= 9.9432-,0051{ TWR)
. 520 -. 5980 . 3576 L8483 1/38 21,1571 Y=10.2475-. 0046( TWB)
. 525 -.5263 L2770 L8733 1/38 14, 5562 Y=10. 4614-. 0040{ TWB)
.530 «. 4754 .2260 . 9479 1/38 11.0937 Y-10. 7238, 0038(TWRB}
. 535 -. 4485 .2012 .9561 1/38 9. 5690 Y:10.9824-.0035(TWB)
. 540 -.4435 . 1967 .9728 1/38 9. 3059 Y=11.2477-,0035(TWB)
. 545 -.4546 . 2067 1.0068 1/38 9.8986 Y=11.5394-.0038(TWB)
. 550 ~. 3604 . 1299 1.2115 1/38 5.6731 Y=11.7272-.0034(TWB)
+355 ~. 3710 .1376 1.1926 1/38 6.0652 Y=11.8322-.0035(TWB)
. 560 -. 3526 - 1243 1.2554 1/38 5. 3962 Y=11.9280-. 0035(TWR)
. 565 ~. 3792 . 1438 1.2890 1/38 6.3837 Y=12.0332-. 003%(TWB)
. 570 -.4239 . 1797 1. 3202 1/38 8. 3258 Y=12. 1915-. 0045{TWR)
.575 -. 4799 .2303 1. 3165 1/38 11, 3685 Y=12.3732-. 0053( TWB)
. 580 -. 5075 .2576 1. 3349 ~1/38 13.1824 Y=12.4841-.0058(TWB)
. 585 -. 5192 .2693 1.2465 1/38 14,0213 Y=12.4234-.0056( TWB)
- 590 -.4982 2482 1.2956 1/38 12. 5454 Y=12. 4689~ . CO55(TWB)
. 595 -.5349 .2861 1.2640 1/38 15.2296 Y=12.5512-. 0059(TWB)
. 600 -.4727 .22%4 1.3148 1/38 10.9330 Y=12.4770-, 0052(TWB)
«605 -. 5249 .2755 1.2876 1/38 14 4506 Y=12.6656-. 0058( TWB)
.610 -.5910 . 3492 1,3270 1/38 20. 3930 Y=12.9804-.0071({TWB;}
.615 -.5913 . 3497 1. 3516 1/38 20.4331 Y=13.0725-.0073(TWB)
. 620 -. 5750 . 3307 1.4158 1/38 18.7718 Y=13. 1482-.0073( TWB)
.625 ~.6136 . 3789 1.4209 1/38 23.1847 Y=13.4051-. 0081(TWB)
.630 -.6105 . 3727 1.4112 1/38 22.5792 Y=13.4166-.0080( TWB}
.635 -. 6248 . 3903 1.4369 1/38 24,3293 Y=13.5991~.0084(TWB)
. 640 -.6491 .4214 1.4621 1/38 27.6749 Y=13.7670-. 0092({ TWR)
. 645 ~.6516 4246 1. 5086 1/38 28,0367 Y=14.0338-, 0095({TWB)
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Wave- Standard Degrees

Length T “ _ Error of of Regression Equation
(pm) Value Value Estimate Freedom F Ratio (v =b + mx)
. 650 -. 6220 . 3869 1. 5102 1738 23,9782 Y-13.7631-. 0088( TWB)
.655 -. 6609 . 4368 1.5043 1738 29,4709 Y=14.0374-. 0097({TWB)
. 660 -. 6561 .4305 1.7223 1/38 28.7216 Y=14. 5034-,0110{ TWB)
. 665 -.6631 4397 1.7789 1/38 29,8185 Y=14.7383-. 0116(TWB)
.70 -. 6897 . 4757 1. 8086 1/38 34.4717 Y=15.2024-.0126( TWB)
575 -. 7002 . 4902 1,5351 1/38 36. 5440 Y=15. 3091-.0132(TWB)
. 680 ~. 6495 .4219 2.0604 1/38 27.7294 Y=:15.2758-.0129(TWB_}
.G85 -. 5742 . 3298 2.0075 1/38 18.6953 ¥=14.6722-. 0108(TWB)
. 690 -. 5250 .2756 2. 0660 1/38 14,4559 Y =14. 6305-. 0094( TWB)
.695 -.5507 . 3033 2.0362 1/38 16. 5426 Y =15.4744- . 0099(TWRB)
. 700 -.3675 .1351 2.2861 1/38 5.9336 Y=15.7971-.0066{ TWB)
. 705 -.2820 . 0795 2,2727 1/38 3.2832 Y=15.8641-.0049(TWB)
. 710 ~. 2425 .0588 2.1273 1/38 2.3750 Y=16. 3235-. 0039 TWB)
L715 -, 1897 -0360 1.8390 1/38 1.4190 Y=16.8226-.0026( TWR)
.720 -.0316 L0010 1. 7449 1/38 .0380 ¥:=17. 3031-. 0004( TWB)
-725 .2798 .0783 1.4459 1/38 3.2275 Y=16.6579+.0031{ TWB)
. 730 ©.3533 - 1248 1.6474 1/38 5.4190 Y=17, 3558+. 0046{ TWB)
.735 . 5056 -2556 1.6316 1/38 13,0475 Y=17.4782+. 0070(TWB)
.740 . 7325 - 5368 1.5721 1/38 44 0328 Y =16. 7683+. 0124(TWB)
. 745 . 7248 .5253 1. 7604 1/38 42.0456 Y-~16.8337+. 0136(TWB)
. 730 . 7826 .6124 1.6547 1/38 60.0477 Y=16. 5894+, 0153(TWB)
L7535 . 7780 .6053 1.8227 1/38 58.2794 Y=16. 3563+. 0166( TWB)
. 760 .8133 .6623 1.9082 1/38 74,5184 Y -15.9349+. 0196( TWB)
. 765 | .B442 L7126 1.8240 1738 94,2423 Y-:15.9123+. 0211(TWB)
770 . 8362 6993 1.F566 1/38 85. 3551 Y- 15.8646+, 0208( TWB)
. 775 L8285 L6564 1. 7669 1/ 38 83.1797 Y 16.2678+.0192(TWB)
. 780 . 7106 . 3049 2.0974 1/3% 38.7579 Y=17. 3323+, 0156{ TWB)
. 785 . 7216 . 5206 1.8854 1738 41,2727 Y=:17.6789+.0144({TWB)
. 790 S L7312 . 5347 1. 7828 1/3% 43.6663 Y- 18.0484+. 0140(TWB)
. 795 . 6640 . 4409 2.0889 1/38 29,9673 Y=18. 3578+, 0136(TWB)
. 800 ..6562 . 4306 2.1336 1/38 25, 7401

Y 18. 5500+. 0136(TWB)
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STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRESSION
FOR TOTAL DRY BIOMASS (TDB) VERSUS REFLECTANCE AT EACH
WAVELENGTH. The linear regr:ssions were formed for the
total dry biomass present on 40 of 1/4 meter squared
plots of blue grama (B. graciiis) and the reflectance of
the plot at 90 wavelengths between .350 and .800 um,

The tabular values of these coefficients can be found in
Table D-2. (a) The correlation coefficient (r) versus
wavelength or the spectrocorrelation curve. (b) The
coefficient of determination (r?) versus wavelength,

(c) The F value versus wavelength where the horizontal
line shown by -5- represents the .5% level of signifi-
cance for 1/38 degrees of freedom.
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Figure D-4.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
STON FOR TOTAL DRY BIOMASS (TDB) VERSUS REFLECTANCE AT
EACH WAVELENGTH. The linear regressions were formed for
the total dry biomass present on 40 of 1/4 meter squared
plots of blue grama (B. gractlis) and the reflectance
between .350 and .800 um. Each regression equation at
each wavelength yields a slope and intercept value which
occur in Table D-2. (a) The plot of the slope at each
wavelength which represents the rate of change in the
reflectance of the plot with wavelength. (b) The plot
of the "y" intercept of the straight line which repre-
sents the reflectance of the Plot when the total dry
biomass value is zero. Plotted against wavelength it

represents the spectroreflectance of the underlying,
unexposed soil surface,
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Table D-2. SIMPLE LINEAR REGRESSION BETWEEN CANOPY REFLECTANCE AND TOTAL DRY
BIOMASS (TDR). The coefficients and equation resulting from these computations are
shown for each available wavelength. The sample set in each case consisted of 40 of
1/4 square meter plots of blue grama (B. gracilis). Plots of r, r2, F, Y, andm
values versus wavelength occur in Figures D-3 apng D-4.

Wave- Standard Degrees

Length - T 2 Error of of Regression Equation

{pm ) Value Value Estimate Freedom F Rotio (v =b + mx)

. 350 -. 5291 . 2800 .8041 1/38 14,7748 Y= 3.8780-.0054(TDB)
. 355 -.7875 .6202 .4842 1/38 62.0513 Y= 4.0737-.0067(TDB)
.« 360 -.7911 .6258 .4895 1/38 63. 5506 Y= 4.0015-. 0069(TDB)
. 365 -.8260 L6823 L4435 1/38 81.6113 Y= 4.0141-.0071(TDB)
- 370 ~.8288 . 6869 .4570 1/38 83,3554 Y= 4.0878-.0074(TDB)
-375 -.8362 .6993 . 4506 1/38 88. 3756 Y= 4.1618-.0075(TDB)
. 380 -.8367 . 7000 .4561 1/38 88.6810 Y= 4.2577-.0076(TDB)
+ 385 -.8443 L7129 « 4680 1/38 94, 3587 Y= 4.8876-.0080(TDB)
+ 390 -.8241 .6791 . 4646 1/38 80.4346 Y= 4.7390-.0073(TDB)
. 395 -.7873 .6198 . 5946 1/38 61,9455 Y= 5.0881-.0083( TDR)
.400 -. 7597 .5771 .6179 1/38 51.8549 Y= 5.2991-.0078(TD8)
. 405 -. 8018 .6428 .5348 1/38 68.3875 Y= 5.4498-.0078(TDB)
. 410 -.8317 .6918 .4817 1/38 85.2984 Y= 5.5888-.0078(TDB)
.415 ~.5011 .6418 « 3277 1/38 68.0883 Y= 5.7728-.0077(TDB)
. 420 -.7761 .6023 .5631 1/38 57.5588 Y= 5 9193-.0075(TDB)
.425 -. 7047 . 4966 6747 1/38 37.4883 Y= 6.1141-.0073{TDB)
.430 - ~.6799 . 4622 . 7579 1/38 32.6615 Y= 6.4209-.0076(TDB)
«435 -. 5590 . 3124 . 9030 1/38 17,2681 Y= 6.4917-.0066(TDB)
. 440 -.6395 . 4089 .8087 1738 26,2874 Y= 6.8364-. 0073 TDB)
.445 -.6919 L4787 . 7980 1/38 34,8999 Y= 7.1772-.008 3{ TDE)
-450 -.7217 . 5209 . 7290 1/38 41.3144 Y= 7.3098-.0083(TDB)
«455 -.7058 -4981 . 7546 1/38 37.7171 Y= 7.4353-.0082(TDB)
+460 -.7031 . 4944 . 7878 1/38 37.1544 Y= 7.6320-.0085(TDB)
.465 -.7174 . 5147 .7784 1/ 38 40. 3064 Y= 7.8441-.0087(TDB)
.470 -.6941 .4818 .8435 1/38 35. 3286 Y= 8.0330-.0088(TDB)
.475 -.6742 . 4545 .9274 1738 31.6626 = 8.3077-.0092(TDBR)
.480 -.6207 . 3853 L9993 1738 23.8196 Y= 8.4161—.0086(TDB)
. 485 -, 6458 .4170 1.0200 1/38 27,1837 Y= 8.7506-. 0094(TDB)
. 490 -.6244 - 3898 1.0027 1/38 24.2768 = 8.7862-.GOR7(TDB)
.495 -.6127 . 3754 1,0034 1738 Y= 8.8826-.0085(TDR)

22,8350
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Wave- Stand-.~d Degrees
L(‘ngt_i! r 2 Error nf of Regression Equation
{pm) Value Value Ferim ite Freedom F Rutio (y =b + mx)
. 500 - 6715 L3617 -9926 1/3% 21.5375 Y- 9.0370—.0081(TDB)
505 -. 59738 . 35264 LORGS 1/ 38 - 20.6935 Y= 9 2409-, 0079 TDB)
. 510 =, 5454 L2975 . 4699 1/38 16.0931 Y 9, 4088—.0069(TDB)
515 -.5262 -2769 -94532 1/38 14,5534 Y- 9.6673—.0063(TDB)
520 - . 4999 2499 LYThA 1/38 12 6633 Y-10, 0024-.0058(TDB)
. 525 -.4318 . 1864 L9261 1/38 8.7077 Y 10 2366-.0048(TDB)
330 -.4175 .1743 ) 1738 8.021% Y10 5650-, 0049 TDB}
.530 -.4011 L 1R09 L9799 1/ 3% 7.2573 Y=10.8475- . 0047(TDR)
. 540 - 39x6 - 1549 U5, 1738 7. 1789 Y =11, 1166-, 0047( TDR)
. 345 -.4061 1651 1.0328 1/38 7.5171 Y--11.3950-. 0050{ TDB)
+550 -. 2345 . 0809 1.2151 1/38 3. 3455 Y-<11. 5058-. 0040(TDB)
555 -. 2756 .0%74 1 2268 1738 3.6%4 Y=11.6134-.0041(TDEB)
. 560 -.2807 0758 1. 2877 1/38 3.2494 Y=11.7101-. 0041(TDR)
. 365 -.2968 .0%81 1.3303 1/38 3.6701 Y=11, 7769-. 0045{TDR)
. 570 -. 3269 . 1069 1.3775 1/38 4.5479 Y~11.8788~.0052( TDB)
575 -. 3820 -1459 1. 3367 1738 £.4938 Y=12.0417- 0062(TDB)
. 580 ~. 4047 . 1638 1. 4167 1/38 7.4436 Y12, 1241-. 0068( TDB)
. 585 -, 4007 . 1606 1.3367% 1/38 7.2679 Y-12.0410-. 0064{TDB)
B ) - 30%z My 13532 1735 6. 3443 Y =12.0759-.0061(TDB)
. 595 ~. 4140 L1714 1. 361y 17138 7.%538 Y-12. 1502-.0067( THR})
. 600 -. 3495 L1221 1. 3980 1/38% 5.2861 Y -12.0759-,0057(TDB)
. 605 -, 440 L1632 1.383% 1/38 7.4113% ¥=12.2615-, 0066( TDB)
.610 . 4569 .20%7 1.4613 17435 10.0240 Y12 4918-.0082(TDB)
615 -.4579 L2097 1.4900 1/35 10,0811 ¥-12. 5766-. 008 3( TDH)
20 ~. 4441 L1973 1. 5505 1735 9.13373 Y=12.6467-. 0084(TDB)
. 625 ~. 4702 L2210 1.5912 1/38 10. 7875 Y-"-IZ.RZSG—.OOQZ(TDB)
. 630 -. 4605 L2121 1.5816 1738 10. 2258 Y--=12.8326-—.0089(TDB)
.635 -.4753 .2260 L6190 1/ 3% 11.09246 ‘r"'-12.9954-.0095{TDB)
« 640 -, 5082 L2583 1.6551 1/73% 13.245 Y 13, 1624-.0106(TDB)
. 615 =, 4938 . 2458 1.7271 1/ 3% 12,3872 Y::13. 3537-. 0107( TDB)
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W-oe-

St o f Degrae
Leag ) I ' Frror of of Regression Equation

{pm) Value Vs lue Estimate Freedom I Rutio {y =b +mx}

. 650 -. 4634 L2148 1. 7090 1/3% 10.3923 Y 13.0985-.0097(TDB)
L6505 -. 5026 L2526 1.7329 i/38 12.8437 Y=13. 3410-.0109( TDB)
660G -. 57 L2057 1. 9689 1/3% 13.0547 Y13, 7443-.0125(TDB)
. 665 -. 5077 L257R 2.0474 1/38 13,1974 ¥ =13,9249-.0131(TDB)
.670 - 5447 LI9R5 2.0950 1/3¢ 16.0134 Y -14. 38%4-. 0148(TDR)
. 675 -. 5527 . 3055 2. 1420 1/38 16.713¢ Y—"14.4583-.0154(TDB)
. 6520 -, 4918 2149 2 Thixy 1/38 12,3224 Y14, 3550-, 0146(TDB})
.635 -.4129 1705 2. %44 1/38 7. 8109 Y=~13.787?-.0115(TDB)
. 690 -. 3684 1457 2.2,66 1738 3.9680 Y=13.8237-.0097(TDB)
.695 ~. 4029 1623 2.2%7 1/38 7.3618 Y=14. 6968~ . 0107( TDB)
. 700 -.2215% L0492 2. 3969 1/38 1.9667 Y=15.0626-, 005%( TDB)
. 705 -.1524 0232 2. 3412 1/38 .9032 Y=15.2435-, 0039( TDB)
. 710 -.1283 .0165 2.1746 1/38 . 6364 Y?15.8185—.0031(TDB)
. 715 « 1277 .0163 1.5833 1/38 . 6295 Y-14.9162+, 0022(TDR)
720 L2817 0794 1.4847 1/38 3.2764 Y=15.5779+. 0047(TDB)
. 725 .. 3512 .1233 1.4101 1/38 5, 366 Y:=16.4975+, 0057(TDB)
.730 . 3948 .1558 1.6179 1/38 7.0146 Y'=17.2761+. 0076(TDB)
735 .4757 .2263 1.6634 i/3%8 11,1142 Y -17.6648+. CO98(TDB)
. 740 . 6920 47k 1.667: 1/ 3% 31.9146 Y-17.0875+. 0174(TDB)
. 745 L6708 . 4500 1.5945% 1/38 1. 0908 Y:717.2471+.0186(TDB)
. 750 .7164 L5133 1.854. 1,38 40, 6699 Y=17.0923+:, 0207: TDB)
. 755 . 7073 . 5002 2.0510 1/ 3% 38 0347 Y =16.92%6+ 022 ¥ TDB)
. 760 7312 5346 2.2399 1/ 38 43,6560 "Y’A:16.6641+.0261(TDB}
L7685 . 7551 L5702 2.27308 1/ 3% 50,4171 Y -16.7172+.0z 79({TDR)
. 770 L7483 . 5600 2.2158 1/ 38 48. 36107 Y16, 65584, QZ?S(TDB}
775 L7475 ST 2.0960 173 48.1073 Y-16. 9635+, 0256( TDR)
. 780 . 6267 . 392K 2.3234 1/35% 24,5824 Y -17.9745+. 020 ¥ TDB)
. 785 £ 399 401949 2.0927 1/3% 26,3444 Y -15.2572+. 0189(TDB)
. 790 . 6695 . 4452 1.9414 1738 30.8717 Y :18.5100+.0190( T DB)
. 795 .6176 . 3815 2.1971 1/ 38 23.4369 Y '18.7‘563+.0188(TDB)
. 300 . 5954 3545 2.271% 1/ 3% 27, %699 ¥ 19.0263+. 0183 TDB)
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Dry green biomass
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STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRESSTION
FOR DRY GREEN BIOMASS (DGB) VERSUS REFLECTANCE AT EACH
WAVELENGTH. The linear regressions were formed for the
dry green biomass present on 40 of 1/4 meter squared
plots of blue grama (B. gracilis) and the reflectance of
the plot at 91 wavelengths between .350 and .800 um,
The tabular values of these coefficients can be found in
Table D-3. (a) The correlation coefficient (r) versus
wavelength or the spectrocorrelation curve. {(b) The
coefficient of determination (r2) versus wavelength.
(c) The F value versus wavelength where the horizontal
line shown by -5- represents the .5% lovel of signifi-
cance for 1/38 degrees of freedom.



156

B e s R R e S T - FTr T Py T T T v ey

X COEFFICIENT

[ I U I VUV SN NPUR P R STy o R Y

-, " -
- . 0500 E -
-. 9600 J.LI_I.J_I_I_I_I_I-I_LALJJ_A_A,Q,J_LJ.JJ_LéJ..-L-LIJ_AJ uo
B3 ¢ & 8 35 8§ B B 3§
WAVELENGTH Lum)

(a) Slope versus wavelength

L B e s e S R R R LR R R A REE S o' o o B S L

%
E
3
1
£
Laaaaliassdaas sy aaadasaelesaiabaias

B 0§ ¢ B B T § & K
WAVELENGTH tum)

0.

mn

sandaarsdad i tdaaasedanaalyay

a8

¥ INTERCEPT (1)

Lagdriaals

50,

00 xxsileas

(b) Intercept versus wavelength (soil spectroreflectance)

Figure D~6.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
SION FOR DRY GREEN BIOMASS (DGB) VERSUS REFLECTANCE AT
EACH WAVELENGTH. The linear regressions were formed for
the dry green biomass present on 40 of 1/4 meter squared
plots of blue grama (B. gracilis) and the reflectance
between .350 and .800 um. Each regression equation at
each wavelength yields a slope and intercept value which
occur in Table D-3. (a) The plot of the slope at each
wavelength which represents the rate of change in the
reflectance of the plot with wavelengths. (b) The plot
of the "y intercept of the straight line which repre-
sents the reflectance of the plot when the dry green
biomass value is zero. Plotted against wavelength it

represents the spectroreflectance of the underlying,
unexposed soil surface.
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Table D-3. SIMPLE LINEAR REGRESSION BETWEEN CANOPY REFLECTANCE AND DRY GREEN
BIOMASS (DGB). The coefficients and equation resulting from these computations are
shown for each available wavelength. The sample set in each case consisted of 40 of
1/4 square meter plots of blue groma (B. gracilis). Plots of 1, rz, F, ¥, and m
values versus wavelength occur in Figures D-5 and D-6.

Wave- Standard Degrees

Length T 2 Error of of Regression Equation

{(pm}) Value Value Estimate Freedom F Ratio {(y =b + mx)

. 350 ~.4130 . 1706 .8631 1.38 7.8149 Y= 3.6481-.0077(DGB)
. 355 -.6831 . 4667 .5738 1. 38 33.2525 Y= 3.8845-,0106(DGB)
. 360 - 7057 .4981 . 5670 1.38 37.7091 Y= 3.8354-.0111(DGCB)
. 365 -.7512 . 5643 L5196 1. 38 49,2245 Y= 3.8632-.0116(DGB)
. 370 -.7619 . 5805 . 5290 1.33 52.5735 Y= 3.9425-,0122(DGB)
.375 - 7734 .5981 .5209 1.38 56. 5605 Y= 4.0211-. 0125 DGB)
« 380 -.7778 . 6050 . 5234 1.38 58.2017 Y= 4.1209-.0127(DGB)
«385 -.8300° . 6889 4872 1.38 84,1609 Y= 4.8120-.0143{DGB}
-390 ~-.8226 .6767 . 4664 1.38 79,5239 Y= 4,6877-.0133(DGB)
-395 -. 7789 . 6067 . 6048 1,38 58.6175 Y= 5.0187-.0148(DGB)}
. 400 -. 7608 + 5789 .6166 1.38 52.2374 Y= 5.2487-.0142{DGB)
. 405 -.8139 .6624 . 5199 1.38 74.5640 Y= 5.4167-.0143(DGB)
+410 -.8345 .6963 .4781 1.38 87.1386 Y= 5.5405-.0143({DGB)
.415 -.8097 .6556 . 5175 1.38 72,3245 Y= 5.7347-.0141{DGB}
.420 -.7989 6383 . 5370 1.38 67.0465 Y= 5.9047-.0140(DGB)
.425 -.7533 «5675 .6253 1.38 49. R8G50 Y= 6.1467-.0141(DGB}
=430 - -.7380 . 5446 .6974 1,38 45,4505 Y= 6.4755-. 0150{ DGB)
.435 ~.6367 .4054 .8398 1.38 25,9080 Y= 6.5964-,0136{DCB)
. 440 -.7123 .5073 7383 1.38 39,1298 Y= 6.9223-.0147{DGB)
.443 -. 7658 . 5864 . 7108 i.38 53.8872 Y= 7.2653-.0167(DGB)
.450 ~-. 7965 6344 . 6368 1.38 65.9473 Y= 7.3932-,0165(DGB)
.4535 -.7971 .6353 .6433 1.38 66,1950 Y:= 7.5517-.0167(DGB)
.460 -.8024 . 6439 .6611 1.38 68,7184 Y= 7.7690-,0175(DGB)
. 463 -. Ro62 . 6499 .6611 1,38 70.5534 Y= 7.9604-,0177(DGB)
.470 -.7952 .6323 . 7106 1.38 65. 3447 Y= 8.1823-,0183(DGB)
.475 ~. 7703 . 5934 . 8006 1/38 55.4635 Y= B.4587-.0190(DGB)
.480 -. 7304 -5335 .8706 1/38 43.4533 Y= 8.6046-.0183(DCB)
.485 T-.7412 . 5493 . 8968 1/38 46. 3179 Y= 8.9121-,0195(DGB)
-490 -.7071 . 5000 -9077 1/38 37.9995 Y= 8.9149-.0179(DGB)
495 -, 7085 « 5019 8960 1/38 38.2911 Y= 9.0401-.0177(DGB)
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Wave- . Stvind-rd Deyr:es
Lengrt: r r2 Ercon of of Regression Equation
{pm) Vailue Value Estimate Free.iom F Ratio {(y =b+mx)
. 500 -.A993 -4890 . 8882 1/38 36.3626 Y= 9.1965-.0171{DGB)
. 505 ~.6916 . 4782 -4802 1/38 34.8306 Y= 9.3980-.0166(DGB)
- 510 -. 56278 . 3941 . 9007 1/3% 24,7185 Y= 9.5306-.0143(DCR)
.515 -.6182 . 3822 .8719 1738 23.5082 Y= 9.8044-.0135(DGB)
. 520 -. 5731 . 3284 -BR74 1/38 18,5818 Y=10. 1001-. 0119(DCR)
525 -. 5066 .2566 LS5 1/ 38 13,1186 ¥:-10. 3386-. 0102(DGR)
530 ~.4435 . 1967 9657 1738 9. 3057 Y=10. 5817-.0094(DCB)
535 -. 4186 L1175 .9715 i/ 38 8.0734 Y=10. 8495-, 0088(DCB)
. 540 -.4127 .1703 .9887 1/ 3% 7.7998 Y=11.1120-. 0088{DGB)
.545 -, 4211 L1773 1.0252 1/38 8. 1897 Y=11. 3908-. 0094(DGE)
.550 -. 3346 . 1120 1.2239 1/38 4.7919 Y=11. 5936-. 0086(DGB)
. 555 -, 3462 . 1199 1.2048 1/38 5.1763 Y=11. 7003-. 0088(DGB)
. 560 -.3192 . 1019 1.271s5 1/38 4. 3097 Y=11.7735-. 0084(DGB)
. 565 -. 3434 -1179 1.3084 1/38 5.0793 Y==11. 8610-. 0094(DCB)
« 570 -. 3939 . 1552 1.3398 1/38 6.9797 Y=12.0159-.0113(DCB)
. 575 -.4409 .1944 1.3468 1/38 9.1707 Y=12.1555-,0130(DGR)
. 580 ~.4£29 .2143 1,3733 1/38 10. 3616 Y=12.2371-.0141(DCB)
- 585 -. 4877 .2379 1.2734 1/38 11.8613 Y=12.2219-.0140(DGB)
. 590 . 4704 .2213 1.3186 1/138 10. 7977 Y=12.2771-, 0138(DGB)
- 595 -. 5083 .2584 1.28873 1/ 38 13.2398 Y=12. 3535-.0150(DCR)
600 ~.4501 2026 1.3324 1/38 9.65337 Y=12. 3052-. 0132(DGB)
. 605 -. 5059 .2559 1. 3049 1/ 3% 13.0698  Y=12.4883-, 0151({DCB)
.610 -. 5881 . 3459 1.3304 1738 20.0963 Y=12.8171-.0190(DCR)
-615 -.5939 - 3527 1. 3485 1/ 38 20,7019 Y—12,9215-. 0196(DCB)
. 620 -. 5709 . 3259 1.420% 1738 18. 3742 ¥~12.9768-. 0194(DJB)
625 -. 6024 - 3629 1.4391 1,38 21.6487 Y=13. 1864...0214(DGR)
-630 -.6043 L3652 1.4197 1738 21.8620 Y=13.2237-.0212(DCR)
.635 -. 6090 . 3709 1.4596 1/38 22.4011 Y =13. 3646-. 022 1(DCB)
-640 -.6430 +4135 1.4721 1/ 38 26,7891 Y=13. 5472-.024 3 DGE)
. 645 -.6423 .4128 1.5239 1738 26.7168 Y=13.7953-. 0252(DGB)
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Wave- " Standard Degrees
Length r e Error of of Regression Equation
(jm) Value Value Estimate Freedom F Ratio (y =b + mx)
.650 -.6205 . 3850 1.5124 1/38 23,7901 Y=13, 5666-. 0236(DGB)
.55 -.6568 .4314 1.5114 1/38 28.8325 Y=13.8117-.0259(DCB)
. 660 -.6523 .4255 1.7298 1/38 28. 1442 Y=14.2492-.0293(DGB)
.665 -. 6662 .4438 1.7724 1/38 30. 3171 Y=14.4997-.0312(DGE)
.670 -.6875 .4727 1.8138 1/38 34.0594 Y=14.9180-.0338(DGB)
.675 -.6880 .4734 1.8652 1/38 34,1571 Y¥=14,9671-. 0348(DGB)
.680 -.6261 . 3920 2.1130 1/38 24.4983 Y=14.8833-,0334(DGB}
.685 -.5457 .2977 2. 1470 1/38 16.1108 Y=14. 3087-.027%DGB)
.690 -.4913 .2414 2,1142 1/38 12.0891 Y=14,2834-. 0235DGB})
.695 -.5138 .2640 2.0928 1/38 13.6328 Y=15. 1017-. 0247(DGB)
. 700 -. 3388 .1148 2.3127 1/38 4.9272 Y=15. 5288-. 0164(DGB)
. 705 -.2521 .0635 2.2924 1/38 2.5779 Y=15. 6327-.0118(DGB)
.710 -.2084  .043%4 2.1446 1/38 1,7259  Y=16.1071-.0090(DGB)
.715 -.1442 . 0208 1.8535 1/38 . 8066 Y=16.6158-. 0053 DGB)
. 720 . 2059 .0424 1.5142 1/38 1.6830 Y=15, 8159+. 006 3 DGB)
.725 . 3095 .0958 1.4321 1/38 4.0254 ¥=16. 6465+, 0092(DCB)
.730 . 3656 .1337 1.6390 1/38 5.8626 Y=17.4169+. 0127(DGB)
.735 . 5070 .2571 1.6300 1/38 13.1501 Y=17.6259+. 0189(DGB)
. 740 L7397 .5472 1.5543 1/38 45.9205 Y17, 0096+, 0336(DGB)
.745 . 7300 .5329 1.7462 1/38 43,3525 Y=17. 1056+ 0367(DGB)
.750 . 7900 .6241 1.6296 1/38 63.0993 Y=16, 8865+, 0413({DCRB)
.755 . 7963 .6340 1.7551 1/38 65.8298 Y=16. 6234+, 0455(DGB)
. 760 .8193 .6713 1.8826 1/38 77. 5924 Y=16. 3295+, 0529(DGB)
. 765 .8555 .7319 1. 7619 1/38 103.7334 Y=16. 3029+, 057 3(DGB)
. 770 .8528 7273 1.7678 1/38 101. 3680 Y:=16. 2173+, 0568(DGB)
.775 .8493 .7213 1.6657 1/38 98. 3517 Y=16. 5695+. 0527(DGB)
.780 . 7255 .5264 2.0519 1/38 42,2348 Y=17. 5920+. 0426(DGB)
.785 . 7404 .5483 1.8303 1/38 46. 1200 Y=17. 9019+, 0397(DGB)
. 790 .7393 . 5466 1.7598 1/38 45.8163 Y=18. 3160+. 0380(DGB)
.795 . 6686 . 4470 2.0775 1/38 30.7163 Y=18. 6313+. 0368( DGR)
.800 . 6780 . 4596 2.0786 1/38 32,3218

Y=18. 7380+. 0377(DGB)
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Dry brown biomass

[ ) R R NN R SN SRR RN RN 100 R R L N SN ]

"1
w g
R b - H
- ] & =
& .« A SY: 3
g : K :
¥ 3 P ' 3
g I
5 - R
= N
Y oe 1 8
- :
-1.08 " S b - =
8§ ¢ &8 & 3§ 8 2 ® 3 8§ ¢ F & § &8 B OB %
WAVELENGTH {am) WAVELENGTH {um)
(a) Spectrocorrelation curve (b) rz versus wavelength
e M SRAdaas aoot ot Trerrrres
=t
0. b
s, - ;«i
N, = ]
& i
2 E
:o. i
E
3
i
T 1 8 8 1 8 B B &
WAVELENGTH {am)
(c) F value versus wavelength
Figure D-7. STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRESSION

FOR DRY BROWN BIOMASS (DBB) VERSUS REFLECTANCE AT EACH
WAVELENGTH. The linear regressions were formed for the
dry brown biomass present on 40 of 1/4 meter squared
plots of blue grama (B. gracilis) and the reflectance of
the plot at 91 wavelengths between .350 and .800 um.

The tabular values of these coefficients can be found in
Table D-4. (a) The correlation coefficient (r) versus
wavelength or the spectrocorrelation curve, (b) The
coefficient of determination (rz) versus wavelength.

{c) The F value versus wavelength where the horizontal
line shown by -5- represents the .5% level of signifi-
cance for 1/38 degrees of freedom.
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Figure D-8.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
SION FOR DRY BROWN BIOMASS (DBB) VERSUS REFLECTANCE AT
EACH WAVELENGTH. The linear regressions were formed for
the-dry brown biomass present on 40 of 1/4 meter squared
plots of blue grama (B. gracilis) and the reflectance
between .350 and .800 um. Each regression equation at
each wavelength yields a slope and intercept value which
occur in Table D-4. (a) The plot of the slope at each
wavelength which represents the rate of change in the
reflectance of the plot with wavelength. (b} The plot
of the "y intercept of the straight line which repre-
sents the reflectance of the plot when the dry brown
biomass value is zero. Plotted against wavelength it

represents the spectroreflectance of the underlying,
unexposed soil surface.
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Table D-4, SIMPLE LINEAR REGRESSION BETWEEN CANOPY REFLEC TANCE AND DRY BROWN
BIOMASS (DBB).
each available waveledgth., The sample set in each case consisted of 40 of 1/4 square

meter plots of blue grama (B. gracilis). Plots of r,

The ‘toefficients and equation resulting from these computatmns are

wavelength occur in Figures D-7 and D-8.

2
r', T, Y, and m values versus

e ——— . — — — —— —

Wave~ Standard Degrees

Length r < Error of of Regression Equation
(pm ) Value Value Estimate Freedom F Ratio {y =b + mx)
. 350 -. 5403 .2919 L7974 1/38 15,6676 Y= 3.8175-.0104(DBB)
. 355 -.7588 . 5757 .5118 1/ 38 51.5617 Y= 3.9393-.0121(DBB)
. 360 -.7486 . 5604 -5306 1/38 48,4368 Y= 3.8457-.0122{DBB)
. 365 -. 7765 .6029 . 4951 1/38 57.6921 Y= 3.8471-.0124(DBB)
. 370 -. 7697 . 5925 .5214 1738 55.2453 Y= 3.9013-,0128(DBB)
. 375 ~-. 7744 . 5997 .5199 1/38 56,9248 Y= 3.9694-.0129(DBB)
. 380 ~. 7723 . 5964 . 5291 1/ 38 56,1498 Y= 4.0590-.0131(DBB}
. 385 ~-. 7328 . 5370 . 5944 i/38 44,0735 Y= 4.6092-.0130(DEB)
. 390 -.7023 .4932 . 5839 1/38 36.9799 Y= 4.4660-.0117(DBB)
. 395 . 6804 .4630 . 7067 1/38 32.7651 Y= 4.7969-.0133(DBB)
.400 -. 6447 .4156 . 7264 1/38 27.0282 Y= 5.0033-.0125DBB)
.405 ~.6670 .4449 - .6667 1/38 30.4547 Y= 5.1357-.0121(DBB)
.410 -. 7022 -4931 .6177 1/38 36.9683 Y='5.2878-.0124(DBB)
.415 -.6771 . 4585 . 6489 1/38 32.1708 Y= 5.4792-.0121(DBB)
.420 -.6423 .4125 . 6844 1/38 26.6857 Y= 5.6108-.0117(DBB)
.425 -. 5537 . 3066 . 7918 1/38 16,8038 Y= 5.7688-.01G7(DBB)
.430 -. 5181 . 2684 .8839 1/38 13.9441 Y= 6.0311-.0190(DBB)
.435 -.3938 . 1551 1.0010 1/38 6.9755 Y= 6.0952~,0087(DEB)
-440 -. 4692 .2201 . 9289 1/38 10, 7269 Y= 6,4313-.0100(DBB)
.445 -.5156 «2658 . 9470 1/38 13,7597 Y 6.7312-.0116(DBR)
.450 -.5483 . 3006 -8808 1/38 16. 3347 Y= 6.8850-.0117(DBB)
.455 -.5183 . 2686 .9110 /3 13,9577 Y= 6.9832-.0112(DBB)
.460 -. 5079 .2579 .9544 1/38 13.2033 Y= 7.1479-,0114(DBR)
+465 ~. 5264 .2771 .9501 1/38 14, 5642 Y= 7.3612-.0120(DBB)
-470 -.4982 .2482 1.0160 1/38 12.5453 Y= 7.5213-.0119(DBR}
.475 -. 4811 .2315 1,1008 1/38 11, 4462 Y= 7.7694-.0123(DEB)
-480 -.4205 . 1768 1.1564 1/38 8.1616 Y= 7.8649-.0109(DEB)
.485 - 4464 .1993 1.1954 1/38 9. 4579 Y= 8.169€¢-.0121(DBB)
. 490 -.4338 .1882 1.1655 1/38 8.8079 Y= 8.2511-.0113(DRBB)
.495 -.4101 . 1682 1.1579 1/38 7.6846 Y= 8. 3303-.0106(DEB)
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Wave~ Standard Degrees

Length r 12 ‘ Error of of Regression Equation
{pm) Value Value Estimute Freedom F Ratio {(y =b +mx)
. 500 -.4019 .1615 1.1377 1/38 7.3197 Y= 8.5048-.0102(DBEB)
. 505 -. 3985 . 1588 1.1176 1/38 7.1740 Y= 8.7292-.0099(DBB)
.510 -. 3670 L1347 1.0765 1/38 5.9152 Y= 8.9642-.0086{DBB)
.515 -. 3473 -1206 1.0402 1/38 5.2119 Y= 9.2435~.0078(DBB)
. 520 -. 3372 .1137 - 9964 1/38 4.8766 Y= 9.6312-.0073(DEB)
. 525 -.2810 .0790 LO857 1/38 3.2573 Y= 9.9078-, 0059(DBER)
.530 ~. 3245 .1053 1.0191 1/38 4.4711 Y=10. 3268-. 0071(DBB)
. 535 -. 3227 . 1042 1,0125 1/33 4.4184 Y=10. 6403-, 0070(DBB‘)
. 540 -. 324 -1052 1.0267 1/38 4.4693 Y=10.9140-, 0072(DBB)
. 545 -. 3276 -1073 1.0679 1/38 4, 5691 Y=11. 1740-. 0075(DER)
. 550 ~. 1809 .0327 1.2774 1/38 1.2850 =11.2226~.0048(DBB)
. 555 -, 1889 .0357 1.2611 1/38 1.4063 Y=11. 3245-. 0049(DBB)
. 560 -. 1897 .0360 01,3173 1/38 1.4180 Y=11. 4467-. 0052{DBB)
.565 . -.1939 .0376 1. 3666 1/38 1.4848 Y=11.4722-.0055({DBB}
. 570 -.2002 . 0401 1.4281 1/38 1.5872 Y=11.4949-. 0059(DBR)
. 575 © =.2493 0622 1,.4532 1/38 2.5190 Y=11.6185-.0076(DBB)
. 580 ~-.2728 .0744 1.4904 1/38 3.0564 Y=11. 6838~.0086(DBB )
- 585 -.2399 .0576 1.4161 1738 2.3214 Y=11. 5568~.0071(DBB})
. 580 -.2190 .0480 1.4580 1738 1.9145 Y=11. 5889-.0067(DBR)
. 595 ~.2408 .0580 1.4519 S 1738 2.3390 Y=11. 6194, 007 3( DBB)
. 600 ~. 1715 .0294 1.4699 1/38 .1.1514 Y=11, 5525-. 0052(DBB)
. 605 -.2150 .0462 1.4774 1/38 1.8417 Y=11.6870-. 0066({DBB)
.610 -.2469 .0610 1.5941 1/38 2.4665 Y=11.7956-. 0083(DBEB)
.615 -.2354 .0554 1.6289 1/38 2.2295 Y~=11.8319-. 00BO{DBR)
. 620 -.2304 .0531 1.46340 1/38 2. 1299 Y=11.9068-.0081(DBB)
. 625 -.2525 .0638 1.7445 1738 2.5875 Y=12,0384-,0093(DBB)
.630 ~.2349 .0552 1.7320 1/38 2.21%5 Y:=12.0305-. 0085(DEB)
-635 ~. 2509 .0630 1.7813 1/38 2.5533 Y-12.1668-. 0094(DBB)
. 640 -.2818 -0794 1.8442 1/138 3.2788 Y=12.2805-.0110(DBB}
. 645 -.2613 -0683 1.9197 1738 2.7844 Y=12.4180-. 0106(DBB)
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Wave- ~ Stundard Degrees

Length r 2 Error of of Regression Equation
{(pm) Value Value Estimate Freedom F Ratio {y =b + mx)

- 650 -.2290 .0524 1.8774 1/38 2.1025 Y=12.2013-. 0090({DEB)
. 655 -. 2616 . 0684 1.9347 1/138 2.7905 Y=12. 3741-.0107({DBB)
.660 ~.2727 -0744 2.1957 1/38 3.0538 Y=12,6733~.0127(DBB)
. 665 -.2627 . 0690 2.2930 1/38 2.8179 Y=12.7609-.0127(DBEB)
. 670 -.3023 .0914 2. 3809 1/38 3.8217 Y=13.1623-.0154(DREB)
.675 -. 3226 . 1041 2.4328 1/38 4.4138 Y=13.2454-.0169(DBB)
. 680 -.2744 .0753 2.6054 1/38 3.0930 Y:-13. 1443~. 0151({DBB)
- 685 -.2067 L0427 2. 3067 1/38 1.6962 Y =12. 7367, 0108(DBB)
. 650 ~. 1841 .0339 2.3559 1/38 1.3324 Y=12.9342-.0091(DEB)
. 695 -.2207 . 0487 2.3793 1738 1,9462 Y=13.7988~-. 0109(DBB)
. 700 -.0495 .0025 2.4551 1/38 .0933 Y=14.2676-. 0025(DBB)
«705%k*  F value is less than .01), no regression is possible
- 710%*%  F value is less than . 010, no regression is possible
-715%4*  Fvalue is lezs than . 010, no regression is possible
.720 .0851 .0072 1.7395 1/38 2774 Y=16.9482+. 0030(DBB)
- 725%#*  F value is less than .010, no regression is possible
.730 . 1377 .0190 2.0266 1/38 . 7344 Y=19, 3744+. 0057(DBB)
.735 -1723 .0297 2.1659 1/38 1.1622 Y~20. 3795+. 007 7(DBB)
- 740 .2220 .0493 2,1983 1/38 1.5702 Y=21.2712+. 0102(DBB)
. 745 . 1701 .0289 2.8835 1/38 1.1315 Y+21.8962+. 0101{DBEB)
. 750 . 1960 .0384 3. 1057 1/38 1.5175 ¥-21.9887+. 0126(DBB)
. 755 - 1811 .0328 3.2923 1/38 1.2884 22, 3716+.0123(DBR)
. 760 . 2066 -0427 3. 5499 1/38 1.6936 Y=22. 3697+.0152(DBB)
. 765 . 1884 .0355 3.6852 1/38 1. 3978 Y=22.7041+. 0144{DRB)
.770 . 2240 .0502 4.1190 1738 2.0071 Y=22. 5819+.0192(DBB}
. 775 L2612 . 0682 3.8724 1/38 2.7820 Y=21.7474+,0213(DBB)
. 780 . 1895 . 0361 4.9929 1/38 1.4220 Y=21.6220+. 0196( DBB)
.785 . 3298 .1088 3.2993 1/38 4.6383 Y=21.6641+.G234(DBR)
. 790 . 2804 .0786 3.1574 1/38 3.2434 Y -22. 4095+. 0188(DBB)
. 795 . 3349 L1222 3.0343 1/38 4.8011 Y=22.2954+.0219(DBR})
. 800 * 3067 . 0940 2.9492 1/38 3.9447 Y=22.4669+.0193(DEB)
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Figure D-9.

F VALUES

WAVELENGTH (am}

(c) F value versus wavelength

STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRESSION
FOR LEAF WATER (LW) VERSUS REFLECTANCE AT EACH WAVELENGTH.
The linear regressions were formed for the leaf water
present on 40 of 1/4 meter squared plots of blue grama
(B. gracilis) and the reflectance of the plot at 91 wave-
lengths between .350 and .800 um. The tabular values of
these coefficients can be found in Table D-5. (a) The
correlation coefficient (r) versus wavelength or the
spectrocorrelation curve. (h) The coefficient of deter-
mination (rz) versus wavelength. (c) The F value versus
wavelength where the horizontal line shown by -5- repre-
sents the .5% level of significance for 1/38 degrees of
freedom.
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(b) Intercept versus wavelength (soil spectroreflectance)

Figure D-10.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
SION FOR LEAF WATER (LW) VERSUS REFLECTANCE AT EACH
WAVELENGTH. The linear regressions were formed for the
leaf water present on 40 of 1/4 meter squared plots of
blue grama (B. gracilis) and the reflectance between
-350 and .800 um. Each regression equation at each
wavelength yields a slope and intercept value which
occur in Table D-5. (a) The plot of the slope at each
wavelength which represents the rate of change in the
reflectance of the plot with wavelength. (b) The plot
of the "y" intercept of the straight line which repre-
sents the reflectance of the plot when the leaf water
value is zero. Plotted against wavelength it represents
the spectroreflectance of the underlying, unexposed soil
surface.
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Table D-5. SIMPLE LINEAR REGRESSION BETWEEN CANOPY REFLECTANCE AND LEAF WATER
{(LW). The coefficients and equation resulting from these computations are shown for
each available wavelength. The sample set in each case consisted of 40 of 1/4 square
meter plots of blue grama (B. gracilis). Plots of r, rz, F, ¥, and m values versus
wavelength occur in Figures D-9 and D-10.

= = NRSES Saame LS T —
Wave- Standard Degrees
Length r r2 ~ Ermor of of ) Regression Equation

{jpm} Value Value Estimate " Freedom F Ratio {y =b + mx)
. 350 -. 2688 .0723 .9128 1738 2.9598 Y= 3.4174-. 0045(LW)
. 355 -.4947 2447 . 6828 1/38 12, 3142 Y= 3.6390-.0075(LW)
« 360 -.5381 . 2895 .6746 1/38 15.4841 = 3.6158~. 008 3(LW)
.3657 ~-. 5893 +3473 .6361 1738 20,2163 Y= 3.6567-.0090(LW)
- 370 -, 3892 . 3472 .6599 1/38 20.2084 Y= 3.7128-.0093(LW)
. 375 -.5971 » 3565 .6592 1/38 21.0548 Y= 3.7850~.0095(LW)
- 380 -.6018 . 3622 . 6651 1/38 21.5765 Y= 3.8822-.0097(LW)
. 385 -.6921 . 4790 .6305 1/38 34.9382 Y= 4.6233-. 0117(Lw)
. 390 -, 7052 .4973 . 5815 /38 37.5923 Y= 4.5404-.0112(Lw)
.395 -.6497 4221 .7331 1/38 27.7554 Y= 4.8235-,.0121(LW)
-400 - '

Mll” . ll = .&738-.0118_(1.‘”}
.405 ©o-, 7121 . 5071 . 6282 1/38 39,0931 Y= 5.2809-.0123(Lw)
.410 -~.7133 - 5088 .6081 1/38 39. 3588 Y= 5.3793-.0120{LW)}
-415 -.7065  .4991 . 6240 1738 37.8663 Y= 5. 5985-.0121(LW)
.420 -.7164 -5132 -6230 1/38 40.0644 Y= 5.7996-.0124(1W)
.425 ~. 7077 . 5008 .6719 1738 38,1195 Y= 6.0961-.0130(LW)
430 -.7125 . 5076 . 7252 1/38 39.1794 Y= 6.4574-.0143(LW)
.435 -.6337 -.4016 .8425 1/38 25.4978 Y= 6.6170-.0134(LW)
« 440 -.7121 . 5071 . 7385 1/38 39.0877 Y= 6.9506-.0145(Lw)
.445 ' -.7813 .6104 . 6899 1/38 59. 5382 Y= 7.3285-. 0167(1W)
-450 -.8015 . 6424 <6298 /38 68.2644 Y= 7.4347~, 0164LW)
. 455 -. 8228 .6770 +6054 1738 79.6306 Y= 7.6335-, 0170(Lw)
+460 -.8338 .6952 6117 1/38 86,6704 Y= 7.8655-.0179(LW)

. 465 ~.8475 -7182 .5931 1/38 96,8697 Y= 8.0779-.0184(LW)
. 470 -.8503 « 7230 .6168 1/38 99,1634 Y= 8.3340-.0193(LW)
.475 -. 8257 .6818 .7083 1/38 81,4157 Y= 8.6207-.0201(LW)
.480 -.8126 .6603 . 7429 1/38 73.8546 Y= 8.8285-.0201(LW)
. 485 ~-.8501 . 7227 .7034 1/38 99,0484 Y= 9.2117-.0220(1w)
»490 ~-.8396 . 7049 .6974 1/38 90, 7502 Y= 9.2553~, 0209(LwW)

.495 -.8417 . 7084 . 6856 1/38 92. 3047 Y=z 9. 3785-. 0207(LW)



168

Table D-5 - cont.

Wave- . © Standard Degrees
Length r P Error of of ‘ Regression Equation

{(jom) . Value Value Estimate Freedom F Ratio {(y=b+ mx)

.500 -.8302 .6893 . 6926 1/38 84.3037 Y= 9.5223-. 0200(LW)
. 505 ~-. 8102 . 6564 .7143 1/38 72.5943 = 9.6901-.0191(LW)
. 510 ~. 7429 .5519 . 7746 1/38 46.8102 = 9.7979-, O167(1LW)
.515 -.7289 . 5313 . 7594 1/38 43.0836 Y=10.0514-, 0I57(Lw)
. 520 -. 6861 4708 . 7700 1/38 33.8020  Y=10.3384-. 0141(Lw)
. 525 ~.6183 . 3823 - 8072 1/38 23.5232 Y=10. 5658-. 012 3(LwW)
. 530 -. 5006 .2596 L9271 1/38 13. 3267 Y=10.7279-. 0106({LW)
. 535 -.4679 .2189 . 9454 1/38 10. 6495 Y=10.9614-. 0097(Lw)
. 540 -. 4592 .2109 . 9642 1/38 10.1547 Y=11.2200-, OOQ?(LW)
. 545 -. 4746 -2252 9949 1/38 11.0436 Y=11, 5177~ 0104(LW)
. 550 -. 4438 - 1970 1.1639 1/38 9. 3206 Y=11.8652-.0112(Lw)
.555 ~-. 4517 .2041 1.1457 1/38 9.7426 Y=11.9608-.0112(LW)
- 560 --.4298 .1848 1.2114 1/38 8.6119 Y=12.0569-. 0112(LW)
. 565 ~. 4713 2221 . 1,2286 1/38 10.8515 Y=12.1997-, 0127(LW)
. 570 -.5355 .2867 1.2311 1/38 15.2741 Y=12.4087- 0151(LW)
. 875 -. 5847 . 3419 1.2173 1/38 19,7410 Y=12.5687—.0170(LW)
. 580 -.6171 . 3808 1.2191 1/38 23. 3697 Y=12. 6940-, 0185(1W)
. 585 -.6549 - 4289 1.1023 1/38 28.5387 Y=12.6875-. 0185(LW)
. 590 -.6397 . 4092 1.1485 1738 26. 3184 Y=12. 7587-.0185(Lw)
. 595 -.6728 -4527 1. 1068 1/38 31.4261 Y=12.8250-.0195{LW)
. 600 -.6235 . 3888 1.1665 1/38 24.1720 Y=12. 7961-. 0180(LwW)
. 605 ~. 6640 . 4409 1.1311 1/38 29.9712 Y=12.9477-.0195(LW)
-610 ~-. 7443 +5539 1.0987 1/38 47.1871 Y=:13. 3158-, 0237(LW)
.615 -. 7435 . 5528 1.1208 1738 46.9738 Y=13.4108-.0242(LW)
. 620 ~-. 7250 . 5256 1. 1920 1/38 42,0982 Y=13. 4940~ 024 3(1Lw)
. 625 ~. 7855 .6170 1.1158 1/38 61.2216 Y='13.8213-.0274(LW)
630 -.7894 6232 1.0038 1/38 62.8394 Y=13.8577—.0273(LW)
.635 =. 8006 .6410 1.1026 1/38 67.8533 Y=14.0414-. 0286(LW)
. 640 -. 8064 -6503 1.1366 1/38 70.6720 Y=14.1591-. 0300(LW)

. 645 -.8349 .6971 1. 0946 1/38 87.4391 Y=14.5320~. 0322(LW)
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Wave- Standard Degrees
Length r r? Error of of Regression Equation
{(jpm) Value Value Estimate Freedom F Ratio (v =b +mx)
. 650 -.8146 -6635 1.1187 1/38 74.9393 Y=14.2853-.0304{1W)
.655 -.B474 . 7180 1.0644 1/38 96.7631 Y=14. 5456-.0329(LW)
. 660 -.8B292 °  ,6876 1.2755 1/38 83.6530 Y=15.0321-.0367(LW)
. 665 -. 8440 L7123 1.2747 1/38 94.0855 =15. 3200-. 0385(LW}
.670 -.8485 . 7200 1.3216 1/38 97.7295 Y=15. 7068-. 0411(LW)
. 675 -.8617 . 7425 1.3043 1/38 109. 5569 Y=15.8371-. 0429(1LW)
.680 ~-.8312 . 6908 1. 5068 1/38 84.9040 Y=15.9472-.0437(LW}
- 685 ~. 7785 . 6061 1.6079 1/38 58.4775 Y=15.4348-. 0387(LW)
- 690 -.7278 . 5296 1.6647 1/38 42.7886 Y=15.3609-.0342(LW)
- 695 -. 734 . 5394 1.6556 1/38 44,4983 Y=16.1170-.0347(LW)
. 700 -.5733 . 3286 2.0141 1/38 18. 6017 Y=16. 5968-. 0273 LW)
. 705 -.4718 2226 2.0886 1/38 10.8818 Y=16. 5314~ . 0217(1LW}
.710 -.4105 . 1685 1.9995 1/38 7.7015 Y=16.9211-, 0174(LW)
.715 -. 3265 . 1066 1.7704 1/38 4.5349 Y=17.2401-.0119(LW)
.720 -.1372 .0188 1.7293 1/38 . 7294 Y=17. 6279-.0046(LW)
.725 . 1127 .0127 1.4965 1/38 . 4891 Y=17.1613+. 0033(LW)
-730 . 2287 -0523 1.7142 1/38 2.0979 Y=17.8255+, 0078(LW)
.735 4861 -2363 1.6526 1/38 11.7561 Y=17. 6604+, 0178({LW)
. 740 . 6994 . 4892 1.6508 1/38 36. 3928 Y=17. 1114+ 0313(LW)
. 745 . 7163 -5131 1.7828 1/38 40. 0392 Y=17.0971+. 0355(1LW)
. 750 . 7875 . 6202 1. 6380 1/38 62.0599 Y=16. 8179+, 0406(LW)
. 755 .7919 - 6270 1.7718 1/38 63.8398 Y=16. 5578+. 0445(LW)
. 760 .8436 L7116 1.7632 1/38 93.7762 Y=16.0832+.0537(LW)
. 765 .8811 .7763 1.6093 1/38 131.8821 Y=16.0349+. 0581(1LW)
770 .8722 . 7607 1.5560 1738 120.8263 Y=15.9889+. 0572(LW)
775 -8533 . 7285 1. 6440 1/38 101.9702 Y=16.4428+. 0522(LW)
.780 . . 7575 .5738 1.9465 1/38 51.1629 Y=17. 3377+. 0438{LW)
.785 . 7631 . 5823 1. 7600 1/38 52.9758 =17.7138+. 0403(LW)
.790 . 7359 -5415 1. 7697 1/38 44.8818 Y=18. 2583+, 0373(LW)
. 795 .6510 . 4238 2.1206 1/38 27.9540 Y=18.6479+.0352(LW)
. 800 . 6700 . 4430 2.0990 1/38 30. 9600 Y=18. 7048+. 0367(LW)
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Figure D-11. STATISTICAL COEFFICIENTS OF THE SIMPLE LINEAR REGRES-

SION FOR TOTAL CHLOROPHYLL (CHL) VERSUS REFLECTANCE AT
EACH WAVELENGTH. The linear regressions were formed

for the total chlorophyll present on 40 of 1/4 meter
squared plots of blue grama (B. gractlis) and the
reflectance of the plot at 91 wavelengths between

.350 and .800 um. The tabular values of these coef-
ficients can be found in Table D-6. (a) The correla-
tion coefficient (r) versus wavelength or the spectro-
correlation curve. (b) The coefficient of determination
(r<} versus wavelength., (c) The F value Versus wave-
length where the horizontal iine shown by -5- represents
the .5% level of significance for 1/38 degrees of
freedom.
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Figure D-12.

THE SLOPE AND THE INTERCEPT OF THE SIMPLE LINEAR REGRES-
SION FOR TOTAL CHLOROPHYLL (CHL) VERSUS REFLECTANCE AT
EACH WAVELENGTH. The linear regressions were formed for
the total chlorophyll present on 40 of 1/4 meter squared
plots of blue grama (B. gracilis) and the reflectance
between .350 and .800 um. Each regression equation at
each wavelength yields a slope and intercept value which
occur in Table D-6. (a) The plot of the slope at each
wavelength which represents the rate of change in the
reflectance of the plot with wavelength. (b) The plot
of the "y" intercept of the straight line which repre-
sents the reflectance of the plot when the total chloro-
phyll value is zero. Plotted against wavelength it
represents the spectroreflectance of the underlying,
unexposed soil surface.
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Table D-6. SIMPLE LINEFAR REGRESSION BETWEEN CANOPY REFLECTANCE AND TOTAL
CHLOROPHYLL (CHL). The ccefficients and equation resulting from these computations
are shown for each available waveleagth. The sample set in each cave consimed of 40)
of 1/4 square meter plots of blue grama (B. gracilis). Plots of r, rz, F, ¥, and m
values versus wavelength occur in Figures D-11 and D-12.

Wave- Standard Degrees .
Length r 2 Error of of Regression Equation

{pm) Value Value Estimate Freedom F Ratio : {y =b + mx)

-350 -. 3861 . 1491 8742 1/38 6.6575 Y= 3.4467-.0015(CHL)
. 355 -.6347 .4028 . 6072 1/38 25.6332 Y= 3.6043-. 0021{CHL)
. 360 -.6603 -4360 .6010 1/38 29.3734 Y= 3.5454-.0022(CRHL)
. 365 -.6913 .4779 . 5689 1/38 34,7821 Y= 3.5475-.0022{CHL)
.370 -.6872 .4723 . 5933 1/38 34.0045 Y= 3.5952-,0023(CHL)
. 375 -. 6865 -4712 + 5975 1/38 33.8633 Y= 3.6541-,0023(CHL)
. 380 -. 6802 . 4627 . 6105 1/38 32.7255 Y= 3.7356-.0023(CHL)
. 385 ~.7367 . 5428 . 5907 1/38 45,1128 Y= 4. 3935-.0026(CHL)
. 390 -.7530 . 5671 -5397 1/38 49,7711 Y= 4.3232-, 0025{CHL)
- 395 =47035 . 4949 . 6854 1/38 37.2346 Y= 4. 6007-,0028(CHL)
.400 ~. 6748 .4553 L7013 1738 31.7647 Y= 4.8306-.0026(CHL)
.405 -.7228 . 5224 6184 1/38 41. 5699 Y= 4.9968-. 0027(CHL)
-410 -, 6955 .4837 .6234 1/38 35. 6060 Y= 5.0703-.0025(CHL)
.415 -.6943 -4820 .6346 1/38 35. 3595 Y= 5.2939-. 0025(CHL)
. 420 -.6911 .4776 . 6454 1738 34.7349 Y= 5.4714-.0025({CHL)
-425 -.6632 .4426 . 7100 1/38 30. 1680 Y= 5.7288-,0026(CHL)
.430 -.6527 . 4260 . 7830 1/38 28.2000 Y= 6.0320-.0028(CHL)
-435 -, 5682 . 3228 . 8962 1/38 18,1171 Y= 6.2005-.0025({CHL)
.440 -.6221 +3870 . 8235 1/38 23.9899 Y= 6.4756~.0027({CHL)
. 445 -. 6598 -4354 . 8305 1/38 29. 3019 Y= 6.7474-.0030(CHL)
{450 -.6803 .4628 . 7720 1/38 32.7387 Y= 6.8714-.0029(CHL)
.455 -. 6861 .4707 . 7750 1/38 33.7905 Y= 7.0312-.0030{CHL)
. 460 -. 6881 .4735 . 8039 1/38 34.1774 Y= 7.2202-.0031(CHL)
.465 -.6911 -4777 . 8076 1738 34.7519 Y= 7.4039-,0032(CHL)
.470 -.6777 .4593 . 8616 1/38 32.2817 Y= 7.6005-.0033CHL}
.475 -. 6705 . 4495 .9316 1/38 31.0322 Y= 7.8770-,0035CHL)
.480 ~.6652 .4425 .9517 1/38 30.1630 Y= 8.0958-.0035(CHL)
.485 © -, 7098 . 5038 +9410 1/38 38.5848 Y= 8.4329-.0039(CHL)
. 490 -.6767 -4579 . 9452 1/38 32.0927 Y= 8.4746-.0036(CHL)

. 495 -.6724 -4522 -9396 1/38 31. 3670 = 8.5946-,0035(CHL)
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Wave- * Stand.rd Degrees
Length r 2 Error of of Regression Equation

(jrm) Value Value Estimate Freedom F Ratio (y =b + mx)

. 500 -. 6640 . 4408 .9251 1/38 29.9592 Y=: 8.7665-.0034(CHL)
. 505 -. 6450 -4160 9312 1/38 27.0678 Y= 8.9620~.0032(CHL)
. 510 -.5917 . 3501 -9329 1/38 20.4675 = Y= 9.1642-.0028(CHL)
. 515 -.5732 . 3285 . 9089 1/38 18. 5926 Y= 9. 4446-, 0026{CHL)
520 -.5530 . 3058 . 8819 1/38 16.7386 Y= 9.8124-. 0024{CHL)
.525 -.4977 .2477 . 8908 1/38 12,5133 Y+=10. 1050-. 0021(CHL)
. 530 ~. 4205 . 1768 « 9776 1/38 8.1610 Y=10. 3443~. 0015(CHL)
.535 -. 3896 .1518 #9R52 1/38 6.8006 ¥Y=10.6167-.0017(CHL)
.540 - -. 3801 . 1445 1. 0040 1/38 6,4172 Y=10.8734-. 0017(CHL)
. 545 -. 3878 . 1504 1.0419 1/38 6.7248 Y=11,1371-.0018(CHL)
. 550 -.2658 .0706 1.2521 1/38 2.8888 Y=11.2887-,0014({ CHL)
. 555 -. 3015 -0909 1.2245 1/38 3.7998 Y=11,4336-. 0016(CHL)
. 560 -.2995 . 0897 1.2801 1/38 3.7433 Y=11. 5552~-. 0017(CHL)
. 565 -. 3295 . 1086 1.3153 1/38 4.6274 Y=11, 6307-. 0019(CHL)
. 570 -. 3361 .1340 1. 3564 1/38 5.8818 Y=11. 7164-. Q022(CHL)
. 575 -.4145 .1718 1. 3656 1/38 7.8839 Y=11. 8198-. 0026(CHL)
. 580 -. 4467 . 1995 1. 3861 1/38 9.4708 Y=11.8969-. 0028(CHL)
. 585 -. 4695 . 2204 1.2879 1/38 10, 7442 Y=11. 8822-, 0028{CHL)
. 590 -.4479 . 2007 1.3359 1/38 9.5391 Y=11.9318- 0028(CHL)
. 595 -. 4626 .2140 1. 3263 1/38 10. 3459 Y=11.9373-. 0028(CHL)
- 600 -. 4069 -1656. 1. 3629 1/38 7.5412 Y=11.9322-. 0025(CHL)
. 605 ~. 4665 .2176 1.3381 1/38 10. 5685 Y=12.0817-.0029(CHL)
.610 -.5174 +2677 1.4077 1738 13.8917 Y=12. 2484-. 0035{CHL)
.615 -.5328 .2839 1.4183 1/38 15.0635 Y=12. 3599-,0037(CHL)
. 620 -. 5223 .2728 1.4757 1738 14,2545 Y=12. 4423-.0037(CHL)
-625 . - 5718 . 3269 1.4791 1/38 18.4591 Y=12.6483-. 0042(CHL)
.630 . =.5610 - 3148 1.4750 1/38 17.4544 Y=12.6604-. 0041(CHL)
.633 -. 5742 . 3298 1. 5066 1/38 18. 6956 Y=12.8001-.0043CHL)'
. 640 -. 5900 . 3481 1.5520 1/38 20.2882 Y=12.8828~.0047(CHL)
. 645 ~. 5938 . 3526 1. 6001 1738 20. 6997 Y=13.1199-. 0049(CHL)
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Table D-6 « cont.

Wave- Standard Degrees .
Length r rz Error of of Regression Equation

(pm) Value Value Estimate Freedom F Ratio {y =b + mx)

.650. -. 5656 . 3199 1.5905 1/38 17.8742 Y=12.9138~. 0045(CHL)
. 6355 -.6038  .3646 1,.5978 1/38 21.8034 Y=13.1071-. 0050(CHL}

. 660 -. 3838 . 3409 1.8528 1738 19.6510 Y=13, 4045-. 0055(CHL)
.665 -.5986 .3583 1.9037 1/38 21.2204 Y=13.6089-,0059(CHL)
. 670 ~.6031 . 3637 1.9924 1/38 21,7193 Y¥=13.9028-.0062(CHL)
.675 -.6335 .4013 1.9887 1/38 25.4727 Y=14.0242-. 006 7{CHL)
.680 -.6089 . 3707 2.1497 1/38 22. 3853 Y=14.0956-. 0068{CHL)
. 685 -.5328 .2838 2.1682 1/38 15.0597 Y=13.6668-,0056{CHL)
. 690 -. 5021 .2521 2.0992 1/38 12.8097 Y=13.8084-.0050(CHL)
. 695 -.5017 .2517 2.1102 1/38 12.7828 Y=14. 5263-. 0050(CHL)
. 700 -. 3570 . 1275 2.2961 1/38 5.5516 Y=15.2324~.0036(CHL)
. 705 -. 2558 .0654 2.2901 1/358 2.6603 Y=15. 3891-. 0025{CHL)
.710 -.2125 . 0452 2.1426 1/38 1.7979 Y¥=15.9236-. 0019(CHL)
.715 -. 1807 L0327 1.8422 1/38 1.2833 Y¥=16.5915~. 0014(CHL)
720 -.0473 .0022 1.7439 1/38 .0851 Y=17. 3071-.0003{CHL)
.725 . 2203 . 0486 1. 4690 1/38 1.9425 Y=17.0276+. 0014(CHL)
. 730 .2932 -0860 1.6835 1/38 3.5752 Y=17.8671+. 0021(CHL)
.735 .4784 .2288 1. 6607 1738 11,2760 Y=18. 1174+. 0037{CHL)
. 740 . 6994 . 4892 1.6509 1/38 - 36.3872 Y=17. 8808+. 0067(CHL)
. 745 . 6936 .4811 1.8405 1/38 35.2297 Y=18, 0450+, 007 3(CHL)
- 750 . 7203 .5189 1.8436 1/38 40.9848 =18.0506+. 0079(CHL)
. 755 . 6887 .4743 2.1035 1/38 34.2867 Y=18.0472+. 008 3(CHL)
. 760 . 7305 .5337 2.2423 1/38 43.4851 Y=17.8926+. 0099(CHL)
. 765 . 7730 .5975 2.1588 1/38 56. 4069 Y=17.9486+, 0109(CHL)
.770 . 7644 . 5843 2.1830 1/38 53.4013 Y=17.8774+. 0107(CHL)
.775 .7793 . 6074 1.9771 1/38 58.7799 Y=18, 0345+, 0102(CHL)
. 780 .6683 .4467 2.2179 1/38 30.6752 Y==18. 7645+. 0082(CHL)
.785 . 6834 . 4670 1.9880 1/38 33. 3006 Y=18. 9900+, 0077(CHL)
. 790 6805  .4631 1.9151 1/38 32,7767 Y=19. 3652 +. 0074( CHL)
.795 . 5877 . 3372 2.27398 1/38 21.1180 Y=19.7108+. 0069{CHL)

. 800 " .6074 . 3690 2.2462 1/38 22.2182 Y=19, 8409+. 007 1{CHL)
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APPENDIX E
Selected Bibliography on Remote Sensing of Grasslands

The following computer generated bibliography has been included
for use by persons interested in the broad scientific appiicatioﬁ of
remote sensing to grasslands. The bibliography is broken down into
four main sections: (1) Solar irradiance as it relates to productiv-
ity of vegetated surfaces; (2) Biological factors affecting the ap-
plication of remote sensing to the measurement of vegetated surfaces;
(3) Techniques for measuring and modeling the primary productivity
of grasslands; and (4) Applications of remote sensing to grassland
research and management.

The bibliography was generated from the REmote SEnsing of
NAture Technical Document Library (RESEﬁk) developed, organized, and
maintained by Professor L. D. Miller. RESENA uses a computerized
information storage and retrieval system which permits storage of
large amounts of coded reference material in such a fashion that the
system can be interrogated and manipulated from an interactive com-
puter terminal. Typical user interaction produces a terminal charac-
ter display or a printout of a set of citations in the American
Instifute of Biological Science Style Manual form which corresponds
to either authors, titles, subjects and/or sources which have been
input by the user at his remote terminal or through a search data

card deck input by a batch mode method.
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Computer assistance is required for general manipulation and
searching of the RESENA data base due to the over 9000 library docu-
ment citations currentlx cataloged in the library. Approximately
one-half of the listed citations are contained in a microfilm format
by the Colorado State University Libraries and a portion of the
remaining half ére available in the 6rigina1 publication contained
in the CSU library.

The following sections are contained in appendix E.

Solar irradiance as it relates to productivity
of vegetated surfaces - p. 178

Biological factors affecting the application
of remote sensing to the measurement of
vegetated surfaces - p. 185

Techniques for measuring and modeling the
primary productivity of grasslands - p. 202

Application of remote sensing to grassland
research and management - p. 207
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Solar Irradiance as it Relates to Productivity of Vegetated Surfaces

Solar radiation and its distribution, attenuation, and exchange
at a vegetative canopy are referenced in this section. Primary em-
phasis in the selection of these references was placed upon those
dealing with energy exchange with vegetative materials and factors
which cause variation in this exchange such as atmospheric condi-

tions, solar angle, and time of the year.

Alderfer, R. G. and D. M. Gates. 1971. Energy exchange in plant
canopies. Ecol. 52(5):855-861.

Allen, W. A. and A. J. Richardson. 1968. Interaction of light with
a plant canopy. J. Opt. Soc. Am. 158(8):1023-1028,

Allen, W., T. Gayle and A. Richardson. 1970, Plant-canopy irra-
diance specified by the Duntley equations. J., Opt. Soc. Am.
60(3}:372-376.

Anderson, M. C. and 0. T. Denmead. 1969, Short-wave radiation on
inclined surfaces in model plant communities. Agron. J.
61(6):867-872.

Anderson, M, C. 1970. Interpreting the fraction of solar radiation
available in forest. Agr. Meteorol., 7(1):19-28.

Bartman, F. L., 1967. The reflectance and scattering of solar
radiation by the earth. Univ. Mich., High Altitudes Eng.
Lab., Feb. 284 p.

Bell, E. E., L. Eisner, J. Young and R. A. Oetjen. 1960. Spectral
radiance of sky and terrain at wavelengths between 1 and 20
microns. II. Sky Measurements. J. Opt. Soc. Am. 50(12):
1313-1320.

Bemporad. A. 1907. Search for a new empirical formula for the
representation of the variation of the intensity of solar
radiation with zenith angle. Meteorologisch Zeitschrift.
24, July.

Bener, P. 1962. Comparison of measured and theoretical values of
the spectral intensity of ultraviolet sky radiation. USDC,
0TS, Defense Doc. Cnt., Sept.
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Bener, P. 1963. The diurnal and annual variations of the spectral
intensity of ultraviolet sky and global radiation on cloudless
days at Davos. 1590 M.A.S.L. USDC. OTS. Defense Doc. Cnt.,
Contract AF 61 (052) 618,

Bener, P. 1969. Spectral intensity of natural ultraviolet radiation
and its dependence on various parameters. Biol. Effects of
Ultraviolet Radiat. Pergamon Press, N.Y., N.Y. p. 351-358.

Cialdea, R. and S. Sciaratta. 1968. The absorption of solar radia-
tion by the earth. Geophy. Ann., 21:155-171.

Condit, H. R. and F. Grum. 1964. Spectral energy distribution of
daylight. J. Opt. Soc. Am., 54(7):937-944.

Combe, D. E. 1957. The spectral composition of shade light in
woodlands., J. Ecol., 45:823-830.

Cowan, I. R. 1968. The interception and absorption of radiation in
plant stands. J. Appl. Ecol. 5(2):367-379.

DeBruin, J. P. 1961. Principles of ultraviolet light ‘and some of
its applications in photography. J. Biol. Photo. Assoc.
29(2):53-63.

DeSloover, J. and T. Marynen. 1963. An ecological measure of the
amount of light and radiation. Compt. Rend. 257(18):2707-2710.

Denmead, 0. T., L. J. Fritschen and R. H. Shaw. 1962. Spatial
distribution of net radiation in a corn field, Agron., J.
54(6):505-510.

DeWitt, C. 1965. Agr. Res. Rep. 663. Inst. Biol. Chem. Res. on
Field Crops and Herbage. Wageningen, Netherlands.

Doraiswamy, P. C. 1971, Energy balance and spectral properties
of a reflectorized soybean canopy. Univ. Nebraska. Dept.
Hort. and For., Hort. Progress Rep. 88, Lincoln, Nebraska.
189 p.

Dunkelman, L. and R. Scolnik. 1959, Solar spectral irradiance and
vertical atmospheric attenuation in the visible and ultraviolet.
J. Opt. Soc. Am. 49(4).

Egbert, D. and F. Ulahy. 1972. Effect of angles on reflectivity.
Photogrammetric Engineering 38(6):556-564,

Eisner, L., E. E. Bell and J. Young. 1962. Spectral radianée of
sky and terrain at wavelengths between 1 and 20 micron. III,
Terrain Measurements. J. Opt. Soc. Am. 52(2):201-209.
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Ekerny P. C. 1965. Fraction of sunlight retained as net radiation
in Hawaii. J. Geophy. Res. 70(4).

Evans, G. C. 1969. The spectral composition of light in the field.
J. Ecol. 57(1):109-125.

Federer, C. A. and C. B. Tanner. . 1966. Spectral distribution of
light in the forest. Ecol. 47:555-561.

Federer, C. A. 1968. Spatial variation of net radiation. Albedo
and Surface Temperature of Forests. J. Appl. Meteorol. 7:789-
795.

Federer, C. A. 1972. Solar radiation absorption by leafless hard-
wood forests. Agr. Meteorol. 9(1-2):3-20.

Filippov, V. L. and S. O. Minuntants. 1970. The variation of the
spectral coefficients of radiation attenuation by hazes in
the spectral region of .59 to 13 microns. Tzvestiya. Atmos.
and Oceanic Phys. No. 6. 4 p.

Freyman, S. 1968. Spectral distribution of light in forests of the
Douglas fir zone of southern British Columbia, Can. J. Plant
Sci. 48(3):326-328.

Friis-Nielson, B. 1966. Active leaf area index: a meteorological-
plant physiological parameter for photosynthetic production.
1. Under conditions of optimal water supplies. Kgl. Ve. Lando
Rohoejskole Arsskr. 49-60,

Fritschen, L. J. 1967. Net and solar radiation relations over
irrigated field crops. Agr. Meteorol. 4:55-62.

Garnier, B. J. and A. Osmura. 1970. The evaluation of surface
variations in solar radiation income. Solar Energy 13(1):
21-34,

Gates, D. M. 1962. Energy exchange in the biosphere. Harper and
Row Biol. Monogr., N.Y.

Gates, D. M. 1963. Energy environment in which we live. Am. Sci.
J., Oct.

Gates, D. M. 1966. Spectral distribution of solar radiation at the
earth's surface. Sci., 152, Feb. 4.

Gates, D. M. 1968. Energy exchange in the biosphere. Nat. Res.
Rev. 5:33-43,

Gay, L. W., K. R. Knoerr and M. O. Braaten. 1971. Solar radiation
variability on the floor of a pine plantation. Agr. Meteorol. .
8(1):39-50.
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Grasovsky, A. 1929. Some aspects of light in the forest. Yale
Univ. School For. Bull. No. 23. 53 p.

Green, A. E. S. 1964. Attenuation by ozone and the earth's albedo
in the middle ultraviolet. Appl. Opt. 3(2}

Hennes, J. 1965. The ultraviolet solar spectrum and the earth's
reflectivity. Proc. of the sym. on electromagnetic semsing
of the earth from satellites. Polytechnic Press, Polytechnic
Inst. of Brooklyn, Brooklyn, N.Y. 6 p.

Hennes, J. P., W. P. Fowler and I.. Dunkelman. 1964, Middle ultra-
violet day radiance of the atmosphere. J. Geophy. Res. 69(13).

Ho, P., P. Schwerdtfeger and G. Weller. 1968. The energy exchange
within a vegetation layer. Arch. Meteorol. Geophy. Bioklimatol.,
Ser. B. 16(2-3):262-271. :

Howard, J. N. 1959. The transmission of the atmosphere. Proc. of
the IRE 47(9):1451-1457,

Hulburt, E. 0. 1935. Attenuation of light in the lower atmosphere.
J. Opt. Soc. Am. 25:125-130.

Hutchinson, B. A. 1971. Spatial and temporal variation in the
distribution and partitioning of solar energy in a deciduous
forest ecosystem. IBP. E. Deciduous For. Biome, Memo Rep.
71-82, Oak Ridge, Tenn. 40 p.

-Idsb, S. and C. Dewitt. 1971. Light relations in plant canopies.
App. Opt. 9(1):177.

Impens, I. and R. Lemeur. 1969. The radiation balance of several
field crops. Arch. Meteorol. Geophy. Bioklimatol. Ser. B.
17:261-168.

Impens, I., R. Lemeur and R. Moermans. 1970, Spatial and temporal
variation of net radiation in crop canopies. Agr. Meteorol.
7(4):335-338.

Izotov, V. F. 1969. The penetration of solar radiation below the
canopy (In Russian). Lesn. Zh. Archangel-Sk 12(4):20-23.

Kalma, J. D. and R. Badham. 1972. The radiation balance of a
tropical pasture. I. The reflection of short-wave radiation.
Agri. Meteorol. 10(4-5):251-259,

Kalma, J. D. 1972. The radiation balance of a tropical pasture.
II. Net all-wave radiation. Agri. Meteorol. 10(4-5):261-275.



182

Kimball, P. P. 1928. The distribution of energy in the visible
spectrum of sunlight, skylight, and total daylight. Proc.
Internat. Congr. Illumination. p. 501-505.

Kubelka, P. and F. Munk. 1931. Ein Beitrag zur Optik der Farban-
striche. Z. Techn. Physic 12:593-601.

Lambert, C. J. 1970. Thermal response of a plant canopy to
drifting cloud shadows. Ecol. 51(1):143-149,

Lemon, E., D. W. Stewart and R. W, Shawcroft. 1971. The sun's
work in a cornfield. Sci 174(4007):371-378.

Lemon, E. R. and K. W. Brown. 1964. The energy budget at the
earth's surface (Vertical fluxes within the vegetative canopy
of a corn field). Cornell Univ., Aug.

Linacre, E. T. 1969. Net radiation to various surfaces. J. Appl.
Ecol. 6(1):61-73.

Liu, B. Y, H. and R. C. Jordan. 1960. Interrelationship and charac-
teristic distribution of direct, diffuse and total solar
radiation. Solar Energy 4(3).

Lopukhin, Y. A. 1965. The spectral constitution of direct sunlight,
Heliotechnology. 21 Dec. 1965. p. 40-44,.

McCullough, E. C. and W. P. Porter. 1972. Computing clear day solar
radiation spectra for the terrestrial ecological environment.
Ecol. 52(6):1008-1015.

McPherson, H. G. 1969. Photo-cell filter combinations for measuring
photosynthetically active radiation. Agr. Meteorol. 6(5):
347-356.

Miller, P. C. 1970. Tests of solar radiation models in three forest
canopies. Ecol. 50(5):878-885.

Milthorpe, F. L. 1970. From the qualitative to the quantitative,
with special reference ot the use of light by crops.  Aust. J.
Sci. 32(9):345-349,

Moon, P. 1940. Proposed standard solar-radiation curves for
engineering use. J. Franklin Inst. 230(5):583-618.

Morowitz, H. J. 1968. Energy flow in biology. Academic Press,
N.Y. 179 p.

Nilson, T. 1971. A theoretical analysis of the frequency of gaps
in plant stands. Agri. Meteorol. 8:25-38.
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Norman, J. M. and C. B. Tanner. 1969. Transient light measurements
in plant canopies. Agron. J. 61(6):847-849.

Oetjen, R. A., E. E. Bell, J., Young and L. Eisner. 1960. Spectral
radiance of sky and terrain at wavelengths between 1 and 20
microns. I. Instrumentation. J. Opt. Soc. Am., 50(12):1308-
1313.

Parmelee, G. V. 1954, Irradiation of vertical and horizontal sur-
faces by diffuse solar radiation from cloudless skies. Heating,
Piping, Air Conditioning. p. 129-137, Aug.

Rawciiffe. 1965. The ultraviolet earth background. Proc. of the
sym. on electromagnetic sensing of the earth from satellites.
Polytechnic Press, Polytechnic Inst. of Brooklyn, Brooklyn,
N.Y. 17 p.

Reifsnyder, W. E. and H. W. Lull. 1965. Radiant energy in relation
to forests. USDA For. Serv., Tech. Bull. No. 1344. Dec.

Reifsnyder, W. E., G. M. Furnival and J. L. Horowitz. 1972. Spatial
and temporal distribution of solar radiation beneath forest
canopies. Agr. Meteorol. 9(1-2):21-37.

Robertson, G. W. 1966. The light composition of solar and sky
spectra available to plants. Ecol. 47:640-644,

Rose, C. W., J. E. Begg, G. F. Byrne, J. H. Gonoz and B. W. R. Torsell.
1972. Energy exchanges between a pasture and the atmosphere
under steady and non-steady-state conditions. Agr. Meteorol.
9(5-6):385-403.

Schulze, R. and K. Grafe. 1969. Consideration of sky ultraviolet
radiation in the measurement of solar ultraviolet radiation.
Biol. Effects of Ultraviolet Radiation. Pergamon Press, N.Y.,
N.Y. p. 359-373. :

Shirley, R. L. 1935. Light as an ecological factor and its measure-
ment. Bot. Rev. 1:355-381.

Smith. J. A. and R. Oliver. 1972, Plant canopy models for simulating
composite scene spectroradiance in the .4 to 1.05 um region.
Proc. of the Eighth Intern. Sym. on Remote Sensing of the Env.,
Univ. of Mich., Willow Run Labs., Ann Arbor. 21 p-

Suits, G. 1972. The calculation of the directional reflectance of
a vegetative canopy. Remote Sensing of Environment 2:117-125.

Suits, G. H., G. Safir and A. Ellingbor. 1972. Prediction of direc-
tional reflectance of a corn field under stress. Fourth annual
- earth resources program review. NASA, Manned Spacecraft Cnt.,
- Houston, Texas. 11 p.
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Tanner, C. B., A. E. Peterson and J. R. Love. 1960. Radiant energy
exchange in a corn field. Agron, J. 52:373-379.

Tanner, C. B. and A. E. Peterson. 1960. Light transmission through
corn to interseeded alfalfa, Agron. J. 52:487-489.

Uchijama, Z. 1968. A newly devised solarimeter for measuring
photosynthetically active radiation. Japan Agr. Res. 3(3):
20-22,

Utaaker, K. 1966. A study of the energy exchange at the earth's
surface. Abok Univ. Bergen. Math. Nat. Ser. 199)1):37.

Vezina, P. E. and D. W. K. Boulter. 1966. The spectral composition
of near ultraviolet and visible radiation beneath forest
canopies. Can J. Bot. 1966(44):1267-1270.

Warren Wilson, J. 1967. Stand structure and light penetration,
I1I. Sunlit foliage area. J. Appl. Ecol. 4:158-165.

Williams, C. N. 1967. A simple foliage model for studying light
penetration. Ann. Bot. (London) 31:783-790.

Wright, J. L. and E. R. Lemon. 1962. Energy budget at the earth's
surface--estimation of turbulent exchange within a corn crop
at Ellis Hollow (Ithaca, N.Y.) 1961. Cornell Univ., N.Y. State
Coll. Agr. July.

Yao, A. Y. M. and R. H. Shaw. 1964. Effect of plant population and
planting pattern of corn on the distribution of net radiation.
Agron J, 56(2).
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Biological Factors Affecting the Application of Remote Sensing to the
Measurement of Vegetated Surface

References dealing with the spectro-optical properties of
vegetation were selectéd for this section of the selected bibliogra-
phy. Emphasis was placed upon those studies dealing with leaf optical
parametérs such as pigment properties, pigment composition and con-
centration, leaf structure and its effect upon scattering, and optical
properties of leaf water. Also selected were those which deal with
the primary production or photosynthesis of vegetation, models of leaf
optical systems, energy budget considerations, and basic physical and

biological properties of leaf constituents.

Aboukhaled, A. 1966, Optical properties of leaves in relation to
their energy balance, photosynthesis, and water use efficiency.
Univ. Calif., Ph.D. thesis. Davis, Calif. 139 p.

Allen, M. B. 1964. Absorption spectra, spectrophotometry, and action
spectra. In Photophysiology (1). Academic Press, New York.
p. 83-110,

Allen, W. A., A, J. Richardson and H. W. Gausman. 1968. Reflectance
produced by a plant leaf. NASA. Earth Res. Aircraft Program--
Status rev. 13 p.

Allen, W. A., H. W. Gausman, A. J. Richardson and J. R. Thomas. 1969,
Interaction of isotropic light with a compact plant leaf. J,
Opt. Soc. Am. 59(10):1376-1379.

Allen, W. A., H. W. Guasman and C. L. Wiegand. 1970. Spectral re-
flectance of plant canopies. Spectral survey of irrigated
region crops and soils. USDA. 1970 Ann. Rep., Weslaco,
Texas. 20 p. :

Allen, W. A., H. W. Gausman, A. J. Richardson and R. Cardenas. 1970.
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Techniques for Measuring and Modeling the Primary
Productivity of Grasslands
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Site.
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from a systems viewpoint.
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Applications of Remote Sensing to Grassland
Research and Management
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