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1.0 INTRODUCTION

This report summarizes the results of a three-year project spon-

sored by the U.S. Army Research Office and directed by Dr. James A. Smith,

Principal Investigator, Colorado State University. Dr. D. S. Kimes

received the Doctor of Philosophy degree, in part, for the work reported

here. Mr. K. J. Ranson, Research Associate, Colorado State University,
performed many of the analyses and coordinated the field effort. The
major objective of the project was initially to apply the optical

reflectance modeling procedures (the SRVC model) developed previously

by the authors to a forest canopy scene. Subsequently, project objec-
tives were expanded to include development of a thermal canopy exitance
model. This latter objective was made possible with the assistance of
personnel, principally Dr. E. Link, of the U.S. Army Engineers Waterways
Experiment Station. An extensive data base was obtained in cooperation

with WES for a lodgepole pine (Pinus contorta) canopy at Leadville,

Colorado which was used both for model development and validation.

Before the thermal and optical terrain feature canopy models could be

applied, techniques for describing and measuring the geometric structure
of forest canopies had to be ueveloped. Rapid optical diffraction
analysis techniques for analyzing ground photographs of the modeling
trees were found to be suitable. The details of the models developed

{ % and their applications are described in the followins chapters which
contain separate introductions and conclusions. The report is organ-

ized as follows:




Chapter 2 describes the application of a modified version of the
solar radiation vegetation canopy (SRVC) model coupled with a numerical
approach to estimate solar absorption within the lodgepole pine canopy
system, The Fortran program ABSORPT performs this analysis and is
presented in Appendix B along with the results of some of the analyses
mentioned in Chapter 2.

Chapter 3 describes the TCSM which incorporates the information
and mathematics derived in Chapter 3 along with the thermal radiant,
convectional, and transpirational energy exchanges. The model predicts
the average canopy element temperature for three horizontal canopy
layers, and the effective radiant temperature above and within the
canopy system. The results of some of the analyses mentioned in this
chapter and the Fortran code of the TCSM are presented in Appendix C.

Chapter 4 presents the summary and recommendations. Appendix A
is a reprint of the abstracts of six papers or reports prepared under

partial or full support of the present project.

by b
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2.0 MATHEMATICAL SIMULATION OF ABSORBED
SOLAR RADIATION IN VEGETATION CANOPIES

Abstract

The absorption of total and spectral solar radiation within

vegetation canopies as a function of sclar zenith angle needs to be

B | quantitatively described for agricultural, ecological, forestry, and
military applications. The solar radiation vegetation canopy (SRVC)
absorption model was developed to physically account for the optical
properties, and geometric and spatial characteristics of canopy ele-
ments, and direct and dfffuse ccompenents of irradiance. Multiple and

} directional radiation scattering are included. The model predicts the

b proportion of spectral sclar absorption in three horizontal layers and
the apparent directional reflectance above the canopy. Field data

were collected from a cluster of four lodgepole pine (Pinus contorta)

trees. Vertical spectral reflectance above the canopy, spectral trans-
mittance to the ground layer, geometric measurements of canopy ele-
ments, and optical properties of canopy elements were measured. The
model was then applied to the canopy, and the reflectance and trans-

mittance simulated results for a thecoretical clear day were compared

§ with the measured results. The simulated results showed that relative-
ly large differentials occurred in spectral absorption by canopy
{ - layers, especially in the photosynthetic active radiation region as a
{ £ function of solar zenith angle. In addition, the proportion of total

global irradiance absorbed by individual layers varied as a function

. of solar zenith angle. However, the proportion of both total and




 — -
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spectral global irradiance absorbed by the entire canopy system was

relatively constant with solar zenith angle.

Introduction

The manner in which a vegetation canopy absorbs solar radiation
has an important effect on the thermal properties of the canopy and
the photosynthetic efficiency of the canopy. Thus, an understanding
of these principles is important in remote sensing with respect to
military, agricultural, forestry, and ecological applications. For
example, in recent vears the thermal region of the electromagnetic
spectrum has received keen interest in the remote sensing field. This
region may add valuable additional information to make inferences
concerning the characteristics of vegetation canopies. However,
before the thermal emission characteristics of a canopy can be under-
stood, the marner in which the canopy absorbs solar radiation must be
studied. In the field of agriculture there is strong evidence that
sclar radiation distribution within a canopy as a function of canopy
structure stronzly affects the productivity of the canopy (Vidovic,
1973; Rhodes, 1971; and Donald, 1961).

Physically based mathematical models serve as convenient tools
in studying the complex radiation-vegetation interactions. The
objective of the study was to develop a mathematical physically based

model to study the manner in which spectral and total solar radiation

as a function of solar zenith angle are absorbed in vegetation canopies.

The following describes the absorption model and the application of

the model to a lodgepole pine (Pinus contorta) canopy at Leadville,

Colorado for which a unique data base was collected during 1977. A

LT MR Y .
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complete study site description is given by Ranson, Kirchner, and
Smith (1978). The specific canopy modeled consisted of a cluster of
4 lodgepole pine trees with the mean statistics: 6.0 m height, 30
yr. age, 13.2 cm diamcter breast height, and a surrounding stand of

2
102 m~ /hectare basal area.

Solar Radiation Canopy Models

Several deterministic models have been developed to study the
interactions of solar radiation within vegetation canopies. Allen
and Richardson (1968), Alderfer and Gates (1971), and Suits (1972)
have adapted a system of simultaneous differential equations, developed
by Kubelka and Munk (1931), in various ways to vegetation canopies.
Suits (1972) developed a model which includes geometric effects and
predicts non-Lambertian characteristics of vegetation canopies.
Chance and LeMaster (1278) have derived a light absorption model for
vegetative plant canopies from the Suits reflectance medel (1972).

Another approach developed by Oliver and Smith (1974) is the
solar radiation vegetation canopy (SRVC) model. This model simulates
the solar radiation flow through the canopy by utilizing physical
laws and Monte Carlo techniques. This stochastic model originally
predicted the diurnal apparent directional spectral reflectance of
a vegetation canopy.

It is believed that the ray tracing technique utilized in the
SRVC approach is advantageous as applied to solar radiation inter-
actions within vegetation canopies for several reasons. The total
effect of all possible events can be simulated if one knows the
probability for each step in a sequence of events. Thus, as new

knowledge becomes available on the probabilities for each step, the
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SRVC framework can readily accept it. For example, if a researcher
describes a non-Lambertian reflection or transmission distribution as
a function of the source direction and leaf orientation, this infor-
mation could be incorporated relatively easily within the SRVC frame-
work. This framework has other advantages when applied to vegetation
canopy modeling:

(1) Such a general framework can be easily modified to include addi-
tional considerations without having to examine their effect on
the solution to differential equations as in the deterministic
models.

(2) The model can be modified to accept any reasonable number of
components within a scene. Thus, one could model a scene as
complex as time permits to obtain reasonable geometric and
spectral data of the components.

(3) Any relevant parameter, such as number of components, type of
component, their reflectance, transmittance, and absorptance
angle distributions, surface area, and spatial dispersion, may
be varied in any desirable fashion, and the model can accept
this information.

(4) The model can be modified to any reasonable number of discretized
inclination and azimuthal angles for simulation.

(5) Diffuse skylight is trecated as a set of independent source
vectors.

(6) The model accounts for multiple reflection and transmission in
both upward and downward directions.

The disadvantage of the proposed model is mainly one of the relatively

large computer time involved per run.




For these reasons, the SRVC model was modified to produce a
| version of the model to study the solar abscorption within vegetation
canopies. A complete description of the original SRVC model is

presented by Oliver and Smith (1974).

SRVC Absorption Model

An abbreviatcd description of the SRVC absorption model is as
follows. The SRVC absorption model assumes that a vegetation canopy
is composed of non~homogeneous layers of Lambertian elements of known
' geometric arrangement, statistical composition, and optical proper-
ties. The global radiation is composed of direct and diffuse sky
radiation. The direct solar radiation is treated as a point source,
F and the diffuse radiation is divided into source sectors. These source
sectors are created by dividing the hemisphere into inclination bands
E and then further dividing each band into sectors (Figure 1). This

] spherical coordinate framework serves as an accounting method for

radiation transfer above and within the canopy system. The flux from

E cach sector is simulated as a source vector (Figure 2). The inter-
action of each initial source vector from the sky with the canopy is
then calculated independently. The model utilizes probabilities which
govern the distribution of gaps within the vegetation to determine

the transition of source vectors from point to point within the canopy.

The formulation developed by Idso and deWit (1970), which is a

-

{ . the probability of gap in the direction of the nine hemispherical
bands for each canopy layer. In this particular study, three canopy

layers of equal height were defined (Figure 2). The positive binomial
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[ ' function of the canopy's geometry, has been incorporated to predict
t « distribution is used to describe these probabilities. Azimuthal

|
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Figure 2. Schematic of a plant canopy approximated by stratified
vegetation layers containing a statistical ensemble of
Lambertian surfaces. Two interactions are shown with
the corresponding source vectors representing reflection
and transmission in a Lambertian manner.
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symmetry is assumed. The probability of gap is equal to the ratio of
the projection of canopy elements in any particular layer to the
projection of the underlying soil surface for each hemispherical band.
For a hemispherical band direction 0 (inclination angle) the equation
is:

LA

I
PGAP(D) = |1 - S:g(®)| S ; PHIT(®) = 1 - PGAP(0) (1)
sin(0)

where:

PGAP(O) = probability of gap in direction of hemispherical

band ©

PHIT(0) = probability of hit in direction of hemispherical
band 0O

g(9) = mean canopy projection in the direction of hemi-
spherical band O

LAI = leaf area index

S = index of spatial dispersion.

The function g(0) is determined from element inclination angle distri-

butions which describe the orientation of the elements in a canopy

layer. The derivation and computational procedure is presented by

deWit (1965). The parameter S ranges from 0 to 1 and is an index of
denseness or spatial dispersion of the components in a canopy layer.

As S approaches 1, the more regular the dispersion of components and
the less frequent a gap is encountered. The leaf area index (LAI) of a
canopy layer is equal to the ratio of the total one-sided element

area within a layer to the area of the underlying soil area. For a

more in-depth discussion of the above theory and the required
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measurements see Kimes, Smith, and Berry (1978); Smith and Berry
(1976); and Idso and deWit (1970).

When a canopy element or a ground element is hit, a proportion
of the flux vector is reflected, transmitted, and absorbed into a
number of flux vectors which simulate a Lambertian response (Figure 2).
The direction of these vectors is determined by the element's orien-
tation. The proportion of reflected and transmitted flux is deter-
mined by the spectral characteristics of the canopy elements. These
resulting flux vectors are further processed in a similar fashion
until all vectors are essentially zero, indicating absorption by
canopy elements and ground, or escape from the canopy.

The SRVC model predicts the apparent directional spectral reflec-
tance of a canopy in the nine hemispherical inclination bands.

The SRVC model was modified in the following manner to predict

solar absorption. For each source vector-element interaction we know

that:
PEA = (ax + ) + 3 ).PEX

where:

PE = the proportion of spectral solar irradiance (EA) of a

8 wavelength band represented by a source vector incident
on a canopy element

Ay = spectral absorption coefficient of canopy element

Ry = spectral reflection coefficient of canopy element

Ty = spectral transmission coefficient of canopy element.

The reflectance and transmission values of the canopy elements
for each discrete wavelength are input to the model. These coeffi~

cients are different for different types of canopy elements, and thus
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il o 914 ¢




a are dependent on the material type hit. The proportion of

T
Ay LA
solar irradiance in a discrete wavelength that is absorbed by each
canopy layer at a particular solar zenith angle is obtained by s...ming

the absorbed propertion of all the source vectors incident on the

canopy elements occurring within a particular layer.

all interactions A

ay 4 = the proportion of spectral solar irradiance at
wavelength X within layer i, i =1, 2, 3, 4 where
layer 4 designates the ground at solar zenith angle z.
The SRVC absorption model conserves energy, i.e., the sum of canopy

reflectance and absorptance equals the incoming solar irradiance.

To estimate the absorbed total solar irradiance, it is necessary
to numerically integrate the spectral absorption at a number of
discrete wavelength bands over the entire electromagnetic spectrum.
Because computer time required is directly proportional to the number
of wavelengths simulated and the number of canopy elements, a simplified

: numerical integration scheme was devised as explained later.

Approach

To estimate the total and spectral global solar irradiance absorbed
by the lodgepole pine canopy, the following information is required:
canopy element area index for each carony layer; normalized spectral

{ solar irradiance curves ranging from 0° - 85° solar zenith angles;
| : proportion of spectral irradiance absorbed by each canopy layer; and
the mean canopy element spectral reflectance and transmittance for

each discretized wavelength. The entire numerical approach is
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summarized in Figure 3. First the numerical approach will be presented
followed by the data acquisition.

Using the above information and interpolation and integration
techniques, the absorbed total solar radiation within each canopy

layer is estimated as:

[i,z - Ez '_/.(f).,;:'a‘.,i,z)dx

where:
Ii,z = approximated integral of absorbed total solar flux
within layer i at sclar zenith angle z
Ez = total global solar irradiance at zenith angle z
fl,z = normalized spectral solar irradiance curve at zenith
angle z
ax,i,z = simulated proportion of spectral global solar irradiance

absorbed by canopy layer i for a mean canopy element
reflectance corresponding to wavelength band X and
solar zenith angle z.
The mean absorbed total solar flux absorbed per unit of canopy
element surface area within layer i at solar zenith angle z can then

be calculated as:

o, e
ey
ik
M LA i
where:
b, i
i,z = average absorbed total solar flux absorbed in layer i

\(2

. at solar zenith angle z per unit area of element

LAIi = the total element surface area within layer i.
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The spectral global irradiance absorbed by the canopy is estimated
by the simulated a, . coefficients.
? Xyd sz

The total absorption coefficient of a single isolated mean canopy

element is estimated by:

A, = j’(f)\’z'a}‘)d.\

where:
A_ = the total absorption coefficient of a single isolated mean
canopy element under spectral irradiance conditions
defined by solar zenith angle z
a, = spectral absorptance curve as a function of wavelength of
the mean canopy element.
The method of numerical integration and normalization utilized

throughout this study is as follows. The problem is to evaluate

b
I =f f(x)dx
a

when f(x) is known only at a finite number of points. First, f(x) is
approximated by a polynomial p(x) and then p(x) is integrated to
obtain I. P(x) is described by using Newton's forward-difference
interpolating polynomial (Conte and deBoor, 1965). The data utilized
had non-uniform discretization intervals and a few relatively large
intervals. In addition, the field data were not necessarily smooth by
nature. Under these conditions, a higher order polynomial fit will
not necessarily yield a more accurate approximation to the integral.
Thus, for the sake of simplicity and computing time, a first degree
polynomial was decided to be adequate for the purpose of integration.

Thus, the composite trapezoidal rule (Conte and deBoor, 1965) was
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employed to approximate the integral of the above curves over any
desirable [a,b].

The necessary parameters to determine the total and global
absorbed radiation were determined as follows. The total canopy element
area index (LAI) can be defined as the total surface area of the canopy
elements (e.g., leaves, stems, and reproductive structures) divided by
the projected ground area. The LAI was estimated by combining the
canopy element area index for branches (BAI) and needles (NAL) for each
canopy layer. The procedure involved measuring all branch diameters
for all four modeling trees near the bole of the tree. Regression equa-
tions for lodgepole pine developed by Gary (1976) which relate branch
diameter to the total lranch and needle surtace area for the top, middle,
and base of the crown were utilized to derive LAI, BAI, and NAI for the
total tree. The proportions of NAI and BAL for each canopy layer of
equal height were derived from Gary (1976) and are presented in Table 1.
The final estimated LAI for Layers 1, 2, and 3 were 2.4, 4.5, and 1.6,
respectively, for a total canopy LAI of 8.5.

The distribution of global and diffuse solar energy as a function
of wavelength was measured on a clear day at the study site using the
U.S. Forest Service Circular Variable Filter Spectrometer (CVFS).

The CVFS uses two continuously varying interference filters for
spectral separation in the visible and near infrared regions with a
half bandwidth of about 15-22 nm. The system has a 50 mm camera lens
and an acrylic diffuser for input optics and a silicon diode operating
in the photo voltaic mode as a detector. A digital readout is avail-
able (letter dated 14 December 1978 from Robert W. Dana, Physicist,
Resources Evaluation Techniques Program, Rocky Mountain Forest and

Range Experiment Station, U.S. Forest and Range Experiment Station,

s g T AR




Table 1. Proportion of BAI and NAT of respective totals for the
three canopy layers of equal height. Data were derived
from measurements on a single lodgepole pine tree (13.2 m
height, 13 cm DBH) conducted by Gary (1976).

Proportion
\ Layer NATI BAT |
|
1 0.28 0.23 |
!
: 2 0.53 0.49 |
3 0.19 0.28

total 1.00 1.00
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U.S. Forest Service, 240 W. Prospect Street, Fort Collins, Colorado
80521). Thirty-one discrete spectral measurements for both diffuse
and direct radiation were recorded within the range of .44 - 1.0 um
at 0850, 1025, and 1152 (Standard Time) during August 6, 1976. All
measurements were taken within 13 minutes of the above times. These
times correspond to solar zenith angles of 22°, 30°, and 47°, respec-—
tively. The proportion of total solar irradiance represented in the
UV range (<.44 pm) and two IR ranges (1.0 - 2.0, <2.0 um) were esti-
mated from tables presented by Kondrat'yev (1965) which typify a
theoretical clear and dry atmosphere. The general trends of the
field data were compared with those theoretical curves (Kondrat'yev,
1965) by normalizing all solar spectral curves so that the integral
of each curve equaled 1.0.

This computation aided in the ease of comparison between shifts
in the above spectral curves and in later analysis. The computation
involved integrating the relative magnitudes of the points within
the .44 - 1.0 um regions; and from tabular values (Kondrat'yev, 1965),
the corresponding proportion of total solar irradiance in the
remaining UV and IR regions were obtained. The normalized fi values
within interval (.44, 1.0) were then calculated as:

£,-QQ - p)
i '

-
i

i normalized fi values

i f(xi), (i=1, 2, «..., N) where X; € (.44 - 1.0)

"
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T
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I' = approximate integral on interval (.44, 1.0)

proportion of total solar energy outside the .44-1.0 um

©
i}

region.

The measured sclar spectrum does not span the entire solar zenith
angle range. However, the normalized spectral curves as measured in
the field were very similar in regard to spectral trends of the
appropriate theoretical spectral curve (Figure 4). Further, because
of the relatively small change in atmospheric path length between the
three measured curves and the theoretical curve, the trends and absolute
normalized magnitudes are similar. In addition, these curves corres-
pond relatively well to the spectral irradiance curves reported by
? Gates (1966). As a consequence, the 4 theoretical curves as presented
by Kondrat'yev (1965) for zenith angles of 0, 70, 80, and 85° (respec-
tive atmospheric path lengths of 1.0, 3.0, 6.0, 10.0) were utilized
exclusively in this study for consistency (Figure 5). The proportion
of solar irradiance in the UV and IR bands for the four theoretical
curves are presented in Table 2. These four curves demonstrate that

for a clear and dry atmosphere, as zenith angle increases, the path

length through the atmosphere and the shift in the direction of

longer wavelength increases. The general trends in spectral shifts of
these curves were believed adequate.
These 4 normalized spectral solar curves can then be linearly
interpolated for any specific zenith angle and for specified discrete
4 ! wavelength intervals to obtain the desired discretized spectral solar
! . irradiance function (fx,z) for zenith angle z and at wavelengths

Rpsk = 1,34,

i’
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Figure 4. Normalized spectral sclar irradiance curves as measured in

the field for solar zenith

angles of 22°, 30°, and 47°.

In addition, the theoretical curve for a zenith angle of

0° from Kondrat'yev (1965)

is shown.
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Theoretical proportion of total solar irradiance in the
UV and IR regions as a function of zenith angle (from

Kondrat'yev, 1965).

T T

Aum Solar zenith angle
Qe 70° 80° 85°
<. 44 .089 .048 .021 .007
1.-2 23 .269 -305 .343
>9, .064 - 072 .033 .094
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The proportion of spectral solar irradiance as a function of
solar zenith angle absorbed by each canopy layer is estimated by the
SRVC absorption model. To simulate all permutations for each of the
34 discretized wavelengths, 2 canopy components (branches and needles),
the entire range of solar zenith angles, and all possible diffuse/direct
ratios of solar irradiance would be extremely costly and thus the
following approach was employed to reduce the number of required
simulations.

'. The spectral diffuse/direct ratio as derived from the U.S. Forest

iy o

Service CVFR data collected at Leadville, Colorado, August 6, 1976 is
presented in Figure 6. The ratio increased with increasing frequency
and increasing solar zenith angle. Wavelengths near the UV region had
3 a ratio of less than 0.15. A sensitivity analysis of the change in
absorption coefficients for each layer versus a change in the diffuse/
direct ratio for wavelengths of high and low canopy reflectance and
zenith angles of 0° and 72° was completed. In the ratio range of 0.0-
0.2, the change in the absorption coefficient is less than 0.03 in all
cases. Thus, it is believed that for clear sky conditions at
Leadville, Colorado, a constant diffuse/direct ratio of 0.06 is

adequate for all wavelengths.

Rather than simulate two canopy elements (needles and branches)
in each layer, one average element in spectral characteristics was
simulated for each layer. The spectral reflectance of the branches
and needles and needle transmittance were initially measured using an

. i Isco Model SR Spectral Radiometer. Branches, mosaics of needles, and

a barium sulfate reference panel were utilized to obtain reflectances.

A metal plate with a thin slit was used to measure needle transmittance.
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In addition, a Modified Barnes Spectral Master Research Radiometer was
utilized to measure the spectral reflectance curve of needles and
branches. This radiometer had a 2° field of view (no needle mosaics
vere required) and produced a continuous curve from 0.25 to 1.20 um.
Using the above two instruments, 14 needle reflectance, 12 needle
transmittance, and 11 branch reflectance samples were taken from
various portions of a tree. The respective average spectral curves

were then weighted according to the proportion of BAI and NAI for

each canopy layer as measured by Gary (1976)(Table 1). The resulting
spectral reflectance and transmittance curves of the average canopy
element for each layer were very similar, thus only one set of mean
spectral reflectance and transmittance curves were utilized for all
three canopy layers as presented in Figure 7. The mean spectral
reflectance curve corresponded closely to spectral reflectance curves

of Pinus resinosa needles as presented by Egan (1970). The curves in

Figure 7 are used to calculate the spectral absorptance curve of the

average canopy element for all three layers which is denoted as a.

It was also essential that canopy absorption be shown insensitive

to small changes in the average element transmission. The proportions
of absorbed solar irradiance for a wavelength of high canopy reflec-
tance (p = .50 for all canopy elements including the ground) for
! various element transmission coefficients and for zenith angles of
0° and 72° were simulated. The maximum standard deviation of the
f measured needle transmission for the six discrete wavelengths was 0.02
and corresponded to a near infrared wavelength (Figure 7). In the
above sensitivity analysis a *0.04 (two standard deviations) trans-

mission change produced a maximum absorption coefficient change on




O Refleciance
O Transmittance

PROPORTION

WAVELENGTH (um)

Figure 7. Mean canopy element reflectance and transmittance derived
from radiometric field data.
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the order of 0.01 for Layer 1 and a 0° solar zenith angle. The stand-

ard deviation for the 0.68 pm band was 0.0008. At low reflecting

wavelengths any reasonable error in transmission will produce a small

change in the absorption coefficients. In addition, it was found that

the average canopy reflectance was correlated with the average canopy
2

transmission (R” = 0.62 with reflectance being the independent

variable).

-The above suggests that only a few mean canopy element reflectance

(MCR) values need to be simulated with the SRVC absorption model.

Six MCR's were simulated ranging from 0.0 to 0.80 reflectance. Each

MCR value simulated for all three canopy layers has a corresponding

mean canopy element transmission factor and a ground reflectance

Lo~y

factor. Thus, thkie MCD Jefines the cptical properties of the entire
canopy system. The above insensitivity and correlation of transmission
allows one to make the traunsmission factors dependent only on MCR
rather than wavelength. The background, composed of grasses and
litter, was similar to the average canopy element reflectance except
in the near IR region where the background was consistently lower in
reflectance. As a consequence, at high MCR the corresponding reflec-
tance of the background was scaled down relative to the MCR. The
simulated MCR along with the corresponding canopy element transmission
and the ground reflectance utilized are presented in Table 3.

Four runs utilizing the SRVC absorption model were made for solar
zenith angles of 0°, 47°, 72°, and 87° using the following input
parameters. The diffuse/direct ratio utilized for all runs was 0.06.

The canopy element inclination angle distributions were derived by

the laser diffraction technique as presented by Kimes, Smith and Berry
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Table 3. Six mean canopy element reflectances (MCR) with corresponding
canopy element transmission and ground reflectance. *
Canopy Canopy Ground
reflectance transmission reflectance
0.00 0.000 0.00
0.16 0.005 0.16
32 0.014 028
0.48 0.024 0.30
0.64 0.035 0.44
0.80 0.065 0.60
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(1979). The S parameter was measured to be 0.1 by measuring the
frequency of gap using black and white photographs which were taken
looking vertically up through the canopy. A dot grid was applied to
the photographs to estimate the probability of gap. The S parameter
was then derived from Equation 1. The LAI values for each layer were
derived as discussed above.

The resulting runs, which are presented in the Results and
Discussion section, can be linearly interpolated for any solar zenith
angle and MCR which corresponds to a specific wavelength (Figure 7)
to estimate ak,i,z'

The total global solar irradiance at zenith angle z was measured
using a MARK I-G SOL-A-METER Silicon Cell Pyranometer. This measure-
ment, denoted as EZ, when multiplied by the discretized fl i determines

’
the magnitude of the spectral curve, whereas f, . determines the shape
v 5
of the curve. Some error is introduced due to changing solar spectral
effects as a function of solar zenith angle and the sensitivity of

the silicon detector. However, this will effect only the magnitude

of the spectral curve and not the theoretical spectral trend.

Model Verification

It is very difficult to measure the absorption of solar flux
within the layers of the canopy. However, the model can be bench-
marked against the measured reflected and transmitted solar flux
densities within and above the canopy system.

A unique data base exists for the lodgepole pine stand at Lead-
ville, Colorado (Ranson, Kirchner, and Smith, 1978). The data base

consists of optical and thermal spectral measurements for various




terrain and temporal features. In this particular study, the Scene
Recording Radiometer (SRR) was principally utilized to obtain spectral
reflectance and transmittance measurements of the four modeling trees. -
The SRR instrument is described by Berry, Heines, and Smith
(1978). The SRR was suspended on support cables attached to two 15 m
towers, which allowed spectral reflectance measurements from above the
canopy to be obtained (Figure 8). The SRR consists of a six narrow
band interference filter wheel interfaced to a Hasselblad EL 500
camera to provide a photographic record of the scene. All filtered
spectral data were referenced to a barium sulfate painted panel to
provide reflectance values. Tilters used were centered at 4800, 6750,
7300, 8000, and 9600 R. (The standard field of view (FOV) was 22.5°.)

Vertical spectral reflectance above the four modeling trees was

oo

measured throughout 1977 and compared with the simulated reflectance
values.

On September 17, 1977 at 1030 Standard Time the SRR was placed
on the ground looking vertically up through the canopy of the modeling
trees. A 12.7 mm diameter stop on the SRR optics was utilized with
a FOV of 9° which restricted the FOV to the boundaries of the canopy.
Two sample points were measured and the mean transmittance to the
ground was calculated.

Two experiments were performed to evaluate the spectral reflec-
tance variability of lodgepole pine canopies with changing solar
zenith angle. SRR data taken from the tramway system of the four -

modeling trees were acquired on May 24, 1978, from 0642 - 1526 hours

Mountain Daylight Time (MDT). Approximately 10 percent of the scenes

was composed of snow understory. 1In addition, data were acquired for




Figure 8. Suspended Scene Recording Radiometer (SRR) instrument on
tramway system at Leadville, Colorado.




a different cluster of three lodgepole pine trees on August 4, 1976, v

from 0657 to 1400 hours MDT.

Results and Discussion

The measured spectral canopy transmittance to the ground versus

the simulated values are shown in Figure 9. Considering the small

magnitude of the spectral transmittance values, the accuracy of
prediction is very good.

A typical comparison between the measured vertical spectral
reflectance of the four lodgepole pine trees versus the simulated
reflectance is presented in Figure 10.

The simulated total absorption coefficients Az of a single
isolated mean canopy element for solar zenith angles of 0°, 47°, 75°,
and 85° were .68, .67, .65, and .60, respectively. Jarvis et al.
(1976) states that the optical properties of coniferous needles are
poorly known due to difficulties in making spectral measurements with
conventional spectrophotometric equipment. However, Gates et al.

(1965), assuming zero transmissivity, found a mean value of absorption

of 0.88 for needle mosaics of Pinus strobus using a spectral solar

irradiance curve of a sunny day. It is important to note that the

total Az is not constant but is a function of the solar irradiance

conditions which change as a function of solar zenith angle. Gates i
(1970) has shown that the total absorption coefficient of leaves of

various plants can change as much as 0.13 between sunny and cloudy

| irradiance conditions.

The SRVC absorption coefficients G 4, for the six MCR for
s Ly -

solar zenith angles of 0°, 72°, and 89° are presented in Figure 11.
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Figure 9. Measured versus simulated spectral canopy transmittance
to the ground level.
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o o . . . .
'he o, . and a, . curves were very similar. It is hypothesized
The X,1,0 n A, i,47 € ¥ Yi € e
that this similarity is due to the fact that the PGAP at solar zenith

angles of 0° and 45°, corresponding to the inclination invervals of 85°

and 45°, respectively, in Table 4, are very similar for any given

canopy layer. Thus, the transfer of radiation should be somewhat

similar. Several intevesting trends are apparent in Figure 11.

The trends seen for a, i 0° can be explained as follows. The
FLig By
differences in the absorption coefficients seen in each canopy layer

are due to a complex interaction of radiation, canopy geometry,

optical properties of canopy elements, LAI distributions, and spatial

arrangement of canopy elements. The a4 O° and a, 0° decrease as
"~y ,

iy
the MCR increases because at high MCR an energy loss due to high

element reflection is deminating. However, a, 3 0° is relatively
Ny Jdy

constant and peaks at a MCR of .3 - .5. At the lower MCR relatively

little energy is reaching Layer 3 due to the high element absorptance,
and at the higher MCR the high energy loss due to high element reflec-
tion is dominating. The QX,A,OO (where 4 denotes the ground layer)
consistently increases with increasing MCR. At higher MCR a rela-

tively large proportion of flux reaches the ground, and the ground

P S

has a relatively high absorption coefficient relative to the canopy

elements (Table 3). These factors dominate as MCR increases and thus

o s
a increases.
W M s
It is important that the most drastic differentials in the a z's
g ’
occur at low MCR which would correspond to the photosynthetic active
i radiation (PAR) absorption. Thus, the uneven distribution of absorbed

f PAR within the canopy will have definite effects on the photosynthetic

efficiency of the canopy. In contrast, at high MCR the a4 z's tend
’ ,
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i
Table 4. Simulated probability of gap (PGAP) through each canopy
laver at the nine different inclination view angle intervals.
Inclination view angle

5 15 25 35 45 55 65 75 85

Layer 1 <03 .30 <41 .46 .48 .49 o) .50 .50

Layer 2 .00 .10 <19 «23 <23 .26 27 27 i
3

Layer 3 13 47 s <61 <62 .63 <63 .63 .63
:
]
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to converge due to the large degree of multiple scattering, and
consequently a more even distribution of absorbed spectral flux is
assumed.

The GA,1,72° curve increases slightly in magnitude relative to

a4 0° for all MCR which dictates that the flux reaching Layer 2
e ;|

should be less, and as a consequence Q o decreases slightly for

Xy2,72

all MCR relative to a A similar argument can be made for the

X;2,0°°

slight decrease in a o and a which is most noticeable at

A,3,72 Xy 722

low MCR. These changes are not large, and can be partially explained
by the fact that the simulated PGAP's, which are impertant in radiation
transfer for the solar zenith angles of 0°, 47°, and 72° corresponding
to inclination intervals of 85, 45, and 25, respectively, do not
change drastically (Table 4).

The al,i,89° curve shows that Layer 1 absorbs most of the energy
except at high MCR. At low MCR (e.g., PAR) Layer 1 essentially
absorbs all incident energy due to the very low PGAP (Table 4). The

& 39° curve assumes the same general shape as a

in the previous
y &y )\,3,2 P

runs.
Figure 12 presents the simulated proportion of spectral solar

irradiance at various MCR values that reaches the ground level at a

solar zenith angle of 0° and 89°. As one proceeds from a low MCR

to a high MCR, the proportion of spectral solar irradiance reaching

the ground increases exponentially due to the increase in element

reflectance and multiple scattering. This phenomenon has been observed

by many investigators, for example Jarvis et al. (1976) and Ross (1976).

Upon inspection, the a in Figure 11 change very little

A,total,z

as a function of solar zenith angle. Two plots were produced for
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Figure 12. Simulated proportions of solar spectral irradiance for

! ! various MCR values that reach the ground level at solar
zenith angles of 0° and 89°.
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further analysis. Figure 13 shows the SRVC simulated a, spectral
absorption coefficient for a MCR of 0.16 as a function of solar zenith
angle. As can be noted, the a, changes drastically as a function of
solar zenith angle; however, the total proportion of the spectral
irradiance absorbed by the canopy system is relatively constant. The
modeling results from Chance and LeMaster (1978) have shown similar
trends for a wheat canopy. Figure 13 shows the SRVC simulated ay
spectral absorption coefficient for a MCR of 0.64 as a function of
solar zenith angle. ai does not change drastically with solar zenith
angle due to the high element reflectance and a relatively high degree
of multiple scattering. Again the total proportion of the spectral
irradiance absorbed by the canopy system is relatively constant.

Since the total proportion of spectral irradiance absorbed by
the canopy system changes little as a function of solar zenith angle,
the total reflected spectral flux would also change little since the
canopy system's reflectance and absorptance must equal 1.0. However,
the SRVC model simulates the apparent reflectance in the nine incli-
nation bands above the canopy, and this reflectance is by no means
constant with varyinas solar zenith angle due to the complex radiation-
canopy geometry interactions. Many studies do not distinguish between
total and directional reflectance factors which may dictate what kind
of reflectance versus solar zenith angle trends result in any partic-
ular study.

For example, within this study the simulated total spectral flux
absorbed by the canopy system is essentially constant with solar
zenith angle. However, the simulated vertical spectral reflectance

shows definite trends as seen in Figure 14. Sun angle experiments,

T
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discussed previously, using the SRR instrument were conducted on the
four modeling trees and on a nearby cluster of three trees. The
results of vertical reflectance versus solar zenith angle of these
two targets for the 0.68 um band and the 0.80 um band, corresponding
to a MCR of .064 and .538, respectively, are presented in Figure 14.
The simulated results of the three trees deviate from the measured
results in magnitude, which might be expected since the targets are
two distinect points. However, a decreasing reflectance with increasing
solar zenith angle is seen in both simulated and measured results.
The same general trends exist for the results of the four modeling
trees with better correspondence in magnitude to the simulated
results (Figure 14).

The simulated-proportion of total global solar irradiance absorbed
by the lodgepole pine canopy system as a function of solar zenith
angle is presented in Figure 15. The total global solar irradiance
absorbed by the canopy system is essentially constant with changing
solar zenith angle, and therefore, the total reflectance is essentially
constant. However, the proportions absorbed by Layers 1 and 2 are
clearly dependent on solar zenith angle. As solar zenith angle
increases, the PGAP for Layer 1 decreases and thus, the absorption in
Layer 1 increases. In contrast, as solar zenith angle increases, the
proportion of flux reaching Layer 2 decreases due to the lower PGAP
of Layer 1 at higher solar zenith angles.

Bergen (1971, 1974) has shown in a 10 m tall lodgepole pine
canopy that the air temperature maximum occurs in the upper crown
during the morning period and then descends deeper into the crown as

the solar zenith angle decreases for clear sky and low wind speed

N— o —
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zenith angle for October 14, 1977.




2-42

conditions. The maximum temperatures move from the 9 m level to the

7 m level during the day. This phenomenon suggests that the foliage
heated by the solar irradiance is the cause of the shifting maximum
air temperature level (Bergen, 1971). Figure 15 demonstrated a shift
of levels at which the maximum global solar irradiance is absorbed.

At the greatest solar zenith angles, Layer 1 clearly absorbs the
largest proportion of global solar irradiance. However, at relatively
low solar zenith angles, the proportion of solar global irradiance
absorbed by Layers 1 and 2 begins to converge indicating the level of
maximum absorbed solar irradiance is shifted down into the canopy.
This can be explained by the PGAP as a function of view angle as
discussed above. Bergen (1974) states that forest productivity
studies require more quantitative data of canopies such as radiation
flux absorption.

In future work it is anticipated that the SRVC absorption model
will be used to study PAR absorption within canopies of various
geometric structures. In addition, the results of this study will be
combined with a comprehensive thermal canopy signature model (TCSM)
recently developed at Colorado State University to study the thermal

behavior of the lodgepole pine canopy.

Conclusions
A solar radiation vegetation canopy absorption model has been
developed which has several advantageous features for quantifying

solar absorption within vegetation canopies under a variety of environ-~

mental and plant conditions. Under a theoretical clear and dry

atmosphere and a correspondingly low diffuse/direct solar irradiance
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ratio, the following measured and simulated results were found for a

specific lodgepole pine canopy.

1) The simulated results correspond relatively well with the
measured reflectance and transmittance data.

2) Large differentials occur in spectral absorption by canopy

layers especially in the photosynthetic active radiation region
as a function of solar zenith angle and canopy geometry, which
may have significant effects on the photosynthetic efficiency

of the canopy. 5

3) As one proceeds from a low MCR to a high MCR the proportion

of spectral irradiance reaching the ground increases
exponentially.

4) Although it is believed that the total spectral reflection by
the canopy system is relatively constant with solar zenith

angle, the vertical spectral reflectance of the canopy

decreases with increasing solar zenith angle.
5) Both the total and spectral global irradiance absorption by

the entire lodgepole pine canopy system are relatively constant

with solar zenith angle. However, the proportion of total and
| spectral global irradiance absorbed by individual canopy layers

§ varies greatly as a function of solar zenith angle.
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3.0 A THERMAL VEGETATION CANOPY MODEL OF SENSOR RESPONSE

Abstract

A thermal canopy signature model (TCSM) was developed to approx-
imate the thermal behavior of a vegetation canopy by a mathematical
abstraction of three horizontal layers of vegetation. The geometry
of canopy elements within each layer is quantitatively described by
the foliage orientation distribution and number density. Given this
geometric information for each layer and the driving variables (direct/
diffuse solar irradiance, air temperature, horizontal wind velocity,
relative humidity, and ground temperature) the energy budgets of average
leaves within each layer are determined. The resulting system of
conservation equations is solved for the average layer temperattre.
This information is then used to calculate the response of a thermal
infrared sensor at varying view angles above and within the canopy.

The model is applied to lodgepole pine (Pinus contorta) canopy and

the results are validated with both radiometric and contact temper-
ature measurements. The simulated average layer temperatures

closely follow air temperature due to the high leaf area index values
of the lodgepole pine canopy and the small dimensions of the needles.
Simulated versus measured radiometric average temperatures of Layer 2
correspond approximately within 2°C. Simulated results suggest that
canopy element geometry can significantly influence the effective

radiant temperature of a sensor above the canopy as a function of view
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angle. This phenomenon has important implications on the optimum

view angle for making inferences about the target of interest.

Radiant energy interacts with a vegetation canopy in a complex
manner. A vegetation canopy can gencrally be defined as a stand of one
or many plant species. The interactions of radiation and other energy
exchanges with the individual canopy elements (leaves, stems, and
reproductive structures) include solar radiant absorption, reflection,
and transmission; thermal radiant emission, absorption, and reflec-
tion; convection; transpiration; conduction; photosynthesis; and
respiration. The interactions between the ensemble of canopy elements,
the sky, ground, and air determines the resulting thermal behavior,
solar radiation regime, and thermal radiation regime of the canopy
structure. Ross (1976) discusses the factors which determine the
resulting radiation regimes in plant canopies. Monteith (1973) and
Gates (1968) discuss the thermal behavior of vegetation elements.

An understanding of the underlying principles involved in the

above radiation and energy regimes is important to remote sensing
applications. Such basic knowledge is needed to improve the accuracy
of remote sensing techniques for determining species identification,
vegetation stress, vegetation biomass and the nature of the underlying
soil and/or rock.

One method used to study these interactions is by mathematical
modeling techniques. Canopy modeling enables the experimentalist to

conveniently organize, in a mathematical sense, all the complex inter-

actions which take place in a vegetation canopy, and thus enables one

to integrate information and interpret the data collected. In




addition, models can serve as a guide to experimentation. As in any
scientific research, knowledge of the underlying basic principles of
a phenomenon needs to be understood before a surge of practical
applications can be realized.

Several solar radiation canopy models which incorporate canopy
geometry exist. Some of the more recent developments have been made
by Oliver and Smith (1974), Suits (1972), Idso and deWit (1970), and
Allen and Richardson (1968). It is known that the spectral signature
of most vegetation canopies varies with both direction of sensor view
and solar zenith angle. This variation is primarily due to differences
in canopy geometry which influence the transfer of radiation within
a vegetation canopy. The canopy geometry can be described by such
physical characteristics as the distribution of plants on the ground,
leaf area index and its distribution as a function of height, leaf
angle frequency distribution and leaf azimuth angle frequency distri-
butions. These canopy characteristics, in regard to radiation
transfer, are discussed by Oliver and Smith (1974), Idso and deWit
(1970), and deWit (1965).

The thermal infrared region (3-20 um) of the electromagnetic
spectrum in recent years has received keen interest. This radiation
region may add valuable additional information to make inferences
concerning the characteristics of vegetation canopies. Many thermal
models exist for different non-vegetated targets of interest. Several
models exist for planar solid objects. For example, Watson (1971)
developed a thermal model for predicting the diurnal surface tempera-
ture variation of the ground, and the University of Michigan (1969)

developed a model for the prediction of time-dependent temperatures

ap—
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and radiance of planar targets and backgrounds. However, few thermal
models exist for plant canopies.

Gates (1968) presents an energy budget for a single plant leaf
isolated in space. In addition, Kimes, Ranson, Kirchner, and Smith
(1978), and Wiebelt and Henderson (1977) have developed thermal models
of an individual leaf. Other investigators model the thermal dynamics
of vegetation canopies assuming a simplistic single homogeneous layer
abstraction. For example, vegetation is treated as a single homo-
geneous layer with an associated transmission factor for solar radia-
tion in the University of Michigan model (1969). Heilman et al. (1976)
used actual thermal scanning data to measure crop effective radiant
temperatures and used an evapotranspiration (ET) equation to estimate
crop ET. However, they assume they are viewing only the top layer of
the crop with the scanner and ignore the canopy geometry. The litera-
ture review failed to reveal any thermal canopy models which physically
account for the canopy gecmetry and the thermal dynamics within the
canopy.

It is known that vegetation canopies are non-Lambertian at optical
wavelengths, primarily due to canopy geometry. Similarly, in the
thermal region, it is believed that while individual canopy elements
are isotropic radiators, the response from the canopy may also be
non-Lambertian because canopy geometry causes spatial variations in
many energy flow processes.

With the number of thermal sensor systems currently operating in
present satellites (e.g., Heat Capacity Mapping Mission) and proposed
for future satellites (e.g., Thematic Mapper on Landsat D), thermal

models will become increasingly important in interpreting the resulting
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data. Vegetation is often the target of interest, especially in
agriculture and forestry applications. However, in many cases the
substrate (e.g., soil, rock) underlying the vegetation is of interest.
Thermal modeling of vegetation canopies could play an important role
in interpreting thermal data (Watson, Rowan, and Offield, 1971) and

in design studies for discriminating between vegetation types or

background materials under a variety of environmental conditions.

Model Description

The primary objectives of this study were to produce a thermal
canopy model which simulates, in a physically based manner, (1) the
geometric arrangement of primary canopy elements, (2) the decreased
direct/diffuse solar radiation absorption due to the scattering of
neighboring canopy components, (3) the increased thermal absorption
of leaves due to the thermal emissions of neighboring canopy components,
(4) the true average temperature of scene elements within three hori-
zontal, infinite canopy layers, and (5) the response of a thermal
sensor at varying view angles above the canopy and at horizontal

looking positions within the canopy.

Canopy Abstraction

The vegetation canopy is abstracted as three, statistically
independent, horizontal, infinite layers (Figure 1). The canopy
elements (e.g., leaves, branches, and other plant organs) within each
layer are described as a statistical ensemble which is used to define
the canopy geometry. Mid-elements that represent canopy elements
which occur at the horizontal plane occupying the middle of each

layer are defined. An energy budget equation is formulated for the
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Figure 1. Abstraction of the thermal canopy signature model (TCSM)
showing the sky, ground, and three canopy layers which
contain a statistical ensemble of elements.
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mid-elements of each layer. These equations account for the energy
inflow and outflow processes of the elements. The energy transfers

. —2 :
are calculated on a power per unit area of element (w-m ~) basis.
The roots of the resulting system of equations are the average surface
temperature of the mid-elements in the three layers. It is assumed

that these values represent the average temperature of the elements in

each respective layer. These values can then be utilized to calculate
the response of a thermal sensor at varying view angles.

The flow of energy within a canopy is time dependent. However,
the TCSM assumes a steady-state condition in which elements of the
canopy are neither gaining nor losing a net amount of energy. In

addition, the energy loss due to photosynthesis and energy gain by

respiration is assumed negligible and has been ignored. Heat exchange
by conduction is also considered negligible, and all surfaces of
finite elements within a layer are considered to be the same tempera-
ture. These approximations are good for elements of relatively small
dimensions (Gates, 1975). The above steady-state and conduction

assumptions may not be adequate when dealing with canopies which

exhibit a large fraction of the total element surface areas as rela-

tively large branches and trunks. To approximate time dependent
events, one can consider a series of incremental changes in steady-
state energy flow as discussed later.

Several other assumptions are made. First, the spectral effects

in the thermal region are assumed insignificant. Kondrat'yev (1965)

states that natural surfaces can be treated in the first approximation

as gray body radiators and emitters. Data from Leeman et al. (1971)
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show that the thermal spectral emissivity of plants are essentially
constant with wavelength.

Secondly, the reflection of thermal flux within the canopy is .
ignored. Ross (1976) states that the transfer theory for the thermal
radiatioa in a vegetation canopy differs from shortwave theory in that
the scattering of thermal radiation may be neglected but the emission
of thermal radiation from plant elements must be acknowledged. It is
believed that within natural vegetation canopies, reflected thermal
radiation is a negligible contribution to the total energy budget.
Blaxter (1967) reported the emissivity of "green grass" as 0.99.

Idso, Baker and Blad (1969) reported the emissivity of 34 plants
ranging approximately from 0.94 to 1.00, with 30 of the plants above
0.96. The effect ¢f ignoring thermal reflectance on the final temp-
erature of a single leaf was explored using the following analogy
(Figure 2). The walls of the box are considered to be leaves which
have an emissivity of .95. The energy budget is used to calculate the
leaf temperature of the theoretical box in which thermal reflections
are complete both for the exterior and interior of the box, simulating
a theoretical enclosed canopy. Two calculations, one ignoring and one
accounting for thermal reflectance, are made of the single leaf temp-
erature which is completely enclosed in the box composed of other
leaves. It is believed the difference between these two calculations
will simulate the worst possible case for ignoring thermal reflectance.
Within a normal canopy a single leaf is rarely completely surrounded
by neighboring leaves and thus some of the reflected thermal radiation

escapes out the sides of the system. However, this is not the case in :

the "black needle box." The energy budget with the specific

e
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SOLID WALLS, COMPOSED
OF NEEDLES WITH
EMISSIVITY OF .95

A

(SINGLE NEEDLE
WITH EMISSIVITY
oF .95

—— e — s e —— —— — — .t —

Figure 2. Analogy of a black box consisting of solid needles and
a single needle within the interior of the black box.




coefficients used to calculate the above leaf temperature is presented
in detail by Kimes, Ranson, Kirchner, and Smith (1978).

Several permutations of environmental conditions were simulated
for this simple example. The constants were: wind velocity 1 cm/sec,
leaf dimension 1.0 cm, internal leaf resistance to water vapor
diffusion .66 min/cm, leaf emissivity 0.95. Simulations were run with
permutations of air temperature (0, 15, 35°C), relative humidity (10,
50, 100%), accounting for and ignoring transpiration, and no solar

9
irradiance and 336 w/m”~ absorbed solar irradiance by the leaf. The
results showed that the maximum difference between the two calculations
for all permutations was 1.59°C +0.01.

Finally, the individual canopy elements are assumed to emit
thermal radiation in an isotropic manner. Kondrat'yev (1965) and
Hudson (1969) state that the radiation emitted from natural surfaces
is essentially isotropic.

In the following discussion a description of the canopy gecometry
will be presented followed by the energy budget equations for each
layer which account for the thermal radiation transfers, solar radia-

tion absorption, thermal exitance, transpiration and convection

exchanges.

Canopy Geometry
Important parameters in describing radiation transfer in complex
structures are the gap frequency and the extinction of radiation with-

in the structure. Monteith (1965), Warren Wilson (1965), deWit (1965),

and other authors have developed various formulas for these parameters.




Nilson (1971) presented a good review of these formulations for
theoretical models of canopy geometry which have been utilized.

The geometry of the thermal canopy model is abstracted in the
following manner. Since the model is numerical as opposed to analyt-
ical in nature, the hemispheres above and below a particular layer
are discretized into 9 hemispherical inclination bands 0-90 degrees
(Figure 3). Each of the 9 bands is further discretized into 18
azimuthal sectors (Figure 3). Within each sector the radiation trans-
fers between the three canopy layers, ground and sky are calculated.

The formulation developed by Idso and deWit (1970) has been
incorporated to predict the probability of gap in the direction of
the nine hemispherical bands for cach of the threc layers.

The positive binomial distribution is used to descr'h s¢ probabil-
ities and azimuthal symmetry is assumed. The probability of gap in a
particular band direction is equal to the ratio of the projection of

elements in a layer to the projection of the underlying soil surfaces.

For a hemispherical band direction j the equation is:

LAL
Sn'Cim | 5.
PGAP, = 1 - —— mo;op -] = BC
jm sin(n.) §OPHIT, =1 - PGAP,

where:

PGAij = probability of gap for layer m in direction of
hemispherical band j

PHIij = probability of hit for layer m in direction of
hemispherical band j

Gjm = mean canopy projection of elements in layer m in

the dircction of hemispherical band j
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Lxlm = element area index for layer m
Sm = index of spatial dispersion of elements in layer m
sin(0,) = sine function of the inclination angle O of

hemispherical band j.

The function ij is determined from inclination angle frequency dis-
tributions of the elements in a laver. The derivation and computa-
tional procedure is presented by deWit (1965). The parameter Sm
ranges from 0 to 1 and is an index of denseness or spatial dispersion
of the el ments in a canopy. As S approaches 1.0, the more regular
the dispersion of elements is and the less frequently a gap is
encountered. The leaf area index of a canopy layer is equal to the
ratio of the total one-sided element area within a layer to the area
of the underlying soil area. For a more in-depth discussion of the
above theory and the required measurements see Idso and deWit (1970),
and Oliver and Smith (1974).

The resulting PCAij and PHIij are important parameters in
describing the radiation transfers with each hemispherical sector.
In addition, the probabilities of gap and hit of half of each laver

are required, and these parameters are calculated as:

'

PGAPY = (PGAP, )
Jm Jm

PHIT' = 1 - PGAP!
jm jm

where:
PGAPBm = probability of gap for one half of layer m in
the direction of hemispherical band j

PHITsm = probability of hit for one half of layer m in

the direction of hemispherical band j.




Thermal Radiation Transfers

The following describes the manner in which thermal radiation
transfers are calculated within the model. Each layer emits and
receives thermal radiation in the hemispheres occurring above and
below a particular layer. The transfer of thermal radiation within
each hemispherical sector between the three canopy layers, the sky,
and ground is calculated as follows. As seen in Figure 4, for small
angles (0,¢) the two sides of a sector can be described as r cos0 d¢
and r dO, and the area of the sector is described as approximately
r2 cosO d© d¢. One can then define the solid angle of a sector as:

e r2 cos0 dO d¢
f 5
¥

cos@ do d¢
where:
Q = steradians of a sector.

And it follows that

Al
%2 %2

Q= f cos® dO d¢
@1 Ol

where:

define the azimuthal limits of sector i in

B
]

hemispherical band j

D
I

1 9 define the inclination limits of sector i in
hemispherical band j.
To calculate the thermal irradiance on a mid-leaf from a parti-
cular layer in any given sector we proceed as follows. Assuming that
canopy elements in a particular layer emit thermal radiation in an

isotropic manner, the radiance from the material is

o
.. e
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Figure 4.
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Three-dimensional view of the solid angle represented
by a particular sector with its corresponding mid-vector.




L=~ (1)

wvhere:

-1

L radiance (w-m—z-sr )

i

M exitance (wem 7).

i

The above radiance L is equal for all viewing directions; however, a
canopy layer has special characteristics in that it is not solid but
has gaps which are dependent on the direction of view. As a conse-
quence, the irradiance on a panel normal to the mid-vector (Figure 4)
of a sector, defined by Ol, 02 and ¢l and ¢2 from an infinite hori~

zontal layer, is calculated by

by 9
E,, =f f L+PHIT(O) cos0 do dé
.
1

where:
" : -2
Eij = the irradiance (wem 7) on a panel normal to the
mid-vector from the sector i in hemispherical

band j

L = radiance of canopy elements

I

PHIT(0) probability of hit for viewing angle 0.
The above assumes that elements within a layer have a homogeneous
surface temperature and emissivity. The equations and theory of flux

transfer from extended sources through solid angles to receiving

elements are presented by the National Bureau of Standards (1978).

Assuming that PHIT(O) is constant within sector ij, then

%2 9
Eij = L-PliITjj; j; cosO dO dé.
1 X

.

o o e

- ———————" . A




Because the 18 sectors within band j have equal solid angles, the

above equation can be reduced to:

L PHIT. 2 02
E = ——a cosO dO d¢
19 18
0 90,

LePHIT, % j’ 9,
L= — 50 d0.
hij 9 01 cos® d

This expression can be further evaluated as:

(sin@2 - sin@l)
= Lo .7 2
Ej; = LoPHIT, m Z (2)

Combining equations (1) and (2) for a particular sector

(sin97 - sinOl)
E.. = M-PHIT,- =
1] J

9

For simplicity, the quantity (sin®

.- sinOl)/9 will be defined by

SECTORj where j denotes the hemispherical band interval:
E.., = M-PHIT, SECTOR, .
1] J J

The above assumes that the panel which represents a mid-element
is normal to the direction of the source and that there exist no
obstructions between the emitting canopy layer and the panel. 7The
following calculations correct for the fact that the panel or mid-
element is not always oriented normal to the source.

The desired correction factor is the cosine of the angle between
the source vector and the normal vector of the panel. The theory is
based on the existence of planar elements. The inclination angles of
the canopy elements and source, and the azimuthal angles of the leaves
and source are discretized as before. The canopy elements are assumed

to have azimuthal symmetry. The direction cosines of all source

i L :
[ "Rl
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sectors are calculated as:

.\:Sij COS(Oij) ‘cos‘(tbij)
VS = Ysij B cos(Oij)'Sin(¢ij)
Zsij sin(oij)
where:
VS = vector of direction cosines for source sector i
in hemispherical band j
Oij and ¢ij = the inclination and azimuth angle, respectively,

of the mid-vector in sector i and hemispherical
band j.
The direction cosines for the normal vector of all planar element
inclination angle intervals are calculated as follows. The azimuth
angle is fixed to zero degrees since the canopy is assumed azimuthally

symmetric, both in geometric and thermal radiant energy modes. Thus,

regardless of the azimuthal orientation of an element, the thermal
radiant contributions to the element are constant for any specific
element inclination angle.
XL -sin(0,)
J J
VL = YL .| =1]0.0
ZLj cos(Oj)
where:
VL = vector of direction cosines for the normal of a planar
element with inclination j
Oj = element inclination of hemispherical band j.

Now one can calculate the absolute value of the dot products for

all source-element angle permutations. These values are equal to the

R —
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correction factors desired.
CO8 e ~ Vg |
where:
Cos | = the correction factors desired for permutations
of source sector i in hemispherical band j and
element inclination k.

In addition, one must apply the absorption coefficient for thermal

radiation. As a result, the equation becomes

$. .
—33K _ . PHIT, - SECTOR, - ABSORB-COS, ,
% 9 3 ijk
m
where:
Veie 2
—3%— = the thermal flux density (wem ) absorbed by a
m
mid-element inclined at inclination angle k from
source sector i in hemispherical band j
ABSORB = thermal absorption coefficient.

The above assumes that there exist a single layer and a removed
single element receiving flux from that layer. However, the contri-
bution of absorbed thermal flux density from all hemispherical sectors,
both upward and downward directions for each canopy layer, the sky,
and ground, to each layer's mid-elements must be calculated (Figure 5).

The calculations should account for the fact that within each
sector the flux which originates from any given layer is obstructed
by other leaves before the flux reaches any specified mid-element in
another layer. In addition, a relatively large number of permutations
must be calculated since each layer is simultaneously emitting thermal
flux to other layers and absorbing emitted flux from the surrounding

leaves, other layers, the sky, and the ground. For each permutation
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Figure 5. Hemispherical sectors are shown for the sky,
Layer 1, and the ground. Note only sectors
in one band are shown.




a contribution coefficient which replaces PHITj is calculated. For

example, the mid-elements in Layer 1 will receive thermal flux from
the sky, Layer 1, Layer 2, Layer 3, and the ground. For all sectors
defined within a specific hemispherical band j, the contributing
coefficients are calculated as follows.

The proportion of sky thermal flux within a sector in band j
reaching the mid-elements in Layer 1 is

5 '
IGAle.

The contributing coefficient from Layer 1 to the Layer 1
mid-elements is

2‘(PHIT31)

The coefficient of 2 represents the two half-layers of Layer 1.
The contributing coefficient from Layer 2 to the Layer 1 mid-
elements can be derived in the following manner. The probability of

gap to Layer 2 is PGAP!

§1° Once Layer 2 is reached, the projected

surface area of interest is PHIT,

j2° Thus, the contributing coeffi-

cient is

(e -
PGA\PJ,J. PIIIIJZ.

A similar argument can be made for the contributing coefficient
from Layer 3 to the Layer 1 mid-elements:

PGAP' _ *PGAP,

SEEIEE
31 j2 HIT

j3°
The contributing coefficient from the ground to Layer 1 mid-

elements is

PGAP'
C\PJl

*PG $PCAP ; s
P Asz ("\F’J_3
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The contributing coefficients for both upward and downward direc- T
tions of a particular sector and laver should sum to 2.0 representing
the two sides of the mid-elements. And, in fact, if one sums the
above coefficients, the total is 2.0,

In a similar fashion, the contributing coefficients from all

source sectors to Layers 2 and 3 mid-elements are calculated.
The final equation which calculates, within a particular sector,
the amount of flux density absorbed by a mid-element at a particular

inclination angle from any given source layer is

Q. s
~AIRIm _  .CONT,  SECTOR, +ABSORB_+COS, .
2 1 jwn ) m i

k
T J
where:
Do
ijkn g oy e ; :
——=— = within source sector i in hemispherical band j, it
m~

is the thermal flux density absorbed by a mid-

element in layer m inclined at inclination angle k

from source elements in layer 1. Note the index 1

.
T

represents the sky and ground in addition to the 3

canopy layers.

1 :

Jl = average thermal exitance of elements in layer 1 :
CONT,
jaum

"

contributing coefficient for mid-elements in layer m

absorbing flux from elements in layer 1 for all
sectors within hemispherical band j
ABSORBm = average thermal absorption coefficient for elements
| in layer m.

; Except for the sky thermal exitance, M can be further expressed in

! terms of the Stefan-Boltzmann Law:

4 4
M = 0 T
1 i y iy
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where:
0 = Stefan-Boltzmann constant

= average enmissivity of elements in layer 1

(4]
|

true average surface temperature (°K) of the mid-elements

3
]

in layer 1 (unknown).
Note that the average surface temperatures of the three canopy mid-
elements are not known and these values must be derived mathematically.
In addition, the ground temperature is known (input) and the sky
exitance is calculated by an empirical equatiocn as a function of air

temperature (input). Thus, the final equation becomes

Qi‘kxm 4

——'>— = gee_+T_ +CONT, -SECTOR,*ABSORB_-COS, ., .
1 jum J m ijk

The total flux density emitted by elements in layer 1 and absorbed
by a particular mid-element in layer m at inclination k can be des-

cribed by

o ‘ 9 18
0 = geg T "-ABSORB -| I CONT, +SECTOR,:[ £ cOS,.. 1|.
2 N 1 ! jum ijk

m F=1 i=1

The total flux density absorbed by a mid-element in layer m at

inclination angle k is computed by summing all sources:

& ®
_km _kim
2 2
m 1=1 m
where + = 1, 2, 3, 4, 5 represents the sky, Layer 1, Layer 2, Layer

3, and the ground, respectively.

Nine equations for each layer are constructed. Each equation
represents the absorbed flux density for each mid-element inclination.
For each layer the appropriate equation is weighted by the frequency

of occurrence of the elements within the corresponding inclination

—

L
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class. The nine equations are then summed to represent the average
absorbed thermal flux density within the three canopy layers. In
S : 2 o :
addition, the flux density absorbed (w/m”) is on a per unit area
; 2 . - -
basis. Thus, the m”~ term above must represent both the top and

bottom surfaces of the leaf. As a consequence, the factor of % is

introduced:

Qm 9 Oh‘
1 184 pay
— =% I *FREQD
m2 k=1 m2 kn

where:
o
—%; = the average absorbed thermal flux density by the
m

mid-elements in layer m
FREQka = the probability of occurrence of inclination k
for elements in layver m.
The resulting three equations for each layer represent the average
absorbed thermal flux density. To complete the energy budget for
each layer we must include: absorbed solar radiation, convection,

transpiration, and thermal radiant emission.

Solar Radiation Absorption

Several models have been developed to study the interactions of
solar radiation within vegetation canopies. Allen and Richardson
(1968), Alderfer and Gates (1971), and Suits (1972) have adapted a
system of simultaneous differential equations developed by Kubelka
and Munk (1931) in various ways to vegetation canopies. Suits (1972)
developed a model which includes geometric effects and predicts

non-Lambertian characteristics of vegetation canopies.

e I
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Another approach, developed by Oliver and Smith (1974), is the
Solar Radiation Vegetation Canopy (SRVC) model. The model is
stochastic in nature and predicts the diurnal apparent directional
spectral reflectance of a vegetation canopy. The same geometry
descriptors as described above are utilized within the SRVC model.

To calculate the average absorbed solar radiation within each
canopy layer, it is important to include the complex scattering of
light as a function of canopy geometry. Tor the purpose of calcu-
lating the absorbed solar radiation, it is believed that the mathe-
matical framework of the SRVC model is the most physically based and
the most easily adapted to calculate the absorbed solar radiation of
the above models. A complete description of the SRVC model is
presented by Oliver and Smith (1974).

The SRVC model has been modified to estimate spectral absorption
within vegetation canopies and has been spacifically applied to a
cluster of four modeling lodgepole pine trees (Kimes and Smith, 1979).
The results show that the total global irradiance absorbed by the
lodgepole pine canopy system is relatively constant with solar zenith
angle. However, the proportion of total global irradiance absorbed
by individual canopy layers varies as a function of solar zenith
angle (Figure 6). The mean total solar flux absorbed per unit canopy
element surface area for any given layer and solar zenith angle can
be readily calculated from the information in Figure 8 as presented

by Kimes and Smith (1979).

-+ e o -
e Vg
AR




SHT -

- v

3-25
IO{
e
Layer |
(R  e s e S TSR P s I T I g R R B B e Layer 2
——r=— Layer 3
Ground
08}
8 3 N e L .
@
S
7] 3
m
54
w
(&)
= L.
< Q6
o
<
a
a
[0
<
=
@)
w
w 04}
) o
_—
o
b=
= L.
@]
5 e L
i DR e e )
o2} (...
e
-~
\\\
%
~
o
b o——-—-——--———-—o—-—_____o‘\A
ey
Oy >
0 3 P Y - il . 1 1 m— | L aiedl
40 50 60 70 80 30

SOLAR ZENITH ANGLE ( DEG.)

Figure 6. Simulated proportion of plobal solar irradiance absorbed
by the lodgepole pine canopy system (total), Layer 1,
Layer 2, Layer 3, and the ground, as a function of solar
zenith angle for October 14, 1977.
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Other Energy Transfers

Other energy transfers to and from the mid-elements include:
thermal exitance, transpiration, and convection.
The thermal exitance of all mid-elements is calculated by the

Steffan Boltzmann Law:

4
M = o T
1 T i
¢
where: i
4 t
‘ M1 = mean exitance of mid-elements in layer 1
! o = Steffan Boltzmann constant
cl = emissivity of mid-elements in layer 1 (input)
i
’[‘1 = mean surface temperature of mid-elements in layer 1 (°K). i

The ground thermal exitance is calculated in a similar fashion.
Cates (1968) presented the equation used for transpiration, and
Lee and Gates (1964) discussed the formulation in detail. The driving
force is the difference between the water vapor density within the
leaf and in the free atmosphere beyond the boundary layer. The water
vapor density within the leaf is assumed to be at saturation at the
‘ . leaf gvmperature. Controlling variables on transpiration include the
" resistance to diffusion offered by the diffusion pathway, such as the

stomata and the boundary layer. The equation for any particular mid-

leaf is
sol(Tl) - RH’S:A(T1)
TRANSG = T PSS A, R §
.RANhl H(l‘)( R+ R )+ (697.8)
! a
where:
{ -2
"A'RANS1 = transpirational loss from leaf in layer 1 (wem 7)
; H(T\) = latent heat of vaporization of water at the leaf

temperature T‘ (CJl'um_l)

:
:
|




sul(T‘) = water vapor density inside the leaf at saturation
-3
at the leaf temperature T\ (gmecm 7)
RH = relative humidity of air (input)
spa(Ta) = water vapor density at saturation of the free air
beyond the boundary layer of the leaf at the air
=3
temperature 'I‘a (gmecm 7)
R1 = internal leaf resistance to water vapor diffusion
; ; =
in min-cm (input)
Ra = resistance of the boundary layer to water vapor

diffusion (min-cm_l).
H(Tl), spl(Tl), and soa(Ta) were calculated using physically based
formulas. Values of Ra for lodgepole pine needles were estimated
from a mass transfer determination of Landsberg and Ludlow (1969) who

used Sitka spruce shoots. The formula is
-0.5
R, = (0.04 + 1.27 (u ))/60

where:
W - ) R
u = wind speed in cmesec (input).
The constant R1 value used for the lodgepole pines in this study
was 0.66 min/cm. Gates (1966) and Miller and Gates (1967) reported

Rl values of 0.72, 0.33, and 0.50 min/cm for Picea mariana, Pinus

resinosa, and Pinus strobus, respectively. Jarvis et al. (1976) and

Tenhunen and Gates (1975) presented recent investigations of the
stomatal opening and closing as influenced by environmental factors
and concluded that the complex control of the stomata has not yet

been described adequately.
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Since the mid-elements represent both leaves and branches when
dealing with woody plants, one can assume that branches do not trans-
pire and the transpiration equation can be weighted according to the
branch area index and the leaf area index.

The following convection equation was utilized. Tibbals et al.
(1964) conducted quantitative measurements on silver castings of blue
spruce and white fir branches in a controlled radiation and windtunnel
chamber. The authors report convective coefficients for free convec-
tion in both species. However, Gates (1968) notes that rarely in
nature is there any air movement less than 8.8 cm-sec—l (052 mepha)e
As a consequence, an e¢quation describing forced convection can be
used to approximate all convectional exchanges. Tibbals et al. (1964)
found that both longitudinal and horizontal wind flows gave equal

coefficients for spruce.

0.97

For 1>30.0 hc = (0.95u )+ (.698)
For p<30.0 hC = (20.4 + 0.2u0'97)-(.698)
where:

3 ’ . ot I
wind velocity in cm*sec (input)

H

5 o , -2 -1
convectional coefficient in wem ~+<°C .

U}

h

c
The convectional exchange of a mid-element is calculated as
=h *(T_-T
QFC c ( s a)
where:

—
QFC = power per unit arei of mid-element loss or gain (wem )

- = =2 -1
hc = convection coefficient in wem ~+°C
TS = surface temperature of mid-element in °C
Ta = air temperature of the free air beyond the boundary

layer in °C (input).
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Wind speed is highly variable from point to point within the canopy
(Bergen, 1974). As a consequence, the mean measured wind speed
values were utilized for all three canopy layers.

The sky thermal exitance was calculated by an empirical equation
dependent only on air temperature near the ground surface, and clear
sky conditions were assumed. Hudson (1969) presented several
references which estimate sky thermal exitance.

It is imporrant to note that a multitude of convectional, trans-
pirational, sky thermal exitance, and solar absorption formulations
exist that may be more suitable for specific modeling objectives.

For this reason the model has been structured so that -~ .fferent for-

mulations of the above can be easily incorporated within the model.

Model Solution

The total energy budget equations for each canopy layer can now
be formed. The result is a system of three nonlinear equations and
three unknowns being the surface temperature of the mid-elements in
each layer which represent the respective average temperature of
each layer.

Layer 1 energy budget equation

(@]

? = |Layer 2 energy budget equation| =
Layer 3 energy budget equation
To solve this system of equations the model calls the ZSYSTM
algorithm which exists in the International Mathematical and Statis-
tical Library (1977). ZSYSTM is a numerical routine which uses
Brown's method (1969, 1971) for solving N simultaneous nonlinear

equations in N unknowns. The method is at least quadratic convergent
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7.
and requires only N7/2 + 3N/2 function evaluations per iterative step
r 2 P : ot
as compared with N° + N evaluations for Newton's method.
The roots of the system predict the average temperature of the

layers and are used to calculate the following thermal predictions.

Thermal Predictions
The model predicts the thermal radiance, effective radiant
temperature (ERT), and equivalent exitance in the 9 viewing inclina-

tion bands at 10° intervals above the canopy. The contribution of

each layer and the ground to the nine secusing positions are calcu- :
lated as follows. The tihermal rudiance in the band directions j are

= 4
= 7  *[PHIT., *€.*C*)
Lj 7 [PHI j1 El ‘(1

“PHIE, S=c_ 20X :

+ PGAPj 1 32°%2 2

~ 4
It .] 1L -2 -3

4
+ PGAP.. *PGAP..*PGAP . _ €, *0*
AP, ) "PGAP, ,"PGAP yoe,+0°X, "]

where:

. each row represents the thermal radiance contribution to
the sensor by Layer 1, Layer 2, Layer 3, and Layer &4 (ground),

respectively.

Lj = thermal radiance of the sensor at viewing angle j
$ (W°m—2-sr_1)
Xm = average surface temperature of elements in layer m (°K):
moe L, 25 35 b
( i The thermal radiance (Lj) can be converted to the equivalent

exitance (Mj) by

! = -
Mj Lj b
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and the effective radiant temperature (ERTj°K) in band direction j

can be calculated as
L
M. |
ERTj = [_j]
o}
where ¢ is the Stefan-Boltzmann constant.

The model also predicts the response of a thermal sensor looking
horizontally from the ground into any of the three layers. When
looking horizontally at a canopy the probability of gap is 0.0 accord-
ing to the assumptions in the model. Thus, for a relatively narrow
field of view the ERT of any given layer, when looking horizontally,
is calculated simply by using the Stefan-Boltzmann equation with the
appropriate emissivity factor and average layer temperature.

In addition, for each simulation, the average predicted temper-
ature of each layer, ground thermal exitance, sky thermal exitance,
absorbed solar flux density of each layer, thermal exitance of each
layer, absorbed thermal flux density of each layer, convectional
exchange, transpirational exchange, the geometric coefficients

(including CONT, COS, SECTOR, LAI, S, FREQD) and all input parameters

are displayed.

Field Measurements

A unique thermal and environmental data base for a lodgepole
pine canopy at Leadville, Colorado was collected during 1977. Four
clustered, lodgepole pine trees were chosen for intensive study as
shown in Figure 7. These modeling trees had the following mean
statistics: 6.0 m height, 30 year age, 13.2 cm DBH, and a surrounding

stand of 102 mz/hcctare basal area. The S parameter, foliage area
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indices, and foliage angle frequency distributions of the modeling
canopy were measured as reported by Kimes, Smith, and Berry (1979),
and Kimes and Smith (1979).

Personnel from the Army Corps of Engineers Waterways Experiment
Station, Environmental Laboratory (WES/EL) at Vicksburg, Mississippi

developed a system for automated collecting,

processing and displaying
environmental baseline data as described by West and Floyd (1976).

The system was utilized to monitor environmental conditions at the
study site for the months of July, September, and October, 1977. All
sensor measurements were recorded once every hour continuously for the
duration of the study. The measurements taken included air temper-
ature, global solar irradiance, wind speed, wind direction, rainfall,
soil temperature, and vegetation surface temperature. The specific
make and calibration procedures of the above instrumentation are
described by West and Floyd (1976).

Figure 7 is an oblique photograph of the study area showing the
sensor positions. At station M1l in the meadow opening, air tempera-
ture, wind speed, wind direction, global solar irradiance, and precip-
itation were measured. Air temperature was measured at a height of
1 m. All of the above measurements were also taken at station M2
within the tree area. In addition, the air temperature within the
center of the four modeling trees (M3) was recorded.

The surface temperature of the base of needles at three branch
tips of the modeling trees were measured by contact thermisters; one
thermister was located 1 m above the ground in Layer 3, the second

thermister was located 2 m above the ground in Layer 2, and the final

thermister was located in the top of the modeling treces.




Figure 7. Oblique photograph of modeling trees, the meteorological

measurement stations (M1, M2, M3) and the 4 stake positions
| Gy Sy 83 S&).
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Several other supporting data were recorded. During July 15-16,
1977, the Wahl Digital Heat Spy ~DSH- 14 Thermal Radiometer with a
band pass of 4.8 to 20.0 um and a 3.5° field of view was used to
measure the average horizontal effective radiant temperature (ERT) of
Layer 2 of the canopy at four stake positions (Figure 7). Simulta-

neously, black and white Polaroid photographs derived from the AGA-

Thermovision were taken. The system operates in the 2.0 to 5.6 um
region and scans a particular scene. In addition, during August 14-15,
the Wahl Heat Spy was used to measure needle temperature at five

i | branch tips in the modeling trees.

Data Reduction

An initial analysis of the Wahl Heat Spy and contact thermister
data was completed to decide which data form was most suitable for
testing the TCSM's accuracy of prediction.

The Heat Spy and contact thermister were taken of the needle-

branch tip complex which has a relatively large concentration of mass
o ] (Figure 8). Due to the small diameters of the needles it was not
feasible to securely fasten the contact thermisters to them. As a
consequence, the thermisters were placed between the bases of the

needles at the branch tips. The bases of the needles at the branch

tips were very concentrated and thus, completely surrounded the
contact thermisters (Figure 8).
The Heat Spy ERT's were correlated with the temperatures of the
{ contact thermisters on many different natural and man-made surfaces
{ ‘ ) during the month of July at Vicksburg, Mississippi by WLES/EL person-

nel. The results showed that the two instruments corresponded within
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Figure 8.

FOV of heat spy on mass of needle bases at branch tip.

Contact thermister buried in the base
of needle fasicles at branch tip.

NEEDLES

BRANCH TIP

Diagram of a branch tip showing the target of the Wahl
Heat Spy Radiometer and the placement of the contact
thermister.
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1°C under homogeneous solar heating loads. Thus, it was believed that
the two measurements correlated well for the same target.

Two branch tips on the modeling trees had contact thermisters
placed at the base of the needles next to the branch tip and were also
simultaneously measured with the Heat Spy. In general, the contact
thermisters recorded higher temperature values, of 2°C or greater,
relative to the Heat Spy ERT's. One possible explanation of this
deviation in measurements is as follows.

The contact thermisters were buried in a relatively large mass
of compressed needles which occurs near the branch tip. Under this
situation, relatively little convectional or transpirational exchange
of these compressed portions of the needles can occur, which may
account for the discrepancy seen above. In addition, some conduction
from the warmer branches may be operating as will be discussed later.

In contrast, the field of view of the Heat Spy was on the branch
tip (Figure 8) which was exposed to the air. It is believed that this
portion of the branch tip undergoes limited convectional and trans-
pirational exchange. As a result, the Heat Spy ERT's were lower than
those of the corresponding contact thermisters.

In this modeling study the criteria used for validation is the
accuracy of prediction of the mean canopy element surface temperatures
and/or the mean horizontal ERT of a canopy layer. Gary (1976) has
shown that the needle area index for a particular lodgepole pine tree
accounts for approximately 87% of the total element surface area of
the tree. The large majority of the needles extend into free space
and undergo relatively high convectional and transpirational exchange

due to the small needle diameters. As a consequence, the majority of
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the canopy's surface area should closely approximate air temperature
(Gates, 1975).
The above measurements (the contact thermister temperatures and
Heat Spy LRT's) of the branch tip do not reflect the surface temper-
atures of the needles extending into free space, and bias the measured
canopy temperature to be too high. Therefore, these measurements are
generally above air temperature and do not reflect the mean canopy
element surface temperatures. Initial comparisons between the simu-
lated mean element surface temperatures for the three layers for
October 14-15 and the three contact thermister measurements in Layers
1, 2, and 3 show a very poor accuracy of prediction.
It is believed that the horizontal ERT's as measured by the Wahl
Heat Spy from the four stake positions during July 15-16 were the
least biased of all validating measurements, since the field of view
incorporated a cross section of canopy element types. However, during

the August 14-15 date only the ERT of five branch tips were taken.

Simulations

The thermal behavior of the modeling canopy was simulated for
two complete diurnal cycles. For the July 15-16, 1977 simulation,
the mean of the Heat Spy ERT's, as measured from the 4 stake positions,
was used to test the accuracy of prediction. Two simulations using
the air temperatures within the canopy (}3) and in the meadow opening
(M1) were performed during this date.

One simulation was performed for October 14-15, 1977. The Heat

Spy measurements of branch tip necedles were utilized to test the

accuracy of prediction.
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Sensitivity analyses were performed on the following model
parameters: average canopy element emissivity, average canopy element

internal resistance to water vapor diffusion, and canopy geometry.

Results and Discussion

The simulated horizontal ERT's for the three layers for July
15-16, using the air temperature probe in the middle of Layer 2 of
the modeling canopy (M3), are presented in Figure 9 along with the
mean horizontal Heat Spy ERT's from the 4 stake positions. The
corresponding measured solar irradiance and air temperature are
presented in Figure 10. Wind speed was 0.0 m/s for all measurement
periods. The minimum recorded wind speed possible was 10 cm/s.
Gates (1968) stated that rarely is wind speed in natural environments
below 8 cm/s. As a consequence, for periods when wind speed was
recorded to be 0.0, a minimum value of 10 cm/s was utilized. It
should be noted that the simulated data were derived from the meteor-
ological data which were recorded at hourly intervals and the Heat
Spy measurements were not necessarily synchronous in time. Conse-
quently, one must compare the general treunds of the simulated data
with the Heat Spy measurements. In fact, the erratic nature of the
solar irradiance (Figure 10) suggests that between hourly intervals,
the true solar irradiance function could vary widely. This fact
could explain some of the deviations during the day shown in Figure 9.
During the night the simulated values deviated from the measured
temperature by less than 1.5°C.

Selected output for 0930 and 0330 (Standard Time) simulations

is presented in Table 1. During the day the average layer temperature
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Table 1. Selected output for 0930 and 0330 (Standard Time) !
July 15-16, 1977,

Time = 0930
Average element temperatures (Layvers 1-3) = 20.4, 16.6, 16.3°C

The thermal exitance and ERT above the canopy for the various viewing
angles are:

Inclination (degrees) Exitance (w/mz) ERT (°C)
’ 5 419 20.3
‘ 15 413 19.2
| 25 410 18.6
] 35 408 18.4
: 45 408 8.2
1 55 407 18.1
65 407 18.1 i
75 407 18.1 i
: 85 407 18.1 !
]
Time = 0330
Average element temperatures (Layers 1-3) = -1.0, -0.0, 0.5°C

The thermal exitance and ERT above the canopy for the various viewing
angles are:

Inclination (degrees) Exitance (w/mz) ERT (°C)

5 310 -1.0
15 311 -0.6
25 313 -0.4
35 314 -0.2
45 314 -0.1
55 314 -0.1
65 315 -0.1
75 315 -0.1
85 315 -0.1
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decreases as one proceeds from Layer 1 to Layer 3 due to solar heating
and canopy geometry interactions. During the nighttime, however, the
layers cool differentially due to the relatively low thermal exitance
of a clear sky and the relatively high surface temperature of the
ground. As a consequence, Layer 3 has the highest temperature. The
three contact thermisters in Layers 1, 2, and 3 support this relation-
ship. These trends are discussed by Geiger (1961).

The ERT of a sensor above the canopy as a function of view angle
is dependent on the above layer temperature differentials and the
canopy geometry. At the lowest sensor inclination angles, the ERT
strongly relfects the temperature of Layer 1 (Table 1). As the sensor
view inclination angle increases, the second, third, and ground layer
temperatures more strongly influence the sensor ERT. It is believed
that particular canopy geometries (leaf angle distribution, leaf area
index, and leaf spatial distributions) can have very significant
effects on the ERT of the sensor at varying view angles.

Sensitivity analyses were run at two different times (0930 and
0330) during July 15-16 to characterize two extremes of environmental
conditions. The fixed parameters for Layers 1, 2, and 3 used in
conducting the sensitivity analysis are as follows. The emissivity
(including the ground), wind velocity, and leaf resistance to water
vapor diffusion were 1.0, 10.0 cm/s, and 0.66 min/cm, respectively,
for both 0930 and 0330 time periods. The solar irradiance, air temp-
erature, ground temperature and relative humidity for the 0930 time
were 855 w/m2, 14.6°C, 11.7°C, and 0.20, respectively, and for the

0330 time were 0.0 w/mz, 0.4°C, 5.0°C, and 0.85, respectively.
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i The results of the sensitivity analysis of emissivity for the
day and night environmental conditions show that within a reasonable
emissivity range for natural vegetation (0.96-1.00) the change in

average element temperature is on the order of 0.6°C for all layers.

A change of the internal resistance to waver vapor diffusion parameter
(Rl) within a range of 0.3-1.2 min-cm—l has an equally small effect

on the average element temperature of the three layers for the day
environmental conditions. However, at lower values the parameter is
very sensitive for day environmental conditions. For the night condi-

tions, the average element temperature of the three layers changed

less than 0.3°C for the Rl range of 0.05-1.2 min'cm_l.

In this study the Rl was held constant at 0.656 min'cm-l. Running
(1978) has found that R1 is variable for lodgepole pine needles in
full sunlight. The minimum daily R1 may vary from 0.11 to 0.50
min‘cm-l depending on the pre-dawn leaf water potential. The daily

variation of R1 is largely dependent on the humidity and may vary as

much as four times that of the minimum daily R‘. Thus, the assumption
of a constant R1 is very erroneous. As the season progresses, the
pre-dawn leaf water potential drops as a result of decreasing avail-

P able soil water, and during the October simulation a constant R1 value

of 0.30 m’ln-cm_1 or above would be a relatively good value for both

day and night conditions in light of the fact that the insensitivity
of Rl on canopy temperatures was above this value. However, during

the July simulation for full sunlight on the needles, an R1 value on

the order of 0.15 min'cm_1 is more appropriate. Using the day environ-

mental conditions, the average element temperature in Layer 1 decreases

3°C for an Rl change from 0.66 to 0.15 min-cm—l. This tendency would
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cause the temperature of Layer 1 to be much closer to air temperature

for the July simulation (Figures 9 and 10). Rl of needles tend to be
maximal at radiation values less than 10% of full sunlight, and sto-
mata are generally closed in the dark (Hinckley, Lassoie, and Running,
1978). Thus, in the relatively shaded portions of the canopy (Layers
2 and 3) one would expect the average Rl to be high, and Layer 1,
which intercepts a large proportion of the solar irradiance, would
have a minimal R1 value.

Tan, Black, and Nnyamah (1978) have noted that in well ventilated
coniferous canopies, leaf temperatures are relatively similar to air
temperature. Figures 9 and 10 indicate the close correspondence be-
tween air temperature and the simulated m2an caropy element tewdera-
tures for Layers 2 and 3. Hoyever, Layer 1 siznificantly deviates
from air temperature during times of high solar irradiance. If more
appropriate values of R1 for each layer would have been used, as
suggested above, the simulated average layer temperatures would
approximate air temperature.

Table 2 presents the average element temperature, sensor ERT,
and probability of gap for two canopy geometries, and for both day
and night environmental conditions. The two geometries used were the
normal foliage angle distribution, which was measured and utilized in
all other analyses above, and the theoretical erectophile foliage
angle distribution. Both distributions are presented by Kimes, Smith,
and Berry (1978). It should be noted that although canopy geometry
clearly affects the manner in which solar radiation is absorbed by a
canopy system, and thus the layer temperature, the solar flux absorbed

by each layer was held constant for this sensitivity analysis.
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Fable 2.

Sensitivity analysis for the effect of two canopy geometries
(normal and erectophile) versus average element temperature
(A) and effective radiant temperature (ERT)(B) above the
canopy as a function of view angle for both day and night
environmental conditions. In addition, the probability of
gap (PGAP) for the nine irclination intervals and each

layer are compared between the two canopy geometries (C).

(A) Average Element Temperature (°C)

Day Night i
Layer e {
Normal Erectophile Normal Erectophile ,
1 20.4 20.8 -1.0 -0.8 j
2 16.6 16.6 0.0 0.0
3 16.3 16.4 05 0.4
(B) ERT (°C)
Inclination Day Night
F angLe Normal Erectophile Normal Erectophile
5 20.3 20.8 -1.0 -0.8 {
15 L2 20.3 -0.6 -0.7
F 25 18.6 19.5 -0.4 -0.5
35 18.4 187 -0.2 -0.2
45 18. 1 18.0 -0.1 B
55 181 17.4 -0.1 0.6
65 181 16.8 -0.1 1.0
715 181 1613 -0.1 1.4
i 85 18«1 16.0 -0.1 1.6
4 (C) PGAP ]
Inclination Layer 1 Layer 2 Layer 3
angle ’ ’ . . . 2
2 Normal Erectophile Normal Erectophile Normal Erectophile
5 <03 .00 .00 .00 «L3 .00
15 .30 il .10 w02 47 «Z3
25 <41 .30 «19 <10 «S7 44
35 .46 A 23 «21 « 6 <5
45 .48 .54 23 «31 +62 .66
55 .49 .62 26 .40 .63 S
65 .50 .68 27 48 .63 o -
79 .50 T « il .54 .63 .80
85 «50 .74 vl « +63 .82




As shown in Table 2-A, the effect of canopy geometry on thermal
radiation transfers is minimal and as a consequence the average ele-
ment temperature changes very little between the two canopy geometries.
However, the canopy geometry clearly has an effect on the contribution
of thermal radiation from each layer to the sensor above the canopy
as a function of view angle (Table 2-B). These trends can be explained
by the different probabilities of gap at the various view angles for
each layer as seen in Table 2-C.

The simulated results in Figure 9 were derived from the air
temperature probe in the center of the four modeling trees (M3), and
the correspondence between simulated and measured data was relatively
good. However, it was noted that individual air temperature probes
were not well correlated. For example, the air temperatures as
measured by the air temperature probes at the M1, M2, and M3 sites
were compared for the July 14 and 16 diurnal cycles. During the day-
light hours the individual probes were highly erratic and uncorrelated,
and at night the probe in the meadow opening (M1) was consistently
lower than the probes within the canopy (M2, M3) by as much as 2°C.

As a consequence, the simulated results for July 15-16, using the air
temperature in the meadow opening (Ml), were relatively poor, espe-
cially at night, in accuracy of prediction as compared to Figure 9.
The above 2°C temperature differential at night can explain these
relatively poor results.

Bergen (1971, 1974) showed that air temperature differentials
within lodgepole pine canopies can be as much as 4-5°C in the vertical
profile for clear, sunny days. In addition, six simultaneous air

temperature measurements at various horizontal points within the
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canopy showed air temperature differences as large as 2°C. Thus, air .
temperature measurements at a single point (1 m above the ground) as
utilized within this study will introduce error. In addition, on
cloudless nights, ground cooling by net radiation loss often occurs,
and an air temperature inversion near the ground occurs. Geiger
(1961) has shown that even minimal wind speed of 10 to 100 cm/s can
disrupt temperature stratification during the night in which 2°C
differentials can commonly occur. These fluctuations can introduce
€rror.

In addition, Bergen (1971) presented windspeed variation for a
typical clear day and at a typical station within a 10 m tall lodge- |
pole pine stand. Average differentials between simultaneous profiles
were about 107 below the live canopy and 20% in the live canopy region.
A subcanopy maximum occurs near 3 m height and a region of minimum
wind speed occurs near 6 m height. Thus, some error is introduced by
assuming a homogeneous vertical wind profile. Jarvis et al. (1976)

discussed other studies of wind speed profiles in conifer canopies.

The data derived from the AGA Thermovision on July 15-16 were not

reduced to absolute temperatures due to several technical difficulties.
However, the black and white Polaroid photographs derived from the
system were utilized to document relative trends which occurred within ‘;
the lodgepole pine canopy. The photographs show several interesting
trends. Figure 11-A shows the canopy at 0700. Some of the needles
and small branches tend to heat up due to solar heating; however, this

phenomenon is very heterogeneous in nature due to the heterogeneous

distribution of sun-flecks within the canopy as discussed by Ross

(1976). This phenomenon is supported by the erratic contact thermister
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AGA Thermovision black and white Polaroid photographs
of the modeling trees at Standard Times of 0700(A),
1100(B), 1300(C), and 0400(D) on July 15-16, 1977.

Figure 11.
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measurements of the three branch tips in Layers 1, 2, and 3, respec-
tively, during the day. In addition, the bole and larger branches
tend to be relatively cool due to the relatively large mass (Figure
11-A); and thus, the steady-state assumption of energy exchange may
not be appropriate for these elements. This heterogeneity is impor-
tant, especially in the design of the field measurements used to
validate the simulated results. The AGA photographs show at 0900
that the boles and larger branches are still relatively cooler than
the other canopy elements. During the morning the above trends are
supported by Heat Spy measurements. The Heat Spy measurements of 4
branch, 7 bole, and 5 needle-branch tip samples for 0800 and 1000
show mean values of the branch and bole ERT to be 1-4°C cooler than
the mean needle-branch tip ERT.

However, by 1i00 the branches (Figure 11-B) generally tended to
be warmer than the other canopy elements. Figure 11-C shows a close-
up of a group of branches at 1300. The branches generally have a
higher total solar absorption coefficient (Kimes and Smith, 1979),
and they do not possess the high degéee of convectional exchange and
transpirational exchange that the needles experience due to their
larger mass and physiology. During the afternoon the Heat Spy measure-
ments of 4 branch, 7 bole, and 5 needle-branch tip samples for 1200
and 1400 show mean values of the branch ERT tc be 6 to 8°C warmer than
the needle-branch tip ERT. And the mean bole ERT was 2°C cooler and
1°C warmer than the needle-branch tip ERT, respectively, for the two
times.

Figure 11-D shows that in the early morning hours the boles, which

have a high heat capacity, are still relatively warm. The ERT of the




mean branch and needle-branch tip samples were equal and the mean
bole ERT was 3°C warmer.

The majority of photographs derived from the AGA Thermovision
did not include the uppermost crowns. Thus, it is difficult to com-
pare trends of mean layer temperature as a function of height within
the canopy for both simulated and measured data. The photographs
largely emphasize Layers 2 and 3 of the canopy. As can be secen in
Figure 11, the simulated results for Layers 2 and 3 are very close in
absolute temperature, and the photographs (Figure 11-A,B) do not
demonstrate any clear trends of mean element temperature as a function
of height.

At night the simulated results (Figure 9) suggest that under
clear sky conditions the mean temperature of Layer 1 will be approx-
imately 2°C cooler than the other layers due to a high net thermal
radiant loss to the sky. However, several photographs taken at night
tend to show a portion of Layer 1. A trend of cooler canopy elements
with increasing canopy height can be seen in Figure 11-D.

The 11-A pheotograph suggests another source of error. The TCSM
assumes canopy layers of infinite extent; however, in the cluster of
four modeling trees, solar heating of the edges of the canopy system
does occur.

All simulated results for July 15-16 were validated against the
mean Heat Spy ERT measurements of the 4 stake positions. It was
believed that these measurements were the best ground truth available
in regards to the modeling criteria. However, these measurements

were not taken for the October 14-15 date, and the mean ERT of 5

needle-branch tips (Figure 8) was utilized for validation.
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The simulated mean element surface temperatures for October 14—
15 are presented in Figure 12 along with the mean Heat Spy ERT's from
5 branch tips occurring in Layers 1 and 2. The global irradiance,
air temperature, and wind speed measured at the M1l site are presented
in Figures 13 and 14. The accuracy of prediction is relatively good
except at night when a deviation of approximately 3°C consistently
occurs. A possible explanation of this deviation is as follows.

Only the air temperature probe in the meadow opening (M1l site)
was available during the October 14-15 date. As discussed previously,
the air temperature in the meadow (Ml site) was approximately 2°C
lower at night than in the canopy (M3 site) during two July dates.

This discrepancy could explain some of the deviation between simu-
lated and measured results during the night period in Figure 12. 1In
addition, as discussed previously, it is believed that the ERT's of

the needle-branch tips may bias the average element temperature to be
high which would also explain some of the deviations seen in Figure 12.

Figures 12 and 13 show that the simulated temperatures of Layers
1, 2, and 3 closely follow air temperature during the day. Unlike the
July simulation, Layer 1 temperature does not deviate significantly from
Layers 2 and 3 during high solar irradiance. This is due to the
relatively high wind velocity and thus high convectional exchange which
occurs during the October simulation.

To recapitulate, the TCSM, which incorporates the geometric
structure of a vegetation canopy and predicts the thermal response of
the canopy under various environmental conditions, was developed.

The TCSM is designed to be instantaneous in nature, e.g., all canopy

elements are under steady-state conditions and no heat storage may
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Simulated versus measured lodgepole pine canopy
temperatures for October 14-15, 1977. Measured
temperatures are the mean of five point ERT's of
Layer 2 as measured by the Heat Spy. Air temperature
was recorded in the meadow opening (ML site).
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and M2 sites) and air temperature (M1l site) for
{ ; October 14-15, 1977.
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occur. Therefore, the model is independent of all previous environ-
mental events. In many applications of the model this feature would
be highly desirable (e.g., when the environmental history is not
known). However, to approximate the time dependent phenomena (non-
steady-state conditions), one can use a series of incremental changes
of steady-state energy flows (Gates, 1975). In branches and boles a
significant amount of heat storage and conduction may be operating
(Gates, 1975), and the above modifications may be desirable in some
applications.

The TCSM was applied to a lodgepole pine canopy. The algorithms
incorporated for transpiration and convection were indeed rather
simplistic in their assumptions. For example, the constant Rl
parameter used in this study is truly variable in lodgepole pine
(Running, 1978). One of the greatest barriers in applying a model
such as the TCSM to a variety of vegetation species and obtaining
accurate results is the physiological diversity of different species,
and the fact that the physiological response of many species are not
understood sufficiently to be predictable (Running, 1978). Depending
on the resecarcher's knowledge of the vegetation canopy of interest
and his modeling criteria, more appropriate energy transfer algorithms
can be incorporated in the TCSM.

In the future the model can be made more comprehensive in nature
by including algorithms for: thermal radiant reflections; thermal
spectral radiance of the sensor; time difference equations which
account for energy dynamic and heat storage of the soil profile and the
tree boles; wind profiles within the canopy; air temperature profiles;

and canopy water relations. 1In addition, it is anticipated that the
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model will be applied to a variety of vegetation canopy types which
do not closely approximate air temperature as was the case for the

lodgepole pine canopy.

Conclusions

During the July simulation the differentials between the simu-
lated versus measured horizontal effective radiant temperatures for
a lodgepole pine canopy were, in general, less than 2°C. The simu-
lated average layer temperatures for all three layers were generally
within 2°C of air temperature, except for Layer 1 during periods of
high solar irradiance in July. It is believed this discrepancy is
due to erroneous values of the internal leaf resistance to water
vapor diffusion (R‘). The simulated results suggest that for needle-
bearing forest canopies, average element temperatures deviate signif-
icantly above air temperature only during periods of relatively
high solar irradiance, low wind velocities, and low transpiration.

The effect of canopy geometry (element inclination distribution)
on thermal radiation transfers, to and from the individual layers
within the canopy, seems to be minimal. However, the canopy geometry
clearly has an effect on the contribution of thermal radiation from
each layer to the sensor above the canopy as a function of view angle.
It is believed that for certain canopy element inclination distri-
butions, canopy LAI, and environmental conditions, the sensor incli-
nation angle will affect the sensor response greatly; and this
phenomenon has important implications on the optimum view angle for

making inferences about the target of interest.
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The surface temperatures of canopy elements are very hetero-
geneous, especially during direct solar irradiance conditions. The
mean of several point measurements (contact thermisters and Heat Spy
on branch tips) biases the measured average canopy temperatures, but
a horizontal ERT which includes a cross section of canopy elements is
believed to be the least biased of the measurements taken in this
study.

Both air temperature and wind speed variations, as a function
of location within the canopy, introduce error in the simulated
results. In addition, the assumption of a constant R1 introduces
error. The assumption of instantaneous heat exchange may not be
accurate for branches and boles.

Due to the large heat capacity of the ground and net thermal
radiant loss to the clear night sky, the average element temperature
increases as one proceeds from Layer 1 to Layer 3 as demonstrated by
both simulated and measured results.

Model simulations showed that the total global irradiance ab-
sorbed by the lodgepole pine canopy system is relatively constant with
solar zenith angle. However, the proportion of total global irradi-
ance absorbed by individual canopy layers varies as a function of
snlar zenith angle.

The TCSM provides a modeling framework which may be useful to a
variety of research interests. Specific energy transfer algorithms,
which are best suited to the researcher's modeling criteria, can be
incorporated in the TCSM. The TCSM is unique in that the framework

incorporates the geometric structure in radiation transfer algorithms.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The thermal canopy signature model (TCSM), Chapter 3, together
with the absorption calculations performed by ABSORPT, Chapter 2,
provide a modeling framework for simulating energy transfers within
vegetation canopies of specific geometric structure, The thermal
modeling approach is unique in that it incorporates detailed geometric
canopy structure to define the radiant transfers occurring within the
canopy system. The model predicts the radiometric temperatures as a
function of look angle. 1In addition, a radiometric temperature height
profile of the canopy is calculated. The model was successfully
applied to a lodgepole pine (Pinus contorta) canopy which indicated
that, except for specific environmental and physiological conditions,
mean element temperatures closely approximate air temperature. The
model suggests, however, that canopy structure can have significant
effects on the response of a thermal sensor above the canopy. The
angular thermal exitance prediction capability of the TCSM recommends
it as a useful tool for defining optimum sensor view angle and environ-
mental conditions for target/background discrimination studies.

The research described in this report also addressed the devel-
opment of methods for determining forest canopy geometry, particularly
needle and branch angle frequency distributions. It was found that
these distributions strongly influence the absorption of solar radiation
within the canopy. Solar radiant absorption, in turn, affects the

overall thermal equilibrium within the canopy layers. A description
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of the geometry techniques has been submitted and accepted by the
appropriate journals (Appendix A).

There are many broad areas of potential application of the
modeling approaches described depending on a user's orientation. Some
of these applications might focus on the vegetation canopy itself as
the primary scene of interest, as in agricultural or forest water
relation studies. Others might focus on the surface beneath the
canopy, as in geological or snow cover estimation problems. A detailed
exploration and description of such applications is beyond the scope
of this report. However, with regard to the modeling approach itself,
the authors make the following recommendations.

First, and most importantly, how well does the TCSM perform when
applied to a wide variety of vegetation types and terrain conditions?
The model neceds to be validated for other situations than the lodgepole
canopy simulated here. Undoubtedly, specific energy transfer algorithms
presently incorporated in the model will need modification. The
application of the model to closed versus open canopies will also
need to be systematically addressed.

Secondly, what is the tradeoff in model precision or accuracy
versus the availability of model parameters? A related question is
the relative advantage, under different conditions, of employing a
detailed model such as the TCSM which meticulously accounts for all
energy transfers and incorporates complete canopy geometry to that
of employing more simple models?

In summary, the terrain feature models described in this report

provide a basic framework which can be adapted or utilized to study
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a large number of research interests. For many design problems
relative to predicting background electromagnetic behavior of natural
features, the present models should prove useful. However, further
validation and appropriate modification of model processes is

recommended before the model is applied generally.
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A Monte Carlo Calculation of the Effects of .

Canopy Geometry on PhAR Absorption

D. S. Kimes,* K. J. Ranson and J. A. Smith

: College of Forestry and Natural Resources
Colorado State University
Fort Collins, Colorado 80523, U.S.A.

ABSTRACT

The ability of vegetation canopies to absorb photosynthetically

active radiation (PhAR) is known to be a function of the canopy geometry.

A Monte Carlo model was used to estimate relative PhAR absorption in

theoretical vegetation canopies of different structure. The relatively

simple single component, multilayer simulations adequately describe the
empirically established trends reported by a wide variety of investi-
gators. Absorption trends for erectophile (mostly vertical leaves) and
planophile (mostly horizontal leaves) canopies are indicated with
respect to leaf area index (LAI) and solar zenith angle. Generally,
our model results show that erectophile canopies are more efficient at
absorbing PhAR under medium to high LAI and all ranges of zenith angle.

| Planophile canopies show increased absorption at lower LAI's.

*Present Address |
Earth Resources Branch |
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771, U.S.A.
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Extension of the Optical Diffraction Analysis Technique

for Estimating Forest Canopy Geometry

D.S. KimesA, o ) O SmithA, and J.K. BcrryB
ACollege of Forestry and Natural Resources, Colorado State University,
Fort Collins, Colorado 80523, U.S.A.

BSchool of Forestry and Environmental Studies, Yale University,
New Haven, Connecticut 06511, U.S.A.

Abstract

Optical diffraction analysis of in situ ground photographs has
previously been utilized to estimate foliage angle distributions in
grassland canopies. These canopies are typically characterized by a
sing1e~component, leaves, and the foliage is highly linear in nature.

In this paper, the diffraction technique is extended to a multi-component
forest canopy containing needles and branches. Additional convolution
and coordinate transformations are derived to estimate the branch and
needle angle frequency distributions for top, middle, and base sections

of two lodgepole pine (Pinus contorta) trees. The resulting distribu-

tions show that the branch inclination angles tend to increase as one
proceeds to the tree tops. The needle inclination angle distribution
was relatively constant for all layers, and it is believed that this

distribution is characteristic of a large class of needle bearing

species.
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dust, J. Bor., 1979, 27. 123-33

Optical Diffraction Analysis
for Estimating Foliage Angle Distribution
in Grassland Canopies

J. A. Smith® and J. K. Berry®

* College of Forestry and Natural Resources, Colorado State University,
Fort Collins, Colo. 30523, U.S.A.

" Schoo! of Forestry and Environmental Studies, Yale University,
New Haven, Conn. 06511, U.S.A.

4bstract

A non-desiructive, rapid techmique utilizing horizontal in siw ground photograpns for estimating
foliage angle distributions s discussed. Opucal diffraction patterns generated from orthogonal
shotographs are anaiysed {or anguiar sias oy wedge sampling. Procabiiity distributions for planar
projections of follage ortentations are derived from these measurements and mathemaucally convo-
luted to determune the actual three-space provability distribucion funciion for foilage angies. The
method s particuiarly appropriate ror dense canoptes which are difficult to measure by other tech-
aiques. The dirfraction techmique s evaluated for abstract canoptes and for a canopy of Western
wheat grass (Agropyron smmii). [t also vields physicaily cons:stent interpretat:ons ior the phenolo-
sical gevelopment of domestic Satanta whneat ( Triicum aestivum).

Introduction

Foliage angle distribution functions for grassland canopies have traditionally been
estimated by point quadrat techniques such as discussed by Wilson (1960, 1963) and
Philip (1963). Other recent techmiques involving photograpnic or photocell measure-
ments of foliage gap frequency which can be related to the foliage angle distribution
include the methods discussed by Norman and Tanner (1969) and Bonhomme and
Chartier (1972). The present authors described another photographic procedure for
grassland canopies in an earlier paper (Smith er al. 1977) whereby off-angle photograpns
are used to record zap frequency and a Fredholm integral equation is soived which
relates foliage angles to gap frequency.

The point quadrat technique offers practical difficulties in the amount of feld time
required to obtain the measurements. The photographic and photocell methods are
an improvement in this regard. but they are difficult to apply in canopies with dense
foliage cover. The Fredholm technique, for example, cannot be applied to dense
canopies in which canopy ciosure at most view angles is complete.

In this paper we oresent an alternative approach appiicabie 10 dense canopies
which utilizes optical diffraction pattern analysis of field photographs. Planar distn-
butions of foliage angles are determined from orthogonal ground photographs obtained
in the vertical plane of the plant canopy. These orthogonal distributions are then
mathematicaily convoluted to estimate the actual piant canooyv foliage angle distri-
bution. This diffraction technique is also a simple and rapid in sitw measurement
method.
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Aust. J. Bor., 1977, 25, 545-53

A Comparison of two Photographic Techniques
for Estimating Foliage Angle Distribution

J. A. Smith®, R. E. Oliver*®, and J. K. BerryA©

* Department of Earth Resources, Colorado State University,
Fort Collins, Colorado 80523, U.S.A.

® Present address: IBM Corporation, Houston, Texas, U.S.A.

€ Present address: School of Forestry and Environmental Studies,
Yale University, New Haven, Connecticut, U.S.A.

Abstract

There 1s an increasing interest in theoretical models which describe the interaction of solar radiation
with vegetation canopies. Common to these models 1s a need to describe mathematically the geo-
metric structure of the plant canopy. The amount of radiation reflected or absorbed by the canopy
1s primarily determined by the distribution of gaps in the foliage with respect to the radiation source.
A measure of canopy geometry related to gap frequency at various view angles is the distribution of
leaf angles.  Two methods for measuring the distribution of teaf angles are discussed. The first
method 1s to project orthogonally and photograph individual plants and relate the measured leaf
angles in the projections to the canopy distribution of angles. The second method is a rapid in situ
method based on ground level multiple view angle photography. A Fredholm integral equation
relating fohiage angles to the proportion of gap in the canopy as a function of view angle is then
solved. Comparisons of the results using the two methods are made for a canopy of Western wheat
grass (Aaropyron smithii).

Introduction

Mathematically, a homogenecous vegetation canopy may be described given the
following information:

(1) inclination angle distribution of the foliage elements.
(2) Azimuthal angle distribution of the foliage elements.

(3) Leaf area index (ratio of the one-sided leaf area to a unit area of underlying
soil surface).

(4) A relation describing the three-dimensional dispersion of the leaf area within
the canopy.

The situation becomes more complex if the canopy is heterogencous in either
composition or structure. Heterogeneity usually implies that the canopy must be
stratified into layers and the above information determined for each layer. Stratifica-
tion may be determined either from a height distribution (Oliver and Smith 1973) or
from the apparent morphology characteristics of the vegetation under study.

The foliage inclination angle distributions for various typical classes of stand
geometry are shown in Fig. | (de Wit 1965). Horizontal leaves are most frequent in
planophile canopies, and vertical leaves in erectophile canopies. The leaves in
plagiophile canopies are most frequent at oblique inclinations of greater than 457,
those in extremophile canopies at oblique inclinations of less than 45°. Interpretations
of the cumulative frequency distribution function may be made as above and their
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A Portable Instrument for Simultaneous Recording of
Scene Composition and Spectral Reflectance

Joseph K. Berry

Formerly Graduate Research Associate
Department of Earth Resources, Colorado State University
Now with School of Forestry and Environmental Studies
Yale University

Frederick J. Heimes

Graduate Research Assistant, Department of Earth Resources
Colorado State University, Fort Collins, Colorado 80523

James A. Smith

Associate Professor, Department of Earth Resources
Colorado State University, Fort Collins, Colorado 80523

Abstract

A battery-powered scene recording radiometer system has been
developed for relating spectral variability and target composition.
A remote controlled filter wheel radiometer is interfaced with a
Hasselblad S00 EL camera, so that the silicon detector is directed
toward the camera’s viewing glass. Signal detection at discrete
wavelength bandsis achieved by successively rotatinginterchange-
able interference filters that interdict the view of the detector.
Filter positioning is conirolled by coding holes drilled in the fil-
ter wheel disk which are interpreted by a bank of opposing light
emitting diodes and phototransistors. Upon obtaining a photo-
graphic record of the scene, the camera i1s automatically advanced.

Introduction

A recurring problem in applying remote sensing technology to
natural resources is the difficulty in correctly classifying a reso-
lution element which contains a mixture of maternals. This prob-
lem 1s particularly acute 1n natural vegetation communities such
as those encountered in the West, where a great deal of hetero-
geneity occurs within the resolution element. A machine-assisted
classification rule, however, is forced into one of two choices:
(1) identifying the resolution element as a single material when,
in fact, it may contain only a small percentage of the matenal,
or (2) leaving the resolution element unclassified. This problem
of mixtures i1s closely related mathematically to the problem of
signature extraction, which describes the difficulty of determin-
ing a typical spectral response for materials when the underlying
data distributions are heterogeneous.

There are two broad approaches to the mixtures problem.
These include a least squares approach, and a parameter esti-
mation technique using maximum likelihood procedures. Pace
and Detchmendy' as well as Hallum? discuss the former ap-
proach. The maximum likelthood procedure is described by
Horwitz et al® and Guseman®. Both approaches have as their
fundamental assumption the hypothesis that there 1s a linear
relationship between measured spectral response from a reso-
lution element and the proportions of materials contained with-
in the resolution element. This assumption has never been clearly
evaluated through empirical data. The primary reason for this
omission appears to be the fact that most spectrometers measure

1427 recerved March 22, 1977.

the total response from a resolution element without the capa-
bility of providing a registered record of the composition of the
resolution element. One exception is the system reported by
Dana® as used in determining aircraft reflectance measurements
in which a bore-sighted camera i1s used in conjunction with a
radiometer.

The instrument described in this paper was developed to pro-
vide a method for obtaining a direct and simultaneous measure-
ment of both scene composition and spectral response, using a
common field of view. The instrument has been used by the au-
thors for investigating mixture effects in a lodgepole pine (Pinus
contorta) community in the central Colorado mountains. The age
of the stand studied was between 30 and SO years with average
height of the stand approximately 20 ft. Canopy density was van-
able ranging from approximately 80% crown closure to a com-
pletely open, grass-covered clearing. The majority of the under-
story within denser regions of the lodgepole stand was similar
to that of the meadow opening. In this application an aerial tram-
way system was required to suspend the instrument.

Physical Features

The scene recording radiometer is essentially a remote controlled
filter wheel radiometer interfaced to a Hasselblad EL 500 camera.
A schematic of the instrument is shown in Figure |. A remote
readout and control station are utilized in conjunction with the
instrument. The functions of the system are five-fold: (1) signal
detection, (2) partitioning of the signal into discrete wavelength
bands, (3) control of filter wheel position, (4) photographing the
scene, and (5) remote system control and signal readout.

The radiometer system uses a silicon detectordirected toward
the viewing glass of the camera. The optics of the camera define
the instrument's field of view. This allows adjustment of the ra-
diometer field of view by varying the camera’s lens system. Sharp
definition of the field of view of the instrument is achieved by
overlaying a circular mask on the viewing glass. The diameter of
the mask was constructed to be slightly smaller than the physi-
cally constrained field of view of the detector when interdicted
by an interference filter. This constrained field of view was mea-
sured by mounting the instrument on a goniometer and rotating
it about the optical axis of the camera, while exposing it to a
narrow beam of light. An interference filter centered at 6328 A
was used to accommodate a helium neon gas laser light source.

March-April 1978 / Vol. 17 No. 2 / OPTICAL ENGINEERING / 143




e

R e L e

A Ay

-

A-7

Scene Radiation Dynamics

ABSTRACT

These reports are a two-volume Final Report Series for Project
DACW 39-77-C-0073 issued by the Environmental Laboratory of the U.S.
Army Engineer Waterways Experiment Station. The period covered is from
11 August, 1977 to 30 September, 1978. Overall objectives of this ane
year study were to develop a comprehensive optical and thermal signature
data base and to evaluate or develop optical and thermal canopy radia-
tion models. A variety of vegetation terrain features were studied
including coniferous trees (Pinus contorta), deciduous trees (Elaeagnus
augustifolia), shrubs (Egﬁfﬂﬁilii) and grasses (Festuca). In order to
synthesize the scene radiation dynamics with the use of models, accom-
panying geometric and meteorological parameters were also obtained.

Volume I presents the optical and thermal modeling descriptions and
includes terrain data modules for coniferous, deciduous, and grass ter-
rain features. The optical SRVC (Solar Radiation Vegetation Canopy
Model) developed under previous U.S. Army Research Office sponsorship
is evaluated against these terrain modules. A thermal leaf model and
an initial thermal canopy signature model are described and compared
against field measurements. Both optical and thermal signature models
are infinite plane terrain approximations to a fhree—layer stratified
canopy. Source and view angle dependencies of the exitance are pre-
dicted. In addition, the thermal model predicts the temperature distri-
bution of the vegetation layers.

Volume II contains the optical reflectance data listings and in-

cludes descriptive information for the experimental sites. The data




types and data reduction methods are enumerated. Finally, an analysis
of optical data dispersions is given including seasonal and diurnal

variability and two-spectral space scatter plots. The applicability of

a Tasseled Cap type of transformation is evident.
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Evaluation of Illumination and Terrain Geometry Effects on

Spectral Response in Mountain Terrain
ABSTRACT

An extensive analysis of terrain geometric effects on the optical
scattering properties of natural resource scene in mountainous terrain
has been performed. Spectral reflectance measurements were obtained
for lodgepole pine, Pinus contorta, ponderosa pine, Pinus ponderosa,
Russian olive, Eleaegnus angustifolia, grass species, Agropyron sp.,
and Bromus sp., and snow. Sensor platforms included ground-based
measurements using aerial tramways, aircraft radiometric observations,
and satellite (Landsat) measurements. A wide range of effective view
and source illumination angles were recorded for the various target/
sensor combinations.

Regression analyses and photometric plots were made from the data
in order to test the Lambertian assumption for the various material
types. In addition a process-oriented radiative transfer model was
applied to the data. This model was also used to evaluate initial
effects of background topographic variations.

Results of this study indicate that, particularly in the
chlorophyll absorption band all materials exhibit non-Lambertian
behavior for effective zenith sensor or source angles greater than
60 degrees, but that for effective angles less than 40 degrees, the
Lambertian assumption may be valid. For stable atmospheric conditions
and constant phase angle the Minnaert relationship may be applied to
quantify scene radiance properties. The canopy reflectance model was
found to follow the general trends of the field measurements but over-
estimates infrared response. In order to adequately model topographic

influences or spectral response, canopy density variations must be

included.




APPENDIX B: Supporting Material for Monte Carlo Calculations of
Absorbed Solar Radiation in Vegetation Canopies

Diffuse/Direct Ratio Sensitivity Analysis
Element Transmission Sensitivity Analysis
Vertical Reflection Validation

SRVC Simulated Absorption Coefficients

Program Listing for ABSORPT




v

g

APPENDIX B

The following topics present in full detail the results of the

data analysis and computer programs mentioned in the main text of

Chapter III.

Diffuse/Direct Ratic Sensitivity Analysis

Figures 1 and 2 present the proportion of absorbed spectral solar
irradiance for a wavelength of high canopy reflectance (p = .50,
T = .05 for all canopy elements) with a solar zenith angle of 0° and
72°, respectively. Figures 3 and 4 present the proportion of absorbed
spectral solar irradiance for a low canopy reflectance (p = .05,
1 = .001 for all canopy elements) with a solar zenith angle of 0° and

{

72°, respectively.

Flement Transmission Sensitivity Analvsis

Figures 5 and 6 show the simulated proportion of absorbed spectral
solar irradiance for a wavelength of high canopy reflectance (p = .50

for all canopy elements) as a function of canopy element transmission

coefficient for a solar zenith angle of 0° and 72°, respectively.

Vertical Reflection Validation

The measured versus simulated vertical spectral canopy reflectance
of the modeling trees for three time periods are presented in Figures

7, 8, and 9.
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SRVC Simulated Absorption Coefficients

The Simulated a, 3 absorption coefficients for various mean
hl | ’

canopy element reflectances and for a solar angle of 47° are shown

in Figure 10.

Prosram ABSORPT
The Fortran program ABSORPT calculates the spectral and total
absorption within the canopy system using the interpolation and

integration techniques described in Chapter IXE.
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irradiance for a wavelength of high canopy reflectance ’
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for all canopy elements) with a solar zenith angle (Z)

of 72°. The proportion absorbed (a,) by each canopy layer
is shown as well as the total canopy absorption.
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Diffuse/Direct Ratio

The simulated proportion of absorbed spectral solar
irradiance for a wavelength of low canopy reflectance

(p = .05, T = .,001 for all canopy elements) with a

solar zenith angle of 72°. The proportion absorbed (a,)

by each canopy layer is shown as well as the total
canopy absorption.
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APPENDIX C: Supporting Material for Thermal Exitance
Vegetation Canopy Model

Data Reduction and Initial Analysis
Day and Night Input and Output
Sensitivity Analysis

Air Temperature Variations

Program Listing for TCSM




APPENDIX C

The following topics present in full detail the data, analyses

and computer programs mentioned in the main text of Chapter IV.

Data Reduction and Initial Ar:.lysis

Figures 1 and 2 present the measurements of air temperature
(M1 Site), the contact thermister and the Heat Spy on two branch tips
for October 14-15, 1977. Figure 3 shows the simulated TCSM results

for October 14-15 versus the three contact thermister measurements.

Day and Night Input and Qutput

The TCSM input and output for 0930 and 0330 Standard Times for
July 15-16, 1977, are presented in Figures 4 and 5. The input data
for the day and night environmental conditions are the fixed

parameters used for the sensitivity analysis.

Sensitivity Analvsis

Figures 6, 7, 8, and 9 show the emissivity and internal resistance

to water vapor diffusion sensitivity results for the day and night

environmental conditions.

Air Temperature Variations

Figures 10 and 11 show the air temperature measurements for M1,
M2, and M3 Sites for July 14 and July 15-16, 1977. Figure 12 presents
the simulated versus measured horizontal ERT's for July 15-16. The
air temperature was recorded in the meadow opening (Ml Site) and is

presented in Figure 13.
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Program TCSM
The Fortran program TCSM is the thermal canopy signature model,
i as presented in Chapter IV. The required inputs are described in
Subroutine Inputda. The program ZSYSTM of the International Mathe-

matical and Statistical Library (1977) must be attached.
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Figure 1. Measured contact thermister and Heat Spy data for a branch

tip in Layer 2, and air temperature at the Ml Site for
October 14-15, 1977.
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* Time = 0930

i

* Emissivity (Layers 1-4) 1.0, 1.0, .0, 1.0
* Solar irradiance = 855 w/m2
Air temperature = 14.6°C
Ground temperature = 11.7°C
* Wind velocity = 10.0 cm/s
* Relative humidity = .20
Leaf resistance to water vapor diffusion = 0.66 min/cm
Average element temperatures (Layers 1-3) = 20.4, 16.6, 16.3°C
Ground thermal exitance = 372 w/m2
Sky thermal exitance = 302 w/m2
* Mean absorbed solar flux density for elements Layers 1-3 =
144, 49, 46 w/m®
Emitted thermal flux density for the average elements (1-3) =
426, 399, 397 w/m2
Absorbed thermal flux density for the average elements (1-3) =
375, 387, 384 w/m’
Energy gain by convection for the average elements (1-3) =
~90, ~31, ~36 wla®
Energy loss by transpiration for the average elements (1-3) =

G Ty w/m2

The thermal exitance and ERT above the canopy for the various

viewing angles are:

5
Inclination (degrees) Exitance (w/m”) ERE ("€}

5 419 20.3

15 413 19.2

45 410 18.6

35 408 18.4

45 408 18.2

55 407 181

65 407 18.1

75 407 18.1

85 407 18.1

The thermal exitance and ERT for the horizontal view are:

Laver Exitance (w/m™) ERT_(°C)

1 420 20.4

2 399 16.6

3 397 16.3

Figure 4. Environmental and simulated conditions for 0930 (day environ-
mental conditions) July 15, 1977. Input parameters are
denoted by asterisks.




* Time = 0330
* Emissivity (Layers 1-4) - 1.0, 1.0, 1.0, 1.0
Solar irradiance = 0.0 w/m2
* Air temperature = 0.4°C
Ground temperature = 5.0°C
* Wind velocity = 10 cm/s
* Relative humidity = 0.85
% Leaf resistance to water vapor diffusion = 0.66 min/cm
Average element temperatures (Layers 1-3) = -1.0, 0.0, 0.5°C
Ground thermal exitance = 399 w/m2
Sky thermal exitance = 234 w/m2
% Mean absorbed solar flux for Layers 1-3 = 0.0, 0.0, 0.0 w/m2
Emitted thermal flux density for the average elements (1-3) =
310, 315; 317 w/m2
Absorbed thermal flux density for the average elements (1-3) =
288, 309, 320 w/m2
Energy gain by convection for the average elements (1-3) =
2o d, =2 w/m2
Energy loss by transpiration for the average elements (1-3) =

0.2y UG, 05 w/m2

The thermal exitance and ERT above the canopy for the various

viewing angles are:

Inclination (degrees) Exitance (w/mz) ERT (°C)

5 310 -1.0

15 311 -0.6

25 343 -0.4

3 314 -0.2

45 314 -0.1

55 314 -0.1

65 315 -0.1

7is, 315 -0.1

85 315 -0.1

The thermal exitance and ERT for the horizontal view are:

Laver Exitance (w/mz) ERT €°C)

1 310 -1.0

2 315 0.0

3 317 0.5

Figure 5. Environmental and simulated conditions for 0330 July 16,
1977. TInput parameters are denoted by asterisks.
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PROGRAM TCSM (INDPUT,IUTPUT, TAPFSe INPUT, TARFAQUTPLUT)

SUARNYTIHE TH21TNA ANDY QUTAAT DESPFATIVELY

ks lalaXa R Ra kel

COMMON /A7 VV,0U,01,n(2)

(DANTEL Se KIMESs CNLOP2NT STATF UNTIVERSITY, A/14/7R)

CNMMAN /37 PSAP(1,91, PHIT(1,9),00422(2,0), PHTT2(3,5),STEF

COvMYULN/IC/COSTA(R,3,418),FEM[SSV (L), ARSORA(2), ESKY, FLeN, SFCTAR(S
COMMON/D/CONTI3,509),7(1,5eQ)y SHUT(2,9), XFLV,
COMYPN/ZE/ATOTHFTA(G) ,PUl (IR )oY F (e YLF(Q)e 7LF(G)y XS(Gy18)

COMYON/E/YS(2018)47C€(3), S7NTR, R, FRFON(9,3)
COMMON/G/NSTSeN, [THAX

COMMEON M/ INNEYY

COMNEY #T4 Xe)

COMMON /J/ THEDM THMLEY,CONVEC, TRANS
COMMON/S/ A0SNL (Y

o4
CoeoosREAD AND ASSIGN THE TNOUT DATA

GTs NUSIM, ITIME

WAL15)4EPS

c

NUSIMrm]

INDEX1 =0

76 [F(INDEY1,E0Q.NUISTIv)STQP

CaLlL INPUTODA

IFCINJEX14GTo1) 607 TN 95
€
CoeoeCALCULATE THE FANAPY 5I0MITRY COEFFICTIENTS
C

CALL CANGEQO™
L3
CeeeCALCULATE THE SIN THETA FACTORS FNQ ALL SOUCE ANGLE=LEAF ANGLE
< PUIMJTATICNS,
.

CALL DEVANG
(¢
CoeoCALCYLATE THE NNOMALTIT7ING FACTN® FOR THE RFLATIVF SIZES OF SOUPCE
(5

CaLL SECTOR
95 CONTINUE

c
CeseCALCULATE THE THEQ@WAL SKY EYITANCE
c
CALL SXYEX
c
CooeoCALCULATE THE THEQMAL GPRUND EYITANCF
c
CALL GRONDEX
a
CoeoeCALCULATE THE THFERMAL PANTATION CREFFICIENTS
¢
CALL SETUP
c
CoosCALCULATE THE AVFRASF LFAF TEWDCOATURE WITHIN EACH LAYER,
(o]

CALL NCOMULIN(Y,Wa,E0S,NC15G, ITMEY, [ER)

oo CALCULATE THE THE@™AL FXTTANCE AND EPT ARQVE THE
INCLINATION AND 3 HMN2[7NNTAL SENSNR ANGLES,

o OO0

CALL SENSOR

c
CeaeDISPLAY THE QUTPUT
c

CALL AQuTPar
A0 TO 76
END

CANOPY FOR THE 9

ceoePEOGRAM CANTEMP IS A MATHCMATICAL MANFL FN2 Tuf PRIDICTINN (F THF THFOMAL
AFHAVID OF A VSAETATINN £ANNDY, TNOUTS AMN NUTPYTS ARE DESCRIAED IN

)

SFCTORS
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1 SUARQUTINE INPUTHA

eeeSUBPNDUTINE INPITNA OFANS 4% ASSIANS THE INPUHT NATA

N NaRaNal

COMMON/GENZ OHITI(330) o FLAT(301)sSLAT(30 1), AXLFA(L,2)02YLFA(19,2)
COMMPOYN /A7 NVePH, PN ()
COMMON /R7 ©R892(7,Q), PYIT(1,2),004D2(2,0), OWTT2(2,G)ySTEF

10 CRMMCY /C/COSTAIR49,12),5M4ISSV(4),ARSNPR(T), ESKY, FGPD, SECTAR(9)
COMMON/D/COYTI2,509)9C(235509)0 SH¥T(2,9), KELV, GTe NUSIM, [TIME
CRUMMNN/E /AT THETALG),OHT (1R ), YLF(3)y YLFII)e ZLF(G), XS (Gy18B)
COM™ON/F/YSEIL18)e7S(0)y 7TFDTO, By FOECD(943) , WA(1S),7PS
COMMPN/G/NSTSoNe TTYAY

15 CAM4AN /HE TNOFYY
€I¥4NN /17 ¥()
COAMNON /) / THFEQU  TUMLEY,2ONVFEr, T2ANS
Covuny N/ STRR(
CAMMNNY/Sy LSOLEY)

20 2
CoosTEST FO2 THF STMULATION N'YN3ZDP aNN SK]IP TD THE AOCPRIOPRIATE INPHT DATA
€
] IF (INDEY1.52.0) S0 TN 99
] TEEINDEY].6T.0,AN), INAEY] LT, NUSI¥) GO TQ Q0
25 IR CINDEX]L,EQ NUSTY)Y STOP
9% CNNTINUE
(54
CaoeASSIGN THE STEEFAN AOLTIMANN FANSTANT WATTS/Meedexeey
(4
30 STEFe5 ,A6RLF A
(=
CoeeASSIGN THE ZOMVFTOSINN FACTOR FNR KELVINDEGRFES
: 8s 273.0
35 e
feaePEAD THE AVERASE THIPUAL ZMISSIVITY COFFFICIENTS FOP THE 3 VEGETAION LAYERS
(5 (1,253) AND THE 5RO0ND(&DY,
(=
RELDUS,10)(FMTRSVITYyTulyb)
4«0 10 FNIMAT (RF19,5)
€
CoeeREAD THE AVERAGE THERMAL ARSOARPTINN ZOEFFICTENTS FOP THE 3 VEGETATION LAYERS
[
PFADI5510) (AASMARA(TYeTul,y])
45 G
(>
CoeofFAD THZ 2SYSTY CUADDNAOAM DACAMITFOS ([MSL LIRRARY), 2SYSTM SOLVES FNR THE
t AVERAGE LEAF TEMOEOATHR WITHIN EAMH LAYER,
¢ £og§ £1RST STAPOTYA CQITFOINY o A 200T Y(1)eaeseesX(MH) IS ACCEPTED IF THE
: 50 ¢ VAYTMI'M ABSOLUITE VALYF NF F(Y.KsPAP) [S LFSS THAN OPF ECUAL TO E£PS,
¢ JHERE Mele,aaaeN, (T4PUT)
o NSIG SECOND STEPOINMS CRIT=RINN, B 00NT IS ACCFPTFD IF TwD SUCCESSIVE
c AOPROXTYATIANS TN &4 ATVEN QOAT AGREF [N TWE FIST NSIG NIGITS, (INPUT)
€ NNTE. TF FITHER NF ROTH NF THE STOPPING CP[TELRIA ARE FULFILLFN THE
‘ 55 (> e0NT IS accedTEN,
Y ¢ N THE NU¥RER AF EQUATIANS (v NUYRER QF UNKNIWNS) (INPUT)
: (i X THE VECTNR OF LENCTH N, A% TNPUT, [S TWE INTTIAL GUESS TO THE =00T,.
c AS OCUTPUT, TT TS THE COMPUTED SOLNUTIAN,
C [TMAY ON INOUHTeTHI MAYTY'IY ALLOJARLF NUMREP NE JTFRATIONS AND ON QUTPUTs
60 c THE NUMAFR OF TTE2ATIONS USFD IN FIMDING THE CCMPUTED SOLUTION.
c WA AN AQRAY WNRK AREA NF SITE ((Ne2)e(N=1))/72430¢N SUPPLIED RY THE USER.
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[aNa Nalal

N

PAR PAR CONTAINS A CAPAMIYED? SFY (POSSIALY A FUNCTICH NaME) @MICH IS
PASSED TN TWET 1SFR SHDOLLFN FUNCTION F, PAR MAY 3F USFD TN PASS ANY
AUXTLIAQY DAIA“ETFAS NFZFCCa2y FQOQR CNYPYATION OF THE FUNCTION F.

[ER SRROR PAPAMZITI? TIQUINA(L FRNPa]?2AeN

Nel TNDIZATES FATLIRE TO CONVERGE WITHIN [T™aX
ITERATION
Ne? STNAULAR SYSTFM (JACO3]AN)
REAN(5,11) £°S , NSIG, N, [THAY
11 FORMAT(E20,.7.2T710)
veeREAD THE CANMOY AUz TOY EQZANENCY IISTRIANTIANS NE THE ELEMENTS
IN LAYERQS 14293, AYLFA FEOQZQENTS THE JNCLIMATION ANGLFS 0=90
{5 DEGRZZ INTFOVALS) ANND AYLFA REPCERINTS THF CNPRISPONDING
FOECQUENIY, SLAT AND FLAT ARZ EACH LAYERS S PARAMETER AMD LAI
RESPECTIVELY.

00 180 I=1,3
RIAN(5 1011 (AYLEA(M 1) o AYLEA(Y)T)oM21,19)
REAT(5 2201 ISLATLT oY) pFLATLINY)

1790 CONTINUF

101 FORMAT (PF10,.5)

ess STNRE THE 2SYSTY DARAMETERS FAR OUTPUT,

ST (1) =ES

STIR (2 ) =NS1S

STNR (3 )= TMAY

READ(S912) (XYIY),ylel, )
12 FORMAT (4£2n.8)

eeoeREAD THS LEAF NTAMETFRIS FOR EFACH LAVEP

OEAN(5,51) (N(Y),Te1,3)
51 FNRMAT(3F10.5)

esoPEAD THE NUMBFEY (OF STM(LATIAON FUNC DESIREN

PEAD(5413) NUSTM
13 FOPMATII1O)

cesPEAD THE ANFW TUMEALRTEMP,TRUEANIND TFUO,WINNVELNCTITYs RELATIVE HUMIDITY.
LEAF 2cSISTANGT £NO THE MAXT NFESIPEN STMULATINN,

50 INDEY1le[NOFYY o 1
READ (5,60) TTIMELAT,GToWY 00,3
0 FOQMAT ([4r»7710,5)

el OFAD THE AVZIPASS ARSOPAEN SALAQ FLUY [N LAYERS 1,2,3. THESE VALUES
ARE OSTAINED FRMY TYF MINTFIED SAVC “NNEL.

RFAN(5,120) 188SNL(T),Te1,13)
120 FNOVAT(3F10.5)

eeoPEINTITIALIZE THF 7SYSTM PARAMEZTERS SINCE THEY ARE CHANGED INTERNALLY
AFTER EACH STIMULATION,

EPSeSTNP (1)
NSTI5eSTOR(2)
ITYaY=STNR (1)
QETJRN

END

AND
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1 SURINJTINE NJTAAT
c .
{53
% .esSURROYTINE QUTOUY FARPUATS THE NATS TN RE OISPLAYED,
S 5
c
COMMON/SENSZ  FLAYTIQN,FLAYHIA) ,FOTT(Q),FRTHIY)
COMMNN/GED/ OHMTTI(2eQ)0=LAT(291),SLAT(2,1),8YLFAL)Q,2),AYLFA(1G,3)
COMMAY /A7 WYeRHALeN(2)
10 COMMON /R PRAD(34Q), PHlIT(2,9)sPGAP?(34Q), OHTT2(3,9)sSTEF
COMYOM/C/COSTAIQ,5 180,24 1SSV(4)ARSPRR(3), FSKY, FGPDs SECTAR(9)
COMMPN/D/CONTI2,8,9)1,2(39557) e SIMT(3,0), wELV, 2Ty HUSTMe TTIME .

COMMNN/F /AT THETA(O) (PHTL18) 4 XLF(Q), YLF(Q)s ZLF(F)y YS(9,18)

COMMDN/F/YS(9+12)475(9)y ZEOTI, P, FPEQN(,?) , WA(LE).EPS
15 COMMON/G/NSTS sy [ TUAY

CAMMON /H/ TMNEX]

COMMPY /17 Y1)

COMMON /J/ THEOM, THMLFY, NMVELR, TOANS

COMMON /K/ TT1(3)aTT2(2)4TT3(3),TTG(23)
20 COMMPY N/ STNR( 1)

COMMPY L/ TeEMP(2)

COMMDN/S/ assShL3)

IFCIMNDEY1.GT,1) 60 TN 1179

25 eeoWIITE THE TITLE FOR CONSTANT PAQAMFTERS

o0 N

4EITE(A,100)

100 FORMLT (/7471 1s% TAF CONSTANT DADAMETEOS FNOQ THIS SERICS OF SUNS AR
€ AS FOLLOWS #07/7/7171012)

30
2ITE THE ZSYSTM PARAMETFRS

a o
.
.
IS
-

WO ITE(.,10210STOR(JYV,0e1,13)
172 FORMAT(1x,® THE FOS,NSI5,AND ITHAY PARAMFTES FOP 2SYSTY ARE= ¢,
a5 ¢3F10.547)

eesWRITE THE LAYFOS EWISSTVITY

DO

WOITELA 2011 (FUISSVITIelnlsa)
40 201 FO2MAT(1¥,¢ THE AVERAGF EMISSIVITIFS FOP THE 1 LAYERS(1=3) AND
+GOUND AFEs ¢, CF10,60/)

c
1 Ceeew?ITE THE LEAF NTAMETERS FNOY FATH LAYER
A
4“5 “PITE(69203) (N(T)VeTele)
203 FOQMAT(1X,® THE LFAF NIAMETERS [N CM FQOP LAYER1=3 ARFw ¢,3F10,.5,
s/ 1)
c
CeeoWOITE THE CALFYLATEN GENMETOY FNR FACH LAYER
$0 (5

o0 319 I=1,3
WRITECE,320) 1

320 FORMAT (///1¢% THE CNMOLONENT AMALE £OMOUTATINNS FOR LAYER ¢,11,/7)
WRITE(A)221) ELAT(TL1)SLAT(T, 1)

55 321 FOQYAT (¢ LAT w ®,F4,2,40,8% Se $,F4,2,/)

WRTTE(H9322) (AYLEA(MeI) o AYLFA(Y)T)eMe1,19)

322 FORMATL & XLFALYLFA 4 /0(2Y,14FR 1))
WOITE(E,323) (PRAP(I,¥)eMa149)

323 FORMAT(//y¢ °GAP FNR 1=3 INTLINATION INTERVALS*),9F8,3)

60 319 CONTINUE
C
ﬂlnn,
g3 QAT e
suis PAGE 33 BN 0 fooe

FROM 0OF%
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100

105

110

115

120

CovoWBITE THE CALCULATEN THERNAL CONTRPIGUTIQONS SOFFFICIENTS

C
YR ITE(6,302)
302 ENAMAT (1Yo /P77 0e% THE PRNPCRTINN NE OANTANIE AREA CCNTRIAUTED 8Y
$4 SFCTOR NF TUF 9 RANNS(1=7) DIVINE) RY 18 (SECTNRS) ARFee,/)
WILTE(A,30301(SFCTAO([)yla]49)
303 FORMAT(ICK.SEN0 Sl 1)
SRAITT(6,60)
Q0 FOIAYAT (1Ko /24 % TP RANVaOPCAPDRIT«COFFEICIENTS FOP THE THFRMAL RA
#D1ATION TOANSFERS AQE we,/)
N0 39 [el.e3
WRITE(Aya]) T
41 FNIVAT (1¢,¢ TUE 3 RANN CAFFEIATFNTS TO LAYER ¢,11,¢ ARE®)
2N 313 JeleS
WRIITE (Fe42) Jo(fOMT(],]e%),4e],0Q)
42 FOIVAT(RY,® CQNM LAYEQS,11,2¥,3Fk,06)
39 CONTINUF
weITF(6,50)
SO0 FNIMAT (1¥e///7e® THE E{NAL THEPMAL PADTLTION CCEFFICIENTS ARE AS FOLLOWS
“%, /)
00 51 l1e1,3
WAITF(A)52) T
52 FORMAT ()Y¥,% THC THEOMAL OANTATION CONTRIARUTION TO LAYER ¢511,* FO
eR FATH PF THE Q [EAF INIZLINATINNS ARFe)
00 51 J=1,y5
WIITE (6,531 (" (Teds¥)1pMa1,9)
§1 FNIVAT (RY,e F2NY LAVER®,11,2Ys9F10,3)
51 CO%¥TINGE
wRITE (5,154
15& FORMAT(1Yo///7p¢ THE CDS(THITAY FAZTNRS APF AS FCLLOWS *,/7)
N0 101 Is1,9
WRAITE(S,108) X
108 FNOMAT (1X,® THE 13 SFCTIR FASTOPS FNP A LEAF [NCLINATICN OF ¢,I1,¢
+ 425 )
00 101 Js1,9
WRITE (66010%) Jo (COSTA(L )M o%2],18)
103 FDRUAT(EX,® SONACE F2N¥ AANDe, 11s1RF5,3)
101 CONTINUE
o
CooewW? TS THE TITLE FONR THE SIMILATINNS MADE
C

WO ITE(L,]104)
106 EOMBT(AXy /2117 0%c0soonnnseeTHE FOLLOWING STMULATIONS WERE MADFoeae
®eeesesrsesrsscsssrsnsssencssscsccvec®y/ /)
109 CONTINUE
€
CooswWPITE THF CONSTANT DACAYETERS FNP FAC4 SIMULATINAN
C
WOITF(ARL105) TTIYZ AT, GV, dV,e0H,0Q
105 FORUAT(IX,¢ T[MZee,{4y¢ A1R TEVDas,FP,2,% GPNIND TFEMFPe®,F7,24¢
CWIND VELCCTITYw @F7,2,8 5L HUMINITYe®,F7,2,¢ LEAF RES VAP DIFFed,f
+7.2)

eeoWRITE THE SIMHULATEN AVEDAGF LAYFO YEUDEOATURES

aoan

WOITE(5,300V1TEUP(T)eTel,)
300 FOQPUAT(1Xe//e® THE AVERPARE STMULATE) LAYER TEMPERATUPES (1=3) ARE
S0 ,3F10.207 1)

eeoWRITE THE CALCHLATE) GPCUND THERMAL EXTTANCE

oo
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125

135
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145

150
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160

165

170

175

180

185

WOITELR,250) =GOn
250 FORMAT (1Y, /p® THE GINUNN THELMAL FYJTANCE (S 6,F0,2)

€
CoeeoW?ITE THE CALCUMLATED SCY THEIMAL EY[TANCE
¢ WS ITF(hs251) FSKY
28] FOIMAT(1X,® THFE SKY THIQMAL FYITANTE IS ¢,FR,2)
00 121 I=1,1?
CALL STHFRI™¥(TEMD,T,TNTAL)
TT2(1)eTHYLFY
TT3() el NNYEC
TTarl)aToaNs
TTU(D)mYHiERN
121 CONTINUE
c
CoeeWPITE THE A35M23FN SPLAP RANTATION FCOR CACH LAYER
C
WATTE(A,119) (ABSTL(T),Ts1,1)
119 FOY“aT(1¥,0 THE AVTQAGF ARSNRAEN CNLAR FLUYY FOR LAYEFS la3 £&RF o,
*3F 10 .5)

C
CoooWRITE THE EMITYED THcRuAl RANIATION FOP THE AVERAGFE LEAVES
C

WRITE(64120) (TT2(T1,Ts2143)
120 FORMAT()1X,8 THE EMITTEN THEOMAL PANTATION FOR THE AVERAGE LEAVES
4(LAYERS 1=3) &F=e¢, E10,5)
C
CeooaWRITE THE ABSTABFD THEZRMAL 2aNTATIOM FOR THE AVEPAGE LEAVES,
L
WRITE(A122) (TTI(1)s"=1,3)
122 FORYAT (1Y,¢ THE Ancnoazn THEQIMAL RADIATION FO® THE AVERAGE LEAVES
* (LAYEQS 1+3) &RE¢«3IFT0.Y )
¢
Coeod?ITE THE ENEPGY GATNCD AY CANVECTICN FOP THE AVFRAGF LEAVES
c

WTITE(H)123) (TTI(T1eTels)
123 FO24AT(1Y,® THF ENFOGY GAIN AY CCUVECTION FN@ THE AVERAGE LEAVES
¢ATZe,3F 105
C
CeosWR[TE THE FNEOPGY LNSS RY TOANSOIATION FOR THE AVERAGE (
o
WATTF(AW124) (TTG(T)eTel4)
124 FOIYLT (1€, TRE ZNZaGY £S5 RY TOANSPIRATION FDR THE AVESAGF
¢ LEAVES ARE®, 21£10,5)

eosWRITE THE EXJTANCE ANY FOT ARNVE A0 WITHIN TH4E CANCPY,

[ X2 Xza)

dITTE (K,50)
50 FOIYAT (1Y, //¢® THF TUEIYA| FY[TENCE AND FOT ARQOVE THE CAQPY FOO
I Sei5 DEGOEFE INCLINATICNS a2t )
37 59 “el.9
WEITE (Eph1) ELAYT(Y),E3TT(4)
51 FEDQMAT (3K, F1045¢% W/Mee20,3X,FIN,5s¢ CFNTIGRANES)
59 CONTINUE
WO ITF (Eph2Y
62 FOIVAT ( @ TUE THEIMAL SY[TAVCE a9D FQT (HN2I70NTAL VIEW) FOR TWE
f 3 LAYERS po0cf .y
0N 58 *e1,3
WOTTE(6IAT) FLAYH(Y) EETH(M)
A ENAMAT (3X,€10,59% d/40020,3X,F10,59% CENTIGRANES®)
5K CONTINUE
4ALTE(H,690)
400 FOAMAT (1Y, / /11 0¢

R R I R B I R R R R I I I I S I Y
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c-22

1 SUARQYTINE SFTIP

€

€

CooeSURARNNTINE SFTNO PRE@IALCILATAC 2NN POF=ARCANGES MANY NF THE Tuepwal

. % c COEFEICIENTS MEFNED FNR T4E FINAL ENFRGY RINSFTS WHICH ARE PLACED INTN THE

c 2SYST™ ROUTINE,

(=

C

COM™PN /A7 WVeBHPLeN(2)

10 CNMMON /87 95AP (2,30, PulT(2,21,4P5422(3461), PUTT2(1,9) e STEF
COMMNN/C/COSTA(T,9,13),5¥ISSV (L) 40590R(2), ESKY, FGRN, SECTAR(9)
COMMAN/D/CONMTEI,8:80,%(305,%0y SUMT(3,Q), ¥ELV, GT, NUSIY¥, ITIVE
FrMMONJE AT, THETE(G) 06T (1R, YLF (A, YLF(Q), ZLFIG)s ¥S(G,1R)
oMM/ AYSE01300 7S ()0 TEOTR, 8y FREQON(F41) o WA(19),EPS

15 COUMONEGINSTS o N T THEX
COMNON /H/ INYEY]

c
c
CooefFD® SACH LAYED CALFULATE THE QANNSF 8PP KIT COFFFICIENTS HFEDED FOP EACH
20 x LAYEQS THERMAL QANTATION CONTRIAUTINN Tn A SPECTFIC LAYER,.
C
00 20 1=1,9
C
25 5
CoeoolONTPIRUTION CAEFFICISENTS TN LAYER 1
[
C
CesoosFROM SKY
30 (=
CONT(1s1sI)= PGAP2(1,1)
G
Cooess FROM LAYER 1
C
35 CONTILo2oL)n 2904 T2{ 16T}
~
CoseacFRON LAYER 2
c
CONT(Llo3sT)e PGAC2(1,T)=PGAP2(1,1)ePRLPI2, 1)
«0 €
ConwvanFU% LAYFR 3
C
CONT(lobolde PGAP2(1,1)0P54P(2,1)=P58P2(1s1)0PGAP(2,118PGAPL3WT]
C
&5 CesevesFRNY FPCUND
. €
CONTC(LsSelle PARAP2(L1.T10P54P(2,1)19°52P(3,1)
[+
C
5Q FeooCDNTRIBUTION FASFFIZIENTS TH LAYER 2
» [
L5
CoonseFRNM SKY
C
55 CONT(201el)e PEAP(141)0254P2(2,1)
C
Cooeve FPNY LAYER 1
G
CONT(20,201)® PGAP2(2,1)=0GAP2(2, 1)¢2GAP(1s 1)
£0 (%

CesessFROM LAYER 2
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130

135

140

C
CONT(2530l)e 24¢PHIT2(2,1)
(-
Caisosn BN LAYER 3
g
CONT(2s&p1)e PRAP2(2, 1) =DRAP2(201)ePGAP(3,])
c
€ o ueveEROY GROUND
c
CONT(2,5,10e PRAPYI(2,T)0P54P(2,1)
(>
(=
Coa CONTRISUTLEN COSFRITTCHNTS T LAYFRY Y
i
=
CovaesFOON §SKY
c
CONT(3s)slde PRADLYILIVEDAAP(2,1) 025222 3, 1)
€
CisonaFRO%N LAYER 1}
C
CONT(3,2,1)% PGAP2 (3, 19042382 (2,1)=P34P2(3,110PCAP(2,1)0PG2P(1,])
C
CoooeeFROM LAYER 2

CONTI(393,[ ) PARAPI (A, [I=P5AP2(2,1)0PRAP(2, 1)
c
CooeeeFROY LAYER 2
(=

CONT( (254, 0w 2,0041T202, 1)

€
CoeensFROM FRCUND
>

CONT(3e5,0)s P5a22(301)

20 CONTINUE

c
C
CooeNNd FORYM Thi FOUATIAN CNEFETTTENTYS FMD THE CNMNTRTRUTED THFPMAL RADIANT
c ENEQGY TO FACH LAYIO AND FN? FACH (EAF INCLINATION ANGLE WITHIN A LAYER,
(
c

CALL SETOI("se5,9)
(=
CoeeeTHERYAL FADIATINN CANTRIBUTIAN TN LAYVES N
C

00 30 N=1,3
C
feeoFCR EACH LEAF THCLINATION ANSLE INTERVAL
c

00 30 Ie 1,9
E...SU% SACH SECTNIS ADTATIAN CONTRIAUTION (9 3ANDS CONTAINING 18 SECTQORS)
c

00 30 Jels9

00 30 Xel,18
¢
Coeeh3SORBED THEOUAL OANTATION CONTRIAUTED aY SKY
(=

CNslol)m CINgIsoT) & SFCTAQ(J)OCONT(No10J)IOCSHYSARSORA(N)IOCOSTA
¢ (1sdox)

CoesABSNRAF) THEGWAL PADTATINN COANTATAUTED /Y (AYFO |
(4

CUNe2yT)e CUNy251) & SECTAO(J)IOCONTING20J)OSTEFSEMISSV(])®ABSNRA(N
¢ 1*C0STALL D0

so s ARSOPRED THERYAL PANTATION AQNTO[AQUTEN Ay LAYFQ 2

aXaXal

CUNo2pT Ve CINpToT) ¢ SETTAR(JIOCONTING ) J)OSTEFSEMISSV(2)OARSOPA(N
¢ )OIDSTACL I

¢eoAISORIED THERVAL RANTATION ZQNTAITAULTED AY LAYER 3

X2 ksl

CUNsbo T e CUNoby ) & SEOTAR(IVIOCONTINGQeJ)*STEFOEMISSV(3)*aaS0RAIN
¢)eNSTAITJo )

[«

Covs8BSORAED THERYAL QANTATION CONTOIANTEN Y THE GROUND

¢

CONISoThe CUY 5, T) o SESTAR(JI)IOTANT(NGS,JI0EGRNS
¢ A3SNAA(N)IOCOSTA(, o)
30 CONTINUE
QE TURN
ENND

LR e re————

T




C=24

1 SUBRDITINF NNNLINIY e WasEPS,NSIG, I THAY, [FP)
<
C
CoeeosSURRDUTINE NOMLIN IS SIMPLY & CALLING POCARPAM FAR TWE ZSYSTY ALGNIITHIM NN
5 C THE IMSL LI30A2Y, PSYST™ NETFIMINFS THE epnTs ne g SYSTEM COF N SINULTANECUS |
. (g NOMLINEAR FQUATTIONS [N N HNIKNNINSG, F(Y)eQ o IN VECTOR FCOM, FINCTION
e F IS ZALLFD AY 7SYST™ TN FURNISY THF VALUES NOF THMg FUNCTIONS wHICH OEF INF
c THE SYSTEM OF SQUATIONS REING SOLVEN, ;
c <
10 ¢ |

COMMON L TEveEa)
COMMON /S 4 ARSOL (YY)
DIMEMSTION XC2Vpdat1SYPAO(TY
15 DIMENSION TTU(3)oTT2(3)eTTI(),TT4(3)

COMMPN /07 THFON, THMLEY, CANVEC, TRANS i

EXTZRNAL F
c
CeooCALL IZSYSTM FOR SALVING T4E SYSTEM OF NANLINFAR FQURATIONS
C
20 CALL 7SYSTHM (FoEPSaNSINe3aY o1 THMAX WA, PAR,[FR)
(=
Cees TEST FOR SYSTEY FaTLUQES
¢
LF(IER,EQ.O) 50 TN SO
25 fFCTIER ,EQ.2) G T 4O
IFL15,6T.2Y GN Tn 100
WAILTE(5070)
IO OFOQRMAT( ®CATLURPE TO CONVEIGE WITHIN JTMAY [TZRATIONSS)
53 70 50
30 50 WRITE (K,90)
30 FORMAT( ¢ SINAULAR SYSTEM (JACrafaNiey
GN Tn 80
50 CONTINUE
00 5S4 L=1.3
35 TEMD (L) eX (L)
56 CONTINUF
GO TN RO
170 «S(TE(A,1NTY
101 FOQYAT( OTERUTINAL ERIQPE)
40 80 CONTINUE
RETURN
END
1 FINZTION F (Y ,%,040)
L
C
Coeo FUNTTINN F SETS Mo THE TOTAL ENERARY AYNAET FOYATION FOR LAYER 1,2, &ND 3.
5 c AL RAOIATTIAN FINTQIAITIIN T EACH (AYFR, FUNCTION F IS THEN USED A&y
5 2SYSTY 10 CALFULAYE FALH [T:QA'F.
(o
3 (5
DIMENSION Y3
10 DIMENSICN PAR(])
(o
[ CALCULATE THE ENFOGY AUNGIT FAR THE NEXYT ITR2ATE FOP LAYER 1,2, QR 3.
c
5N TO (192,30 K
15 c
Cooe ENERGY RUDGET FNP LAYED |
C
! 1 CALL STHERM (€,K,TNTAL)
Fe TOTAL
20 RETUON
c \;W
Coe ENERSZY JUNGET FNQ (AvER 2 Y*’N
‘ ¢ 133 /
‘ : 2 CALL STHERM (Y., TDTAL) ’ Q\)ﬂ“ @0
25 Fe THTAL i . éﬁbx W
i 4 AT TYeN (.%\3 *“
i ' c ,5?‘“
CoesFNEPBY QUDGRET FNO (AVER 3 T &!“1
» ¢ ‘gﬂ‘
] 30 3 CALL STHEIM (Yex,TATAL)
e Fe TOTAL
! ‘ AETURN
END




1 SURRODTINE STHEOM (¥, K, TOTAL)
(3
C
CoeeSUBRNUTINE STUFOM CALTINATES [N FIMAL FNO® TS THFA¥AL COMT2[AUTION
5 € (ITERATE) TO FATH LAYER 8NN TuE TweowAl FI]TANCF, CONVECTIONZL,
¢ TRANSOINATIONAL e AND SOLARY RANTATIPN ; YCHAMAFS, €00 FACH LAYER THEPE ARE 9
C EQUATIONS. FACH FONATIANN S WPIAauTEN BY THE FIEQUENCY OF DCCUFENCE FO@ THE .
[ CORFESPONDING TNCLINATION ANALE INTEPVAL,
C
10 C

COMMON /A7 WV, 0H,91 ,N ()

COMMPN /87 P3AP(2,0), PUIT(2,9),PRA22(2,Q), PHIT2(3,9)sSTEF

CONMNON/CICOSTAIR, 20 1R) oFYUTESY(4),A3SPRRAIY)y FSUY,s EGFDy SECTAR(Q)

COMMONIDICONT(3650Q) 0 ClY0509)e SU™T(3,9), ¥ELV, GTo NUSIM, [TIME
15 COMMON/ZE/AToTHETALS) PHI(1R) G XLF () YLF(R)e TLF(S)s YS(G,1R)

COMMPN/F/YSI413),7S(9)s 7ENTA, B, FSFON(Ge3) » WA(15)9EPS

COMMON/G/NSTSeNy TTuAY

CNMMAN )/ TUFRM, THMLEYCINVEL, TRANS

CNMMPN /S ARSAL (1)

20 DIMENSION X(1)
QEAL LE
C
CoeeSNM SKY AND GPAYNN THFOMAL JANTATION CONTRIAUTIANS T0 THE DESIGNATED LAYEP
(4 (K) AND EACH TNTLIMATION £LASS
25 €
0N 10 1e1,9
SUMT(Xol)s T(¥plsl) ¢ ClCo541)
10 CONTINUE
€ i
30 CeoohAlSO SUM FACH LAYFOS THFRMAL RAN[ATION CONTRIAUTION TO EACH RECEIVING LAYER !
C
00 20 1=1,9
09 20 Js1,3
SUMTILy 1) 2o lel yT)O(X(J)og)004 & SUMT(v,T)
35 20 CONTINUF
¢
CoosAPOLY THE WEIRHTING CNEFFICTFUT FNO THE PPARABTLITY OF OCCURENCE OF EACH
€ LEAF INCLINATION INTEQUAL WITHIMN THE APPOOPRIATE LAYER (K). {
C
«Q THZRve),0
NN 30 Te1,9
THEOMe SUMT(C, [)0F3EQ(T,X) & THFOM
10 CONTINUE
€
45 CooeNIVIDE THE THEOUAL I80[ANT ENEDSY (TUEOM) FANTRIAUTED TN LAYEP K &Y 2,0,
c TUIS FATTOR ACCANNTS €12 THE FACT THAT THERUAL ENFRGY INTFEACTS ANTH WITH
¢ THE TOP AND ANTTNM SIMEACES AF THE LFAF AND ALL ENEPGY CALCULATIONS ARE DONE
C ON A PEX UMTT APEA ]ASTS, »
[
50 THE QM & THEDM/I N0
I i
ConoFUNCTION CONVET CALTULATES THE CANVFCTIONAL LOSS OR CATN FRCOM THE AVERAGE s i
C LEAE IN LAYER X,
C
595 1204v,LEL30.0) GO T7 119

60 TN 120
119 CONVEC® (P0,640,20(WY*4),37))¢(,001)¢(K97,74)
CONVECS CNNVECe(e1,)
CONVECeCONVFIO(Y(IX) <A T)
60 G0 TO 130
120 CONVECe (0.95¢WVee0,97)%(,001)%(£97.76K)

i3 PAGE LS BEST QUALLTY PRACTLCABLS
FRUM OUrY PURALSHED TO DDC  __

Ll
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65

70

80

8%

[
6
c
c

(-
C

s ¥aXal

CONVECS CANVERSLay, )
CONVEC®CONVES @ IX(K)=ATY
130 CONTINUE

Ve o FUNZTION THMLEY CALTULATES THE FMTTITED THEOUAL FNFREGY FROY THE AVECAGE (EAF
IN LAYER K,

THMLEX® STECOTMISSY(MIS(X (¥ )a) 00y

veo FUNCTION TRANS CALCULATES TH4F FHMFOGY LOSS FANY THE AVERAGE LEAF IN LAYER «
AY T2ANSPIRATION,

LFe @), S¢QeY (V) & 77,3

SHLe (5,2342¢F12(A,054T71SeY(<))) ¢),0F=q
SNAs OHO (5 ,2342¢FYP(0,05A715¢AT))01,0EwA
o (D0Ge]1.270(1,/WN0¢),5))/50,
TRANSeLFe(SNLaSDRV/ (L)

TRANSe657,75 ¢ TOANS

veoSUIM ALL THE ENFREGY LOSSES 4NN GAINS NF TuE AVERAGE LEAF IN LAYE® K,
TOTAls THERV=THMLEY ¢ COANVETeT2ANS e ARS AL (K)

RETURN
END
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C=27

SURPQUTINE NFVANG

oo SUARDUTINE DVAMA CALFULATIS THFE CAC(ANGLE) NEVIATICN
ANGLE OF ALL LFAF JHOLINATIONS SPOUPAE PRIFMTAINNS PEFMUTATICNS. THF THEOQRY
1S BASED ON THWF EXISTENCF NE PLANF FLEMENTS AS USED IN THE SPVC “NDEL.

COMMAN /A7 WV, PH.2L,T (1)

COMMON /87 PRAP(2,3), PHIT(1,Q),PR4aP2(3,9), 2HIT2(3,G),STEF
COMMON/C/ZOSTA(S,)?,19),3¥ 1SSV (4),435023(2), ESKY, EGED, SFCTAP(Q)
COMMDN/ZD/CONT (30549140 (V10509)0 SUMTI2,9), ¥FLV, GTy NUSIM, ITIME
COMVON/EZAT)THFTA(Q)sPHT (1) XLF(Q), YLF(Q)y ZLF(S)y XS(9,1R)
COYMDN/F/YS(3418)07S(%)e FAEDTR, 8, FRFEON(9,3) » WA(15),EPS
COMMON/G/NSTSeN, [Tuay

INTEGER S73,SS

CENTRe (G,017453293

eeoCALCULATE INCLINATIN ANALES IN PADTANS

THETA(]l)s 5, ¢ CFOTQ

00 10 [e1,8

THETA(lel)e THETA(I) ¢ 10,0 ® CENTR
10 CONTINUF

eeosCALCHULATE B21IMYTH ANALES [N PRAYTANS

241(Y)e 10,¢CFOTR

00 20 11,17

PHI(lel)s 20,°CENTAOHIL(T)
20 CONTINUE

eesCALCULATE ALL THE DIPECTIIN CNOSINES OF SOURCE SECTORS

00 40 I=1,9

IS(I)sSINCTHETAL(L))

00 4«0 Jel,s1®

XS(T1sJVeCOSITUFRTA(TIY )OS (PUET(IY)

YSULpJd)e COSETHETALT)IOSINIONI(Y))
40 CONTINUE

eesCALCULATE THE NTRFLTIAN CASINFS FPE Tuf NNPWAL VFCTOR COF ALL PLANAD LEAF
[SNCLINATION aMALFS ASSUVING THAT THE &Z[%UTH GNGLE [S FQUELL TO ZFRO DEGOEES,

0N 30 I= 1,9

XLF(I)e =SIN(THETA(T))

YLEC 1)Y= 040

ILF(I)e COSCTHUETA(TIN)
30 CONTINUE

eo o CALCULATF THE ARSALYTE VALUS NF THE NOT PaNNUCTS OF ALL SPURCE=LFAF
ANGLE PzRMUTATTANS, THIS VALUE IS EQUAL TO THE COSINE FACTCR DESIRTO,

00 50 L1Ie1,9
DN 5S¢ SRel,Q
00 50 SSe l.1°
DOTe (XLF(LIVOYSESAWST)eYLF(LIIOYS(SRE,SSIeZLFILI)®2S(SR))
COSTACLINSR,SSYe ARS (DT
50 CNNTINUE
PETURN
END

SU3RQUTINE GONNDFY

o o SURRDIITINE GRONNEY MALCULATES THE THEQMAL RACUND EXTTANCE GIVFN THE TRUE
GROUND SURFACF TEMPERATIRE,

CRMMON /A7 WU,2H,20L .01}

COMYON /87 P3AP(2490, PAIT(3,Q) 4 PRAP2(349)s PHIT2(2,9),STEF
COMMON/C/ENSTA(Q,9418) 24TV (&), 82802R(3), ESKY, FGRPD, SELTAK(9)
COMMON/D/CONTI2,569)0C (3959300 SUVT(3,9)y ¥ELVe GTy NUSTIVM, ITIME
COMMONVZE/ZATOTUFRTA(IN o OMT (LAY XLFIQ)s YLF(A), TLF(G)y XS(9,18)
COMMON/ZFZYSI9912)s 75030 SFOT, Ry FREQON(41) » WR(1S5),EPS
COMMON/G/NSTSo Ny 1 THAY

EGR0De EMISSV(G)I®STEES(CTog ooy
RETRY
END

ALITY PRACTLOABLE
.\I‘lLLSkulD IN)IIJG P

CHIS PAGE IS BEST QU
FROM 00£Y
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SURAAQUTINE SWHYFX

ceosSUBROUTINE SKYEX CALCULATES THE THFRIMAL EYJTANCE FROM THE SXY,

s XaEaksXal

CNMMAN  JA/ WM,Dd,21 D)

CO4%ON /87 ©5AP(1490, PHIT(30%)4PRAP2(2,G), P4AIT2(3,9),STEF
COMMPN/C/CNSTA(D3012), TSIV (L), A3SNAR(Y), FS¥Y, EGPD, SECTAR(9)
CAMMON /N/CONTI 34509057 (3,5,7)y SHMTL3,9), KFLV, GT, NUSIM, ITIME
COMMON/F/ATOTHETAI) 92T (1) 0 YLF(3)y YLF()y TLF(9), XS(9,18)
COMMON/ZEZYS(Q9¢18167S(R)0 JFDTR, Ry FREQI(Q43) o WA(15),EPS
COMMON/G/NSTAWN, [TuaAY

Fe 1.0°0.2010:YP(=7,77F=40(8T1082)
ESKYaSTLFe(ATeR) €eGsF

RETURN
END

SUBRCOUTINE TANGENM
€
€
Cees SURRDQUTINE CANGENY TALCULATES THF CAMOPY ARENMFTOY CCFFFICIENTS,
CoooTHE SURIGUTINF CANAEQY CALLS SURCANUTINE SOVIMOD WHICH IS & MODIFIED
(5 PARTINN OF THF Sev(C “ODFL THAT CALCYLATES THE CANQOPY GECHETRY
(3 PARAMITZRS,
€
(=
CNUUON/GEDZ PHITINR,2),5LAT(241),SLATU301),AYLFAL1Q,3)AYLFA(19,2)
COvMAN /A7 WVe0PH R eN(2)
CQUMON /R/7 O540(2,3 )y O4IT{2,3),0°42203,9%, PHTIT2(2,%),STFF
COMMON/C/CNSTALQ, 9019),E% 1SSV (&) ANSNRA(T), FESKY, EGRD, SECTAP(9)
COMMON/D/ZOMT(2,899),0(2,549)0 SUMT(3,9), 5LV, GTy NUSTIM, ITINME
COMMON/E/AToTHETA(SY, 05T (1300 ¥L=(3)y YLE(TF)s ILF(G)s YS(Gy19)
COMYPN/E/YSEI413)07F5(3)y CEDTR, R, FREQD(S,2) » WAL15),EPS
COUMON/GINSTRGN, TTHAX
CALL SRVCI¥DNH
00 10 1=1.3
00 10 Mel,95

eee TRANSFERQ [DENTICAL APAYS PUTT AND PHIT1, PUIT CONTAINS THE
SPORAIILITY OF MIT COSFFICIENTS FORP EACH VIEW ANGLE AND LAYER
PEZRMUTATIQON

OO

PHIT(I,,M)ePHTITI(Is™)
(
«e s CALCULATE THE ©00aARTLLTY AF G540 (P54P) £0Q ALL PERMUTATICNS,
(5
PGAP (I M) e ], =PHIT(T,Y)

oo CALCULATE THE 207243TLITY OF GAP AND HIT FOR THF HALF LAYERS(PGAP2,PHIT2)

c
€
C FOR ALL PERMUTATINNS,
C

PGAP2(ToM)e SQOT(PAAP(T.MUY)
PHIT2(1,HM)sl,=PGAP2(]sM)
10 CONTIMUE

CoeeMMTAIYN THE FEEQUENCY NF DTCYRCNEF (FREQD) OF FLEMENTS IN EACH QOF THE
CoooNINE INCLINATINN [NTFIVALS FNR FACH LAYFR,
p

00 15 Je1,3
ADNe0.0
00 20 Ne=1,9
FAsgDINsJdd)e AYLEA(?2ON, )
ANNe AN ¢ FREQN(NWJ)
20 CONTINUE

0 25 Kel,9 {wo
FOEOD(X, J)eFAFON(Xs J)/ADN X
25 CONTINUE L

y o G
15 CONTINUE 5% @\p
QETURN vo g
e

END
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SUARQUTINF SeVIMND

(s ¥z NaBa¥a¥al

COMMONV/GEDNYZ PHITI(349)eCLAT(241),SLAT(,1)0AYLFA(LG,2),AYLFA(19,3)

DIMENSION NANSLE(43),FLAL2,1,10).THETA(1N)
DIMINSION PHITE2,3,1000¥T2( ), (101, YK(9)sYLFA(L19)
DIMENSICN YLFA(1Q), PM“(17)y F(19)e

QEal IN(LF

eve s GENERAL SIMULATINAN ZNNSTAAINTS

s ¥a¥s ksl

CEPIP2e 1,570795132
CE2Ple £,2931R530
€cl1®ls  3,141562565
CE0Tvs, 017452293
CFRTDe 57,2957735
CF4TRe ,C002902802]
NRANNS =g

NYATe]

NLAYe]d
AANIWeIC/NBANNS

a0

NSOUReNZANDC+]
QAND» @ RANDWOCZENTR

C
CoveoCOEEFIZIENTS FOR DIFFUSE RAITATICON
&

ALP4A220,

SINAT«O,

00 2 Tel,NRANNS

SINaleSINA2

ALPUA2 e AL P82 4R ANYY

SINA2eSIN(ELOHAD)

(K (T )aSINA20STNAACINAL S TNA]L
2 CONTINUE

€
CooesSAURCE ODIRSCTINN INILINATION ANSLES
c
TNTaLs0,
THETA( 1) e (RANNW/2, ) »RANNY
DN 3 [=i,Naann¢
THETA(T+1 )1 THETA(Y )eRANAY
3 CONTINUE
e

ne(ay

ces o PARAMETEP INITIELIZATION AND CONVEOSION

vecroes

CooesCANDOPY GEAMETOVY, FEAFK CANNPY LAVEO IS COMPNSED OF

CoosoMATERTAL w1754 MAY QE SPICIETFD
.

ANN

ea o SHARAUTINE SRVZHPN T€ A “ANLFIFN VFOSION OF A PO2TIQOM FF THE SRVC
MOPEL WHICH CALRUALTFS THE AFNMFETA[C PAPAMFTIFOS NF A CANOPY,

ONE GPTICAL

UNMTQUE GENYETRICAL PROPESTIES.

CANNOPY GEFUETOIC OAQAMCETIEQS CANSISY OF (J)LFAF ANGLE FOPEQUENCY

DISTRIFUTICN FUMNTTION NENNTEN AY YL EA AMD YLFA (2)LFAF AREA INDEX

CoseoDENITED RY FLAT ANY (3)CANNOY NENSTTY DFNOTEN AY SLAT. YLFA (DEG)
CowsotND YLFA PUST RE SOECIETEN AT AN DN NUMBER (NANG)
CoessPOINTS,  FLAT IS NINSNFGATIVE AND SUAL RANGES 3EZTWEEN O AND 1.
¢

DELFel0,%CENTR
00 350 IL=1,NLAY

LHLS PAGE 1S BEST QUALITY PRACT LGSl
FROM O0F Y FURALSHED TODRC

CF EVENLY SPACED

Seve

SRVC
seve

SRvC
Seve

SevC

save
save
eyl
Seve
save
seve
SRVC

wv(e

SRVC
s2ve
S&VC
seve

ceve
SRkv(C
SRVE
seve
saye
Seve
seve

seve
SRVC
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100
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C-30

NANGe=19
€
CoeeASSIGN THE NUM3ER NE MATERTALS IN ANY GIVEN LAYEP
[

[“ATe]

MTP(IL) o [vAT

I“ATleIMAT

N0 351 Jel,1vaml

14aT =« )

D0 41 MMe],NANG

YLFALMM Yo AXLEA (MY, L)

YLFA(MM)=AYLFA (MY, L)

41 CONTINUE

¢
Coeoo INTESRATF ANY MPRUAL[T7E THYT | FAF ANSLE FOPFOQUFNCY NISTRISUTION
Cooso FUNCTION USINA STMPEANS M1 FaeTHIS [S TFYPOPARILY DENCTED BY F,
Coeoeo™=1 ZQUALLY SP247°EN TUTEAVAILS OF F AT THFEN DETERMINED AND DENQOTED
CoeeedY FLE (M PGIYTSY, THE TAALE FLA IS USED FOR RANDCMLY SELECTING
CeooolFAF INCLINATIAN ANSLFS,
p

0N 305 lel,NANG

305 XLFA(T )sXLFA(TY®ZROTR
Ma((NANG=1)72001
NANSLE(ILoI¥AT )M
CALL TRALP (MUY FA,YLEA,NY,F)
D0 310 I1ANGsl M

310 FLACIL,IMAT, TAMG)aDY(IANSG)
C
Cooe o NORMALIZE THF INOUYT [ FAF FREQUENLY DNISTRIRUTIAN FUNCTION TO CATAIN

Cooseh DENSITY FUNCTINN £ WHIZH IS SPECTIFIFD AT M PAINTS,

FTQTe0,
N0 311 Te1,4ANG

311 FTINTeETOTeYLEALD)
ND 312 =147

312 FUU)a(YLFA(?2¢T)eYLFA(20141))/FTNT
D0 315 1=1,NtNG

g8 & (LFA{l)axLFa{IYemcRTH

Mevs]

y O

cooeCALZULATE THE “EAN POAJSITIAN (DP) IN THE NIPECTION OF THE SCURCE

Coes (THETA) DOF NNE NNIT L SAE ARTA WITH [NOLINATION INCLF.e TME LEAVES
CooeeAT THIS ANGLF ACE ACSSHUMEY TO RF A7T%HTHALLY ISOTROPIC,
C
00 330 laNGlfeldovsnNR
INCLFes5,¢283T0
00 3207 1Isl.?
INCLFeINCLFeNFLE
320 CALL COP(INCLFyTHETA(TANALF) NP (T),CFPIN2)
c
CoooeCALCULATE THF MEAN 2aNJFCZTINN (NOM) [N THE NIRECTION OF THE SJURCE
CoeeslTHETA) OF ONE UNIT LFAF AQREA AVERAGED QVER THEZ CANOPY LEAF ANGLE
CoeneDENSITY FUNCTIAN £
o

CALL COPM(FoNP,NPU(TANALEY)

eeesCALCULATFE THE O0PAAARILITY IF & HIT (PYIT) FOR A& LIGHT RAY WITH
CeoeeSOURCE DIFECTIPN THETA,

DO

o

CALL POENSCTL TMAT,[ANCLEZOOM(TANGLFE )y THETASNANGLESFLA,SLAT,FLAT,
¢ PHIT)
330 CONTINUF
351 CONTINYE
350 CONTINUF
JsNvAT
D0 229 1e1,2%
np 229 Mel,Q
PHITI(T»¥)ePUTT(To10Me1)
228 CANTINUE
RETURN
END

Save
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30
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[a e ]

SUBRQUTINE CAP(ALPHALPETA,NP,TEP]NY)

CaveoaTHIS PRNGPAM ZALCMLATES TWE YCAN POAJEATION NF A UNIT LEAF ARFA IN
CovesTHE DIRECTION OF THE SOuMOrE, THF (EAF IS [HOLINED AT AN ANGLE

(3
C
c

c

CoeacdlPHA aAMD IS ASSMVE) T AT A2 TVUTHALLY 1SOTINAIC.

QP aCNSEALPAAY ¢STN(RFTAY
IF(ALPHALLF RZTA) PETURN

Coeeeo THETAO IS THS LFAF A7T%UTY ANSLE BT WWICH NP REZ(¥PS NEGATIVE 4aND
CeeeelS IN THE FIOST QUMANRANT, THE FUMCTINN AP [S SYMETRIC AND HENCE
CeoeelS AVFRAGED DVFE (EAF A21%UTH ANGLFS CF O TN P RADIANS,

(o

c
c

THETAQ®ACNSITAN(AETAY/TAN(ALPHA))
TANTOTAN(TURTAD)
NPePe(lee(TANTO=THETAC)/FFPIN2)
RETURN

END

SUSROUTINE CNoM(G,02,N0%)

Coovwe THIS PROGRAM LALNIHLATES THE MZAN O0OJECTICN TF & UNIT LEAF ARPEA IN
CoseoTHE DIRECTION NF THE SCHors (DoM) F0OR THE STMULATED CANNPY, THE
CooeseLEAVES DF THF CANNOY A2F ASSUMEN TN RFE AZIMUTHALLY ISOYRCPIC. THE
CeeeeflP FUNCTICN USFN TN TH= CALCHMLATICON 4AS AEEN D2EVICUSLY DETERMINED
CeoosFDR A GTIVEN SNUPCE DIRFCTIIN FOO (FAF INCLINATION 2NGLES OF
CeeeeSs 159 weesr 85 DEGRFFS. 6 IS THE LEAF INCLINATION ANGLE DENSITY
Caes e FUNCTINN,

C
C

CII4SION BPI),6(9)
0P4=Q,

00 1 1=1,3
OPMePMeCP(TYOL(T)
RETUIN

END

SUARDUTINE PAENS(ILeMTYDE, TANALFR,NPM, THETA,NANGLF,FLAWSLET FLAT,
¢ PHIT)

CwsdaTA]S POMGRAM FAMDIITES THE O0DNPRARTLITY THAT L[5uMT AT [NCIDENT &NGLE

3 X e s Na e e Nalele s e e e R A

THETAL(ANGLE) INTERACTS W[TH “ATFQTAL TYPE MTY?E WITHIN CANDPY
LavYee [t.

Moyt
Tt
MTYOF
TANGLE
oM
SLAT
FLal
THETA

ouTeUT
PHIT

DI“ENSION PN (I57) ,THETA(]1D)

DIMENSIPN NAMALT (3011, FLAl 3o 101000 SLAT(IeT),CLET(3)300PHIT(3,3,101
8501 ¢ < (SLATETLOMTYIEY 0OV /CINITUETACTANSLEY )Y
fF UATGLE MY 57 ™1 1

POSARGO® (FLATLIL MTYOS)/CSLBTITL,MTYPF))

6N 0 2

P0 = 0,

CINTINUE

PHITIILIMTYPF, IANGLR)e],=00

RETIRN

END

PRACTLCABLE

FROM OOFY PURRLSHED TO bDC -

coe

coe
cae

coe

coemM

cnem
cCofm
cneu
cooM
coey
COPM
caee
coem

coem
coom
coom
coom
cnemM
caem

PDENS
PNENS
PLENS
BTENS

PRENS
enNENT
fYCNS
PIINS
pRINs
PDENS
POENS
PDENS
°DENS
PDENS
POENS

POENS
ERE
PIYICNS
POENS
pPOENS
POENS
POENS
POENS

PDENS
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1 SUREMJTING TAL@(M, Y, Y, YY., 7) TaLR
C T3Le

CooeosTHIS PROAEAM ETMAC TYE INTIAIAL 7(Y) NE THS cUNCTIAN YOY) £QQ% Y(]) T2(R

5 Y(24=]1) UYSING SIHASANS 21 F, TS NTEA2AL 7(X) IS NAPMAL[TED 10 TRLR
Covealeld AT XU2¥elde THE TARLF OF 7 yr2<yS y € TufN JNVEPTED TN DETEWe TaLp
Ceeeo™INE ¥ &S & EUNATION NF 7 AT ¥ 2ELNLAPLY SPACFED POINTS ALDNG 7. Tepe
(v TaLer
C
10 c INOPYT VARJARLES TeLe
5 (o M e DESIRFN NYMIACO NE 25 ARLY SPACED POINTS ALONG 2 TELR
(5 Y s SPECIFIFD AT D>4=} oppurvs TRL®
(e ¥ = SPECIEJED AT FMa) PATHETS TRLR
c ANTIYT vasperLes YeL®
15 € XC & THT TAMLT NS Y VaLlImS £90 ™ por’ILAQLY SOSCED POINTS ToLR
(: (Mel PNRERNALSY EEONG Za TaLe
= 7 = THE NOIVBLITZED TNTEZ9AL OF Y AT Y(1he Y(2)s 4eep ¥(2%=1), TRLR
. TaLr
c
20 DIMENSION YI19)aY(13),2(17)e¥T(10Ye2X(10) TRLR
(5
CoeeoSIMPSONS RULE TNTZSRATION YALP
<
10 I(1) = 0.0 TaLRr
25 DY = X (2) = Y(1) TaLRr
29 AR S0 J = 2:¥ T 2
30w 283 = 2 TaLR
0 JY - Y. 2 Ta(R
12 « 2¢) . 1 TR e
30 40 Z0J) = 200 ¢ 1) & DYS(Y(AD) oL ,0Y(J1Y ¢ Y()211/3,C TaLe
50 XI(J) = ¥(J?2) ragq
XI(1)ax(]) T8LR
€
Cooo s NIPMALIZE INTEGRAL Z(YX) TaLR
35 c
60 00 70 J = 1. TEL®
70 pf 4 0 2 6 T A TRLR
(5
CoereFIND X AT M OERILAOLY ©PACEN POINTR ALNNG 2, TaLe
4«0 c
XV(Y) = Xy TaLR
EM & Wis T Tape
F e 1,0/ Yaga
JSe?2 TaLR
‘ 5 30 90 129 k s 2,V Tage
It & ¥ w3 TALR
1T = 2TeF TRLR
- 90 00 110 J =JSe¥ TBLR
(FEZLI) = 27) 110, 100, 100 Ta(Rr
50 100 G: = (ZT = TU3 = YY) ey = 706§ - Yk TALR
YY(KY) & Y[ (J = 1) & Se(e(T(J)) = ¥YI() « 1)) 1aLe
Gd. ¥O 115 T3 e
2 110 CONTINUE TaLe
£15 ISl TaLe
55 120 CONTINUE Toy s
r QETURPN TaR
£N) FEUR
‘ (CABLE
,11TY fh&alxcﬁb
- 4
o 1S ;,i')-oI S wc /
| 3 Vlbl‘ol
I THic
? gFROM
|
|
|
|

-~

e




1 S 18R QI TINT cErTAO
(o
o
CoseSUBRNUTINE SFECTNE CALTULATES THE NQDRYV ~ ] ~
; g e e;cw 1 e g:”m.s DRYALIZING FAGTOARS WHICH ACCOUMT FC2 THE &
C
€

COMMON /A7 VWV,04,21 N (1)
CAMMON /37 PRAC(2,0), OPHIT(,7),05402(3,G), PHTIT2(,91,STFF
10 COMMON/C/ICNSTA(QeTy 1R) e FYISTV (LY, a08P0P(2), ESWY, FGPDe SECTAP(9)
COMYON/D/IONT( 2050 Q) el (395,201 SHYT(2A,9), «CLV, CTe NUHSIY, [TIwf
COMMON/T /ATeTHETALG) ¢ORT 1R ,YLF () YLF (21, ZLF(Q)s ¥S(S9s18)
COMMON/ZF/YS(2418)07S(Q)s CEDTR, R, FOEQD(Gy3) o WA(IS)HEPS
COMMON/G/NSTA NG [THAY
LS SaNOHVs 1C,eCENTR
ALPHA2s O,
SINA2eD,
DN 2 [ele9
SINAlsSINA2
20 ALP-A2m ALPHA? & RANNW
SINA2e SN (ALPHE?)

(2
Coos MNOTE WE MUST NIVINE 3Y SIN(THETA) STNCE WF BPE INTFRESTEN I[N
(= REFN2® [T HITS A HNOPTZONTAL PANAL, e
& €
SECTAR(I)s (SINA2¢®2ac[NAL®®2)/(13,¢STIN(THETA(])))
2 CONTINUE
RZ TUN
END

TB1S PAGE 1S BEST QUALITY‘PRACIICABIJ
Fow 0P FURMLSHED 0 BPRG -




N —

AD=A071 793 COLORADO STATE UNIV FORT COLLINS COLL OF FORESTRY AN==ETC F/6 2/6
TERRAIN FEATURE CANOPY MODELING.(U)
APR 79 D S KIMES» J A SMITH: K J RANSON DACW3I9=T77=C=0073
UNCLASSIFIED ARO=13444,2=GS NL
3 & 3 END

DATE
FILMED
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C-34

SUBRQUTINE SENSNR

eeoSURENUTINE SENSNG CALAULATIC TUE THiQUAL FYXTTANCE ANN FOT FOR THE 9 VIEW
ANGLES ABCVE THE CANNPY ANN THE 2 LN (7NMTAL VIEW ANGLES WITHIN THE CAHOPY,

e ¥ NsRakaXal

COMMNYN/SENS/  FLAYT(Q) TLAYHI) W FOTT(Q),FOTH(T)
CAMMAY A/ WVeFHaRL,N ()
COMYNN /37 OAAP(1,9), P4TT(21,3),P5AP2(12,9), Pu4T1T2(3,G5)»STEF
COMMON/C/ANSTAII )13 ) e EMISSV (L) oaa8SNRA(), FSKY, EGRD, SECTAR(9)
COMMON/DICONTE205,9)00 (345,200 SUMT(3,9)s XELV, GTy» NUSIMs ITIME
COMMON/E /AT THETAL ), PHTLL1R),XYLF(9)s YLF(9)e ZLF(G), XS(9,18)
COMMON/F/YS(9413),2S(R), TENT, &, FREQN(9), WA(LE),EPS
COMMON/GINSTG M. [TYAY
CCHMON /M7 INNFY]
COM4ON /17 XU
COMMON /Jf THEQU TUMLEY,"TNVFC, TOANS

{1

CeoeCALCHLATE THE THFOWEL CYITANSE ARNVE THE CANNOPY AT THE 9 DIFFERENT

€ VIEW ANSLFS

(e
nQ ? M=1,9
ELAYT (%)«

(4

Cooscssnces o CONTRIRUTIAN FONM LAYER ]

SPHIT(LpM)O(CMTSSY(L1ISSTREO(Y(]1)sR)e0s)

e
Cesvonesne s CONTRIAUTION FRNA™ CAVEQ 2
€
$+(PGAP(1,%)=PRAP 1, M)SPTA0(2, %)) (EVMTSSV(2)9STEFS(X(2)eR)*44)
€
Cosonovesne s CONTRINIITIAN FRNW LAVED 3
o
S (PGAD(1.4)#0AAD(D M) =P340 (1, )¢PGAP (2,41 eP5AP(34M))C(ENISSVI(I)
SESTEFO (X (3)eR)%44)
c
Coseccoaees s CONTRIRNTION FROM GRNUND
c
$o(P3AP (1, M)ODGAP(2,4)eP3AD (A M) ) (FUISSVILI®STEF® (GTeR)0e4)
2 CONTINUE
c
CoosCALCULATE THE THWFAVAL FYITANCF FOMV FACH LAYER AT A HORIZONTAL VIEW
C ANGLE.
(=
00 1 11,3

ELAYH(LI)aEMTISSV(T)IOSTEFO(X(TIeR)OO4
3 CONTINUE

ess CALCYLATE THE CFFECTIVE PAYTANT TEMPERATUOE (£RT) QOF A SENSOR AT THE
9 VIEW ANGLES ARNVE THE CaNnoY,

3 XaXakal

DD & [=1,9
ERTT(I)=((ELAYTIT)/STFEFI®¢N,25)aR
4 CONTINUE

ee s CALCULATE THE (ERT) NE A SENSNR LONKING HNRTZONTALLY INTO THE 3
LAYERS.,

[N ¥a¥al

00 5 [=1,3

ERQTH (L) ((ELAYH(T)/STEF)®e0,%5)=n
S CONTINUE

RETURN

END




1 SUIROYTINE SETOL(A, T}

ee s SURRIUTINE SEPIL1 SETS ALL FMFMENTS 0OF A 1=DI“FNSIOINAL &RRAY TC 0.0

[2EaEaNsNal

DIMENSION ACTY
20 10 Jelsl
A(J)re=0.0
10 1) COMTINUE
2FTURN
END

1 SUBRJUTINE S=T02(48,14J)

veoSUBROUTINE SETO2 SFTS ALL ELFEMENTS NF A 2=N[MENSTONAL ARRAY TO 0.0

cCoNon

DIMENSINN a(1,J)
D0 10 Kslol
N0 10 L=l+J
10 afk,L)» 0.0
10 CNNTINUE
R TYIN
END

Y SURPOUTINE SETOY (A, 1ede¥)
C

€
fe.oSUAROUTINE SETO3 SETS ALL ELEMENTS OF A 2.NIMFNSICONAL ARPAY TO 0.0
9 c
(<
DIMENSION A(Tsdo¥)
20 10 L=1,1
00 10 M=14J
10 00 10 Nel,X
AlLsMeN)e 0.0
10 CONTINUE
RETURN
END

THIS PAGE 15 BEST QUALITY PBLCTLCABL'
FROM OOFPY FURMLSHED TO e (R

iy g o ap i§
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