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ABSTRACT

This is the second volume in a two-volume final report series for
Project NAS 9-14467 sponsored by the Earth Observations Division, NASA/JSC.
This report series summarizes the work covered between the period November
15, 1974, and November 14, 1875. The objectives of the project were to
evaluate the LACIE II table look-up approach to sun-angle correction. Canopy
reflectance modeling was employed as a technique for evaluating sun-angle
signature extension.

Volume I presents the multiplicative and additive coefficient matrices
For a linear sun-angle correction approach. These coefficient tables are
calculated using either measured empirical canopy reflectance functions or
model derived data. These values are then sncorporated into an atmospheric
radiation transfer model. The dependence of the coefficient matrices on
crop stage, crop type, and canopy directional reflectance variations is
reviewed. Finally, a method for infgyring Teaf area index, an intrinsic
scene characteristic, from canopy reflectance 1s discussed.

Volume II presents the basic data and computer programs used in the
study. A brief review of the radiometric and geometric data collection
procedures is also given. In particular, two recent methods developed by
the investigators for determining plant geomeiry are discussed. These include
the Fourier diffraction and multiple view angle approach. The data compila-
tion consists of canopy reflectance, constituent reflectance, Leaf-Area-
Indices, and leaf slope distributions for four wheat crop devalopment

stages at Garden City, Kansas.
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FOREWORD

The research described in this report was supported under contract
NASO-14467, issued by the National Aeronautics and Space Administration,
Earth Observations Division, Johnson Spacecraft Center, Houston, Texas. Mr.
T. Barnett was the technical monitor of the project. The efforts described
in this report represent Task 4.1.1.2 f(S) described in LACIE 00200, Volume
111. Field data for the project were gathered over the LACIE Intensive
Test Sites in Garden City, Kansas. The measurements were performed in
cooperation with Dr. J. C. Harlan, Remote Sensing Center, Texas A & M
University. Mr. Barrett Robinson, Laboratories for Applications bf Remote
Sensing, Purdue University, constructed the diffuse radiometer attachment
for measuring lzaf transmittance.
Participating project personnel included Dr. James A. Smith, Department
of Earth Resources and Principal Investigator; Mr. Joe Berry, Graduate
Research Assistant, and Mr. Rick Heimes, Graduate Research Assistant. Other
project personnel included Miss Carol Conrad and Mrs. Pam Sotomon, Colorado
State University, who assisted in preparing the final report. Mr. Berry
received the degree, Doctor of Philosophy, for work related to project
sub-tasks. e
The authors would particularly like to express their appreciation to Dr.
Harlan and his research team for their field measurement support and to Dr.
A. E. Potter, Chief of the Research, Test, and Evaluation Branch, Earth

Observations Division, under whose auspices this work was performed.
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I. INTRODUCTION

This is the second volume in a iwo-volume report series for Project
NAS9-14467 which represents Task 4.1.1.2F(s) in the LACIE 00200, Volume VIII.
Specific nbjecfiygs of this. task in order of priority inciude:

A. To eyaluéte the current LACIE II table Took-up sun angle correction
| aTgorithms;fe1ative to: -
1. Thé-effect of canopy reflectance variations with suh angle;
2. The effect of canopy sun angle reflectance variations with crop
development sfages;
3. The effect of appiying a uniform sun angTe correction deveioned
Specifica11y‘for wheat to all crop.types.
- B. To recommenc modifications to the current LACIE II sun angle correction
algorithm.
C.  To investigate the aTternative sun angle correction procedures for present
and future satellite systems. In particular, to investigate the
possibility of extracting intrinsic scene characteristics from wheat

canopy modeling.

The First volume in this report series summarizes the alpha, beta coef-
ficient matrices required for a linear sun angle correction algorithm. The
effects of crop stage, type, and canopy directional reflectance properties
on the correction approach are reviewed. In addition, the relationship of
Leaf-Area Index.to canopy reflectance is discussed.

This volume provides a brief description of the field data collection
‘techniques, Section II, and a compiete listing of the radiometric and geometric

data measured at the Garden City, Kansas, test sites for each of the Tour crop




development stages, Section III. Program 1istings and control cards for the
computer programs used in the study are given in Section IV. The recently
developed Fourier diffraction and multiple-view angle techniques for assessing

plant gecmetry discussed in Section II should be of particular interest.




II.

FIELD DATA COLLECTION TECHNIQUES
1.0 Radiometric Measurements

ATl of the reflectance data given in Volume II and analyzed in this report
were collected with an Exotech ERTS radiometer which was modified for digital
read out. The field procedure involved taking two readings centered on a row,
then two more centered between rows for a total of four tripod movements.
A whice panel reference reading was made at each set-up. A final measurement
of diffuse/direct irradiation was made by reading a sun-1it and shaded
reference panel, respectively. These measurements weré repeated for each of
three intensive plots four times during the day. In addition, periodic bare
soil reflectance measurements were made. Figures 1, 2, and 3 show the
radiometer qn its'various field configurations.

Leaf transmission measurements were made using a special attachment for
the ERTS radiometer that was developed by the Laboratory for Applications
of Remote Sensing at Purdue University. The attachment consists of a
cylindrical barrel, a sphere, and two flat discs which have small slots cut
in them between which the leaf or other material is placed. The apparatus
fits over the individual sensor ports on the ERTS radiometer and must be
shifted to measure transmission for each of the four bands. Once the radiometer
and attachment are aligned with the sun, it is é simple matter to shift from
port to port for measurements in each band. The unit is aligned by the use
of a pin~hole type site on the side of the barrel assembly. The barrel is
directed tnwardé the sun and collects the direct rays which pass into the
sphere. The sphere is coated on the inside with BaS0, and contains a
blocking baffle which prevents the passage of direct solar radiation through

the sphere, allowing only diffuse radiation to pass. The diffuse 1ight then

. passes through the mater{al contained between the disc holders and is recorded

by the sensor. The attachment is i1lustrated in Figures 4 and 5.



CRILITY OF THE
REPRODUCIE S o 00R
AGE IS FUUE
ORIGINAL F 4

Fioure 1. ERTS radiometer
in its field configuration.

Figure 2. Four measurements were made
(2 over a row and 2 between rows) for
each "set-up" at an intensive site.
Four such set-ups were completed during
the day, covering a wide range of sun
angles.
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Figure 3. Percent reflectance for
each band was determined by dividing
the sample reading by a reading made
from a white reflectance panel, which
approximates total scene irradiance.



Figure 4. The leaf transmission attachment, in turn, is placed over each apgture.
Two readings are made; the first is an unobstructed measure to establish a
reference signal with the second having the leaf placed over the apeture of the

attachment. The percent transmission of the leaf is calculated by dividing the
reference signal by the sample reading.

Figure 5. A baffle in the center of the sphere prevents direct sunlight from
hitting the radiometer's detector and saturating the
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A1l radiometric data were recorded manually in the field as i1lustrated

on the enclosed data sheet.



2.0 Techniques for Assessing Leaf Angle Distributions

A. Introduction

The Second Quarterly Progress Report referenced our preliminary work in
developing rapid in situ techniaues for measuring Teaf slope distributions
in wheat canopies. In particular, we discussed the Fourier diffraction and
Fredholm approach. The field procedure for these two techniques has been
implemented as part of the LACIE Field Measurements Program at Garden City,
Kansas. Two alternative methods for measuring leaf slope distributions include
the standard point quadrat approach and the orthogonal photographic method.
The procedures for all four methods are described below.

B. Point Quadrat Technique

1t has been shown that the mean foliage angle can be calculated from the
number of contacts made by point quadrats passed vertically and horizontally
through a plant canopy (Wilson, 1959). In practice the error associated with
this method rarely exceeds 10% (Wilson, 1962)}. The technigque is in situ,
however appreciable localized trampling is induced around the field plot. The
time required for a single angle determination is about 18 man hours (Knight,
1973). This method is most commonly used to characterize foliage geometry,
however, it only estimates the mean inclination angle rather than a
distribution.

The field procedure involves the calculation of the average number of
contacts a long slender pin makes with the vegetation during a pass through
the plant canopy. The length of the pass, for both the horizontal and vertical
transects, is dictated by the height of “he canopy. Several hundred passes
are made from both directions, with the averages for each being multiplied by

theoretically obtained coefficients to determine the mean foliage angle.



C. Orthogonal Tracing Technique

The distribution of foliage angles for an individual plant can be accurately
determ}ned by analyzing two orthogonal photos of the plant (Oliver and Smith,
1974). The distribution of angles for an entire plot is statistically
determined by averaging the distributions of several representative plants.
This technique has many of the limiting features associated with the point
quadrat method. It is slow, tedious and destructive. However, its accuracy
makes it a prime technique for evaluating the results of the other methods.

With this procedure, individual plants are clipped from a field plot
and the silhouetted profiles are photographed from two orthogonal directions
(Figure 1). The photographs (Figure 2) are then digitized by placing a
transparent grid over the photographs and recording the two-dimensional
coordinates of straight 1ine segments along the profiles. The profiles
are then plotted on microfilm (Figure 3) using the digitized data in
order to verify the hand digitization. A computer program determines the
three-dimensional coordinates of the foliage elements from the two sets of
orthogonal data, and calculates the average foliage inclination angle by
direct computation (Figure 4). The distributior for the entire plot is
calculated by weighted averaging of the individual plant distributions based

on the size of the plant.

D. Fredholm Integral Technique

This technique has the easiest data collection and reduction procedures
of all the proposed methods. However, the technique cannot be applied to
dense planc canopies (Oliver and Smith, 1974).

The proportion of gap or "probability of hit," as a function of view
angle is a function of the mean canopy projection in the direction of view

averaged over all foliage elements. Several explicit expressions of this

i A



Figure 2. Orthogonal
views of a silhouetted

plant.
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Figure 1. The field procedure for the
orthogonal method involves making
orthogonal photos of a silhouetted plant.
Markers for several branches are used to
avoid confusion when a pair of phctos is
digitized.
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Figure 4. Distribution

——— . of angles of the plant in

three-space. An estimate
of angular bias within the

Figure 3. Computer canopy is made by averaging
plot of the digi- the distribution of several

tized photos. plants.



10

functional dependence are given in the literature (Nilson, 1971). For
example: Po(gr) = e"LAIg(gr) Sec 8,

where:g(gr) is the mean canopy projection in direction Qr. LAI is Teaf area
index.

Given a measured PO(Qr), we can then invert the expression to derive
g(er).

This mean canopy projection in direction 8r, g(8r) can then be related
to the Teaf slope distribution f(Ba) via a Fredholm integral equation of the
first kind (0liver and Smith, 1974) g(br) =~[ e K(0,8a)F(0)d0 where the
kernel k(8,8a) takes a different form dependin; on whether 8a £ %"‘ fr or
9a>1-§ ~ @r.

A numerical solution *o this equation given a measured PO(Qr) has been
impTemented in the CSU CDC 6400 computer, PROGRAM FREDHOLM. Program Tistings
are given in Volume II.

The field proceudre for this technigue invoives taking a series of off-
angle photos of a small plot (Figure 5 and 6). The probability of gap in
each photo is determined by overlaying a transparent dot grid and recording
the proportion of dots which do not intersect a foliage element. The vector
of the probabiiities of gap serves as input to a computer algorithm as discussed
above which calculates the distribution of angies within the original plot
(Figure 7).

E. Diffraction Pattern Technique

The diffraction pattern technigue is much slower and more tediocus than
the Fredholm integral method, yet is still relatively easy and rapid when
compared to either the point gquadrat or orthogonal technigues. A Timited
localized distrubance of the canopy is encountered when field photographs

are taken. Subsequent data reduction recuires several photographic and

measurement steps.
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Figure 5. The field procedure for the
Fredholm technique involves making a series
of off-angle photos of the canopy.
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Figure 6. A full set of multiple view angle photos
consists of all 10 increments between 0 and 70 Z.
The probability of gap in each photo is determined
by use of a transparent grid.
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Figure 7. Distribution of angles for the
entire canopy is calculated through the
solution of a Fredholm integral equation.
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This technique requires a horizontal field photo of a portion of the
plant canopy silhouetted against a white backdrop (Figure 8). High contrast
film is used to enhance the contrast between the plants and the backdrop.

The negative of the field photo acts as input to an optical diffractometer
(Figures 9 and 10) which generates a unique diffraction pattern dependent

on the angles of the foliage elements. A high contrast photograph is taken

of the diffraction pattern, and the negative measured using a photo cell
densitometer (Figure 11). A wedge blocking filter is used on the densitometer
in order to determine distribution of angles in the diffraction pattern.

This distribution, in turn, serves as input to a computer algorithm, PROGRAM
PROP, which solves for the distribution of angles in the original field scene
(Figure 12). Program listings are given in Appendix B. A mathematical
convolution of several scene angle distributions then yields the overall

distribution of angles for the area.
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Figure 8. Field photos for
the Fourier method are taken
of silhouetted portions of
the canopy.

Figure 9. The high contrast
field photos act as input to
a LASER diffractometer which
generates a unique diffraction
pattern for each scene.

Figure 10. The input is placed
between the LASER and a plano-
convex lens. The quality of
the diffraction pattern gener-
ated is primarily dependent on
the alignment and cleanliness
of the optics.
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Figure 11. Sampling the angular
information in the diffraction
pattern is achieved by rotatiug
a narrow wedge blocking filter
attached to a photometer through
half of the pattern. Progran
PRO: reduces this informatior to
a density function.
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I1I.

15

DATA COMPILATION
General Description _

The principle field data co?]ectéd by TAMU/CSU for the canopy modeling
effort consists of periodﬁc canppy reflectance, intensive Teaf area index
(LAI)- measures, extensive LAI estimates, individual leaf transmission measure-
ments, and canc geometfy photos. Relatively complete data sets are available
for March 20, 1975 (Tillering Stage. fAMU), April 23, 1975 (Jdointing Stage,
TAMU/CSU), and May 20, 1975 (Heading Stage, TAMU). Less complete data sets
were collected on November 24, 1974 (Winter tillering stage, TAMU/CSU) and
June 26, 1975 (Ripening stage, TAMU/CSU). The following two tables summarize
the data sets. A more detailed presentation of each of these data sets is
included in the remaining four parts of this section.

FINNEY COUNTY DATA SUFMARY
(Collected by TAMU/CSU)

I. March 20, 1975 Tillering Stage Field 416
- Canopy -eflectance:
Plot 1 Plot 2 Plot 3
Time: 1100 hrs. 1045 1030
1145 1130 1115
1300 1245 1230
1400 1345 1330
~ LAI: 2.07 4.06 1.31

Canopy geometry: Fredholm field photos

Leaf transmission: Not taken

10" LAI plots: Fisid 367 369 370 414 421
Plot 1 1.82 .70 50 1.46 .49
Plot 2 1.04 41 1.60 .39 .35
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II. April 23, 1975 ' Jointing Stage
- Canopy reflectance:
Plot 1
Time: 1000 hvs.
1130
1315
1715
- LAI: 5.13
- Canopy geometry: Fourier field photos
- LeaT transmission: Not t-ken
- 10" LAI plots: Field 367 369 370
Plot 1 2.22 2.15 1.48
Plot 2 2.78 2.43 8.45
II1I. May 20, 1975 Heading Stage
~ Canopy reflectance:
Plot 1
Time: rs.
1100
1200
1300
- LAI: 4.11
- Canopy geometry: Fourier field photos
- Leaf transmission: Green, yellowing, dead
~ 10" LAI plots: Field 367 369 370
Plot 1 3.82 1.83 3.12
Plot 2 3.22 5.68 9.76
IV. June 26, 1975 Ripening Stage

- Lanopy reflectance:

Time:

LAT:
Canopy geometry:

10" LAI plots:

Leaf transmission:

Plot 1

1.79
Fourier field photos
Dead

Field 367 369 370
Plot 1 .78  1.15 .g4
Pilot 2 .8 2.00 3.14

Field 416

Plot 2
1045

1145
1345
1730
5.36

414
8.53
9.17

Plot 2

421
4,54
3.60

Field 416

1015

1115
1215
1315
5.32

414
5.65
7.64

421
1.80
2.16

Field 416

Plot 2

1115
1200
1245
1330
2.17

414
1.79
2.63

421
1.02
1.08

Plot 3
1115
1200
1400
1800
6.15

Plot 3
1045
1130
1245
1345
6.04

Piot 3
1000
1115

2.04

In addition, the diffuse to direct irradiance ratio and soil reflectance were

sampled periodically for each date.
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LANDSAT RADIOMETER DATA
FOR FINNEY COUNTY FIELD SITE, KANSAS
(Averaged Over On-0ff Row Set-Ups)

March 20 Band 4 5 6 7 April 23 Band 4
PLOT 1 PLOT 1

1052 hrs. .076 078 .235 .315 1009 hrs. .023
1136 .065 072 .217 .316 1128 .047
1304 .062 .059  .209 .299 1320 .058
1355 .067 .070  .210 .299 1738 -054
1635 .067 075  .24p .329

PLOT 2 PLOT 2

1044 .075 071  .260 .340 1042 .039
1127 .074 070 .244 .333 1146 .043
1252 .066 .070 .237 .326 1340 .049
1342 .067 069 ,231 .322 1738 .054
1515 .074 086  .242 .335

PLOT 3 PLOT 3

10633 .071 .083  .298 .475 1110 .040
1114 .055 .075  .300 .443 1203 .045
1236 .055 .050  .250 .383 1407 .049
1331 .060 .055 258 .390 1754 .055
1623 .068 .073  .288 .430

May 20 Band 4 5 6 7 June 26 Band 4
PLOT 1 PLOT 1

0945 .037 .028 197 .320 -~ --
1100 .038 029 .201 .328 -- --
1200 .049 .038 .205 .293 - -—
1307 .048 049 206 .279 -~ -
PLOT 2 PLOT 2

1018 .027 023,193 .290 1110 .083
1119 .029 -027  .161 .264 1154 .087
1220 .041 .033  .210 .307 1240 .092
1323 .043 .038  .7193 .302 1325 .09z
PLOT 3 . PLOT 3

1042 .039 026 .236 .333 1008 .070
1138 .038 .030  .217 .376 1119 .078
1245 .040 .036 .232 .392 -- -

1345 .047 037  .2517 .,347 - --

.027
.033
.58
.029

025
.030
.035
.025

.025
.031
.035
.025

.098
116
124
117

.134
113

. 249
.258
.258
.270

.266
261
275

.321

.262
. 266
.276
.338

.381
.409
-405
.416

.401
.381
.402

.503

.391
-395
.408
519



2.
Reflectance Data and Associated Parameters

A.

E

Data Set Presentation
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March 20, 1975 . - Tillering Stage - Field 416
Crop type: ‘Satanta Wheat (10" drill EW)
Height: . 8-9 cm. |
Chlorotic: Green foliage
Weeds: 0%
Soil condition: Moist o
Wind: . 12-15 mph Ny
| PLOT1  PLOT2
Leaf Area Index 2.07 4.60
Dry Weight (2' X 2* Plot) 58.10 gm -—
Number of Tillers (2' X 2' Plot)
Live 803.63 ~~
Dead 0.00 --
Total 803.00 -
Average Tillers/Plant
Live 8.64 -
Dead 0.00 --
Total 8.64 -
Average Leaf Area/Plant
Green 37.39 cm2 -
Yellow 0.00 --
Dead 0.00 --
Total 37.39 -

PLOT 3

1.
39.

1372,

1372.

1.

11.

60.

60.

31
90

00

.00

00

09

.00
.00
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Cummulative
Prabability e

Discrete
Probability

+ + + * A +

+ ¢+ + t

20

30 40 50 60 70 80 90
LEAF ZENITH ANGLE (Deg.)

ANGLE(DEG) 0 5 10 15 20 25 30 35 40 45 50 55 60 656 70 75 80

P(X)

.031
.073

85 90
.032
.081

.030
.085

.033 .03%4 .034 .034 .035 .041 .050 .0B6 .065
.082 .078 .065 .061

LEAF ANGLE DISTRIBUTION
FOR MARCH 20, 1975
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April 23, 1975 Jointing Stage Field 416
Crop type: Satanta Wheat (10" drill; EW)
Height: 28-35 cm
Chiorotic: 2-5% yellowing
Weeds: 0%
Soil condition: Dry
Wind: Calm
PLOT1  PLGI 2  PLOT3
Leaf Area Index 5.13 5.36 6.15
Dry Weight (2' X 2' Plot) 142.24 gm 148.70 207.63
Number of Tillers (2' X 2' Plov)
Live 907.00 1179.00 931.00
Dead 52.00 75.00 33.00
Total 959.00 1254.00 964.00
Average Tillers/Plant
Live 8.80 10.80 8.40
Dead .60 ].Gd .80
Total 9.40 12.40 9.20
Average Leaf Area/Plant
Green 100.84 cn®  83.48  89.70
Yellow 33.21 42.50 18.16
Dead 40.99 32.02 31.49

Total 175.04 158.00 140.35
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LEAF ZENITH ANGLE (Deg.)

ANGLE(DEG) O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
8b 90
P(X} .003 .003 .012 .022 .032 .03%4 .037 .042 .052 .064 .073 .086
.094 .105 .105 .090 .072 .036 .032

LEAF ANGLE DISTRIBUTION
FOR APRIL 23, 197¢



24

435.

AL - 100 FOR S REC LAty “We L1 (T NOHD 10 A THRADEAANR O fapsin

NECYHLI G RAPED - “WASTE HOT ™ BO

B )

-

=" 7 welbt veb*® MUY dau tewiv NS Luzhk Busl  Gigevi
gL?®  LEL*  wEL*  Lou” AUE 440 £-51¢ NSy lv2Hm Luit crEewy
€un® 2L gkt cuu” Moy d4u E-JLY 13 LViHE LuGy  oifesd
148" zen™ Yeur Ugo” YCETNY oY Ti5y LvzHF v5l GERETD
uie® wget evlt plt” 12397431 aEes *3) LviHhw wull Sifevd
g9 ofL*  ati* oEgt” LN Hd 41l 1153 Lu3Hlke EL1EY Giteyd
r-0'Ad Vi FEOT  OGLT Rug J40 E-Tiv T3] LyzHe elde IRl
¥y TOc®  LEO*  oeut naH 440 beGly vy LelHn 1t2u HLEL%Y
aiv®  LBe® WEU*  wye® MDH WU E~bly ngg lvzrk EuBw  SIfEvd
TSV T wETT UEl . MUTNU E=TTY 1157 IVIHE Ludy sivevu
val® uwEL® ELl* LOL* o+ LN E (] NS3 Lw3RM si2t SLEEYY
ede’  WEL® BEU* 1t . MUY 24U E~-91Y Nbd LyaHM 212l sieayd
BT UHL T T EEUTT SYU HO§— 530 ESGTY NSy LVIAR TEdL SIFeTd
9% 16e®  YEL* LGt no8 NO E-ulv A5) LyzHK Logi cLEdvh
W% wGc*  Led* evw” #0n o E-G1Y 53 luske Ludl  &iFeEvd
I X AL o7l tgl” IW30g3a £l TsJ LTVARF BLll SLECYY
fev®  gee®  w2u®  wvu* Wiy 440 =91y nsy luiake sitl sLEZvd
ove”  yle® teb* wEU® Aul 440 £=0it N§3 1vams LI sledwd
956 wEc  elo- il KOa Ny T=G1v Y LD ttll Slecwl
£S7"  w0t®  sELY Leu* #0B MO €-9Ly 5] LysHs L1l gieevd
ef2®  10e*  H6LT vie* L2371438 a1Gs HSY LyIHk LGy SLELVD
EWE 13 |7 S O § " TR3IJHId ELYY el La~F vyl eledwa
EEY" the”  tEu Ygu” Aoy dau 2=91% &) Lyand €93+ GIEETY
oL’ wE”  YEU"  uhv* WoH 340 ensly {153 LVauk vt GLESTD
LS 313 By LGV RU8 NU e384 7i5) IVZhR ovel GiEc7d
Lla® wbe"  m20* LGL* MDY ND Ewyly NS5y Lvakk GESH SIZevd
f2e*  19e”™ uvol*  Lgl* 133435 1los NS lyzHe eylu CLECYU |
HET T BET LT vl INIJ83a 3rg REFRELE G voll Gitevd
gant  1ge?  efUt Leb” “oY 440 g=71% N33 AY3Hk ¥viu SLEEYY
<uru wGe™ LEU* eyD” KOY 440 e-oT1t N3y Lvddm Yy lu GLE2vi)
LS ki1 PAAY [($:1Y KU&G NT Ty i 5y IVzHN telv it e¥wl
Lev®  ufie* st0* ryut MOE NO 2=9iy N33 LvanM G¥id SLEE?Y
lel® ug.t uLsl* ceBlt LN3JHAd 416 N33 Lv3hh wsll  gigaed .
BYE [T ey VL2 Eod 440 e=gTY Tog LUaeF R PYEEED
ot 122" weu*  ahet BOH 440 A=411 1S3 LuaHh 0s11 Lag2eh -
LEY®  HBe®  bEU*  ZHL” mOE ND e=9lv {153 LVanp A7tl  Licewd
173 %) £l TEC 90U (1M ) Cad %3 o7 IVIFR AN Gite=0
uil® vt vel* wrL* ANFDuIAS 41U nsy Lvakp bt yigevl
1L w5e®  YEuT leu* M0b 340 =91 N33 LyzHK gebl BLECH)
TSETEvE T £c¢¥T  GLY "0g 230 € LY TSo IV3AR TELCT aledwh
vE¥T tBe”  Lel* &EUC RO¥ NO g~1v fs3 LYaue - il fLCevd
usy®  wge*t  s=ELY 6RLT EREREEY] 2-%1Y NSy Lvanh EvGl SL0E9Y
EUT ot 1T vic INIJESS EIY] TS IvIRF ALY Citevuy
wi®®  ule® LED* dgut #oy A40 1-91% N8I 1vini LeSD  SlEewd
oo’ fe® &EBT  lsut mOl zmd 1=51y 1Y 3HA G250  SLCEYd
Vi'ki 159 A4 BEU EGU 7S | o Sl 3 TUIRR ™ EcGV ~ Givcwvd
wor® ole* v20* ESe° KoY da7 1=91% 1ysHM Tress msmmuu
E¥LT  aviT Uel* BbELT LNIOY = alu LY IHM Belu BAEZYE
TV IE 9EY G414 HOE S =517 IVark el SIECVU
¢9y" nwn.. .‘.n,._” ..m.:u nod NO 1=gly LY 3H Selt SLEEV0
L9k"  £2e”  wwl wGb ROY Ja0 1=%41% . Ly SHR weTh slidTd
BYE LE D) TSU TZU™ L EE T T=9T% IVam LZTe GLEdvo
85i%  veL"  ewl® Eet" LN3Db3d 41d IR SEIT GarEeD
u_.ur” v2e”  wEU® byu* HoH J40 T-wi¢ 1ok 5€11 gineed
141 LT SEU 1Y) MUT JFT [k 3 ER TETT LY E AR
LER®  2lu® LEDLT Lt Moy MO T=vuly 1vAHM el SLEEZWD
dm¢” vgEe™ L2u' kbu” hdg KO 1-61% FIRELES gell SLEETd
a7l Ta. £¥E =Ll LNAJEdg I FAUCILH Y Biul Eilecry
L5E*  eget  uwEd®  iyu® Hog da0 1=61% LEIHNM lirl LCEVY
Lat® eBe® SEUY  GSu* MOM 440 1-51% Lvank Stot  SLEgve
oYL i5c By TEY T"Od NG =317 Lvdnas ET41 Gifevl
L0T*  vBe* wEUL® LEL® HOY ND 1=%1% Evaha t0u1 aLfavy
LGTd NGILIVIDT UNY gOdd anll 3LV




WHEAT ©51)

+734
AR

+23n
«?54

P87
207

P64
161

nIF
SnTL

WHEAT C5Y

PERCENT
 REFLECT

25

PYCYLIRG PAILN - YyaC [y an'ndrﬂ"-xmsnmuldun‘nmul

)

tha POOR

)EiHCQIVQaEy I)

(414

AL DY BUND 1S A THAD e 1y

W

{




26

May 20, 1975 Heading Stage Field 416
Crop type: Satanta Wheat (10" drill; EW)
Height: 72-89 cm
Chlorotic: 13% yeliowing
Weeds: 0%
Soil condition: Dry _
Wind: 10-15 mph EW
PLOTT  PLOT2  PLOT3
Leaf Area Iniex 4.1 5.32 6.03
Dry Weight (2' X 2' Plot) 197.70 gm  254.00 287.00
Number of Tillers (2' X 2' Plot)
Live _ - - -
Dead -- -- -—
Total - - --
Average Tillers/Plant
Live 4.80 5.60 4.60
Dead 3.40 1.40 2.60
Totai 8.20 7.00 7.20
Average Leaf Area/Plant
Green 85.26 ci 68.15 i51.27
Yellow 12.88 5.09 18.25
Dead 68.13 28.97 74.94
Total 176.27 102.21 244.46



PROBABILITY

LY : hd e e e bt e e i

27

1.0
.8
Cummulative
Probability
.6 o
b i
.2 o
Discrete
Probability
+ + % ]
+ + 4
+ ¢ 7
0. L § & 4 4 . . . )
0 10 20 30 40 50 60 70 80 g0

LEAF ZENITH ANGLE (Deg.)

AMGLE(DEG) O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
85 90
P(X) .035 .027 .010 .007 .006 .006 .011 .014 .043 .061 .061 .083
.098 .112 ,120 .115 .101 .05%9 .033

LEAF ANGLE DISTRIBUTION
FOR MAY 20, 1975
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D. June 26, 1975 Ripening_ Stage Field 416
Crop type: Satanta Wheat (10" drill; EW)
Height: 92-106 cm
Chlorotic: AT1 except stems and heads which are yellowing
Weeds: 0%

Soil condition: Dry

Wind: 20-25 mph SN

PLOT 1 PLOT 2 PLOT 3

Leaf Area Index 1.79 2.17 2.04
Dry Weight (2* X 2' Plot) 181.40 gn  219.70 206.70
Mumber of Tillers (2' X 2' Plot)

Live 443,00 624 .00 515.00

Dead 71.00 96.00 89.00

Total 514.00 720.00 604.00
Average Tillers/Plant

Live 5.20 3.80 5.00

Dead 2.80 2.00 3.8C

Total 8.00 5.80 8.80
Average Leaf Area/Plant

Green 0.00 0.00 0.00

Yellow 76.38 54.80 78.23

Dead 70.72 42.59 66.46

Total 147.10 97.3% 144,69

NOTE: The above measurements were conducted on June 18 and 19, 1975. However,
due to adverse weather conditions at this time, cellection of radiometric
data was delayed until June 26, 1975. Radiometric data was collected by
NASA, LEC personnel.
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0. 10 20 30 40 50 60 70 80 90
LEAF ZENITH ANGLE (Deg.)

ANGLE(DEG) O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
85 90
P(X) 0 .017 .009 .003 O .001 .005 .011 .017 .026 .046 .075 .099
24 147 .159 143 .081 .040

LEAF ANGLE DISTRIBUTION
FOR JUNE 26, 1975
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IV. PROGRAM LISTINGS AMD CONTROL CARDS
1. SRVC
Program Name: SRVC
Subroutines Required: BLOCK DATA
LAMBTN
SUN
ETHRES
LANGLE
oM
SETZ
UTIL
cop
PDENS
PGAP
OPTICAL
Narrative:
The CSU SRVC (Solar Radiation Vegetation Canopy) (Oliver and Smith, 1974)
is a stochastic model for simulating the interaction of global radiation with a
vegetation canopy to determine its apparent directional reflectance. Input
requirements for the model are:
1. Latitude of the target area
Longitude of the target area
Time, date and solar declination
LAI (leaf area index)
Leaf slope distribution
So0i1 Reflectance

Diffuse/Direct Radiation Ratio

~ O 1 dm ™

Leaf reflectance
Leaf transmittance
Outputs from the model are:
1. Direction cosines of the sun
2. PHIT -- the probability of interaction of flux at specified
source directions
3. Predicted apparent directional reflectance values for discrete

wavelengths.
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A thorough description of the model is given in the report by Oliver and
Smith (1974). An abbreviated discussion of the mode] and its application is

also given in the Applied Optics article by Smith and Oliver (1974).

A detailed flowchart of the SRVC main program is included and program
Tistings are well-commented.
Control Card Input: |
Card 1 (8A10) Title

Card 2

(13) Day

(14) Year

(12) Hours

(12) Minutes

(F6.2) Latitude)

(F7.2) Longitude)

(F7.2) Declination

(12) Bandwidth
Card 3

(12) Number of wavelengths

(I1) Number of constituents

(15) Initialization variable

(15) Number of samples desired

(15) Number of trials desired
Card 4

(110) Number of canopy layers
Card 5

(8F10.5) Threshold vector for downward fiux
Card 6

(8F10.5) Threshold vector for upward flux
Card 7 ‘

(110) Number of angles in leaf slope
Card 8

(I110) Material type
Card 9

(8F10.5) Leaf angle distribution
Card 10

(2F10.5) S factor: Teaf area index

Cards 7-10 - repeat for each canopy layer
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Card 11
{8F10.5) Wavelengths
Card 12
(I10,7A10)  Number of input optimal vectors
Description
Card 13

(8F10.5) Optical vector

Cards 11-13 - repeat for:
measured canopy reflectance
total study irradiance
total diffuse irradiance
spil reflectance
leaf reflectance
Teaf transmittance
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Mathematical Medel

The Monte Carlo model assumes that the canopy is composed
of nonhomogeneous.layers of Lambexrtian surfaces of known optical
properties, statistical composition,” and geometric arrangement,

The model is presented schematically in Figure 1.
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Figure 1. Schematic of a Plant Canopy Approximated by Stratified
Foliage Layers Containing Statistical Ensembles of
Lambertian Surfaces.
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Global radiation which reaches the top of the vegetation canopy
is cornposed of direct solar and dilfuse sky radiation. The partitioning
into fractions of total radiation is determined from the position of the
sun, i.e., time of day, latitude, and solaxr declination, and from mea-
sured global and diffusg sky radiation distributions incident orn a hori-
zlontal sensor, The di‘rect solar radiation component is treated as a
point source whereas the diffuse fraction is c]i'v;ic]ed‘into source sectors
of the local hemisphére. These sectors are formed by partitioning the
hemisphere into 10 degree inclination bands and further subdividiag
these bands to form 20 degree azimuthal sectors. The interaction with
the canopy of each of these initial radiation sources is trcated independ-
ently.

Diffuse flux resulting from the interaction of global radiation with
a canopy element or with the background become new sources which may
further interact with the canopy. The downwl'a.rd directed flux is combined
with the appropriate hemispherical band of diffuse sky radiation. Upward
directed flux is treated in 2 similar manner as diffuse sky radiation ex-
cept the direction associated with each sector is the opposite from in-
coining radiation from that sector.

A [requency distribulion of foliage inclination angle is determined
for each layer from the geomelric measurements of the canopy and is
integrated using Simpson's rule to obtain a cumulative frequency distri-

bution., This integral is normalized and partitioned into arecas of equal

Llasriin

=rg
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1

probability, T;ne domains of each partition have equal probability of
occurrence and may be sampled [rom a uniferm distribution.

The next step in the model is to calculate the interaction probé—
bilities within each layer for both incoming and outgeing flux at each
specified source direction. Several potential expressions are available
in the literature cited {Idso and deWit, 1970; Pielou, 1969; and Nilson,
1971). The following expressions from Idso and deWit have been
employed:

. Alfs
P = f1 -5 g(8) sec er] LA

where Po is the probability of a gap

g(@ ) is the mean canopy projection in the direction
of the source

@ is the source zenith angle
r

LAl is the leaf area index for the canopy

s is the leaf a2rea index of statistically independent
incremental canopy layers.

it is usually adjusted by optimizing the reflection prediction fox
either one view angle or a set of wavelengths since it does not change
with either wavelength or view angle.

A-given source finds a gap in the top layer of the canopy if 2 ran-
dom number is smaller than Po. The flux in this direction passes
throu'gh the top layer and reaches the next canopy layer. ' Thre absence
of a gap necessitates the determination of material iype ‘with which
contact has been made. This is accoinplished by sampling from the

distribution of canopy constituent.. The orientation of the leaf is
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determined by sampling {rom the inclination distribution and a

uniform azimuthal distribution. These parameters determine the
direction cosines of the leaf Afro,m which the angle between the leaf

and thie source is determined. The optical properties of the leaf are
then utilized to calculate the flux exiting the leaf in all directions. Each
sector of the hemisphere on the reflecting side of the leafl receives flux

for each wavelength accordiag to the equation:

I= _I_Q_ p sill(GLS) (sinzez - sinzal)
18 '
where Io is the source spectral flux
p is the material spectral reflectance
e is the angle between the leaf and the source

LS

0., 6_ are the inclination 2ngles defining the hemi-
spherical band

The solid angle sectors receiving reflected and transmitted flux are
defined in the same manner as for canopy flux sources only éxtended
to include the entire sphere about the leaf. The leaf is not necessarily
horizontal so a sector receiving reflected flux from the leaf is not
necessarily directed upward with respect to the local vertical. Hence,
the direction cosines of the flux sector are rotated to the local vertical
system and the flux pooled with the flux in the approprizte source band.
Transmitted flux is calculated and treated in the same manner as re-

flected flux.

OF Poﬂgﬁﬂ Pagy

QUALITYB
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Flux which passes through a gap or is rcflected or transmitted
downward from an upper layer of the canopy interacts with the next
lower layer. Flux which reaches the soil surface is reflected into
each of the upward directed source bands, Upward directed flux from
a lower layer of the canopy or from the backgrouna reaches the next
highei' layer and rha.y interact with it. The upward directed flux from
the top layer escapes the canopy.

The interaction procedure continues until the level of flux in any
source direction within any layer is below a threshold value. The flux
exiting the canopy.into ecach of the bands is separately accumulated.
The ratio of the flux intercepted by 2 sensor ;pla.ced within one of these
bands to the global radiation intercepted by a vertical sensor with the
same field of view gives the canopy apparent directional reflectance.

Figure 2 shows the calculated mean respons-e surface in the
visible wavelength region for zenith view angles of 5 to 65 degrees.
The non-Lambertian character of the canopy reflectance is evident and
there is a general increase in canopy reflectance with increasing '
zenith angle. This variation of reflectance with view angle is signifi-
cant for the pattern recognition process. Sensor scan angle corrections
may be required or this variation might be utilized as an additional
characteristic featt;re.‘ The distortion in the response surface with
view angle indicates that methods employing channel ratio techniques

for preprocessing (Kriegler, 1971) or for specialized classification
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approachas (Pearson and Miller, 1972) may resuire modification in
some circumstances.

The model was evaluated (Smitlh and Oliver, 1972; Oliver and
Smith, 1973) for a Blue grama canopy with a leaf area index of 6.5.
Figure 3 shows a comparison of the model results, labeled SRVC 2-
layer, with measured data for a vertical view angle. Agreement is
good except for the chlorophyll absorption band. Recent evidence
{Breece and Holmes, 1971) indicates that the foliage surfaces are non-
Lambertian in this region which will necessitate a modification to the
model assumptions for regions of strong absorption. Off-angle pre-
dictions of the model are qualitatively correct but do not display the
same precision as the vertical view case {Smith and Oliver, 1972).
Prediction results using the original Kubelka -Munk meodel of Allen and

Richardson {1968) are also shown for comparison.

ORIGINAL PAGE IS
OF POOR QUALITY,




42

DIRECTIONAL REFLECTANCE
VISIBLE
(]

T8
-i 70 1 jooes
-~ =
T
=
g 0
d =
3

©.000
“-
AQ d
ZEMITH VIEW ANGLE
(LEeRZES)

Fig. 2 Calculated mean response surface for reflectance
changes with zenith view angle and wavelength.
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Fig. 3 Comparison of calculated Kubelka-Munk differential

equation model and the stochastic SRVC model pre-
dictions with measured canopy reflectance for a
vertical view angle.
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ZGOU (2L, T5R): O 47

F

CALL PGAP
TL, TSHRMTYPE,
PUHT MLAY) TOZR

ORIGINATY PAGE IS PG =1~ PHT
OF POOR QUALITY . .
o)

h'4
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LZPHIP =0

|z PuzP-TruTP 41

| 77sarg =1 |

" [Grsor=arer]

728= 28 (TTSER)% ChsL

|

AZML(TTSER, LPUT) = ~XS(TTSHR, IPHI} % SINL +TES y ERHL=1,18

- \ l
JI54RE NSGUR ' @ :

-~

=4

sxt= %s{Ts¢r, TPULF)
SYL = YS{¥sdR, ZPuzp)
sz = Z5 (JTsoR)

JISGR = |

JTSPR2JISGR+1 .
ITACT =

TLRCT=LTACT+1!
Kl.=0O

[
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KL= RL*>}

Lam8{ TIACT, KL) = XLAME(TLACT, KL)% XK(ITsdR—1)

RL:nLAM

oo
| xpuz=xpuz +1|
2nr= - AENL (JTSOR, TPHT)
P
‘ ZNLIO e

R \_________—-‘
RESLECTSH FLUY IS Dowaltpsdzp ,’ TRAMS = REPLELTED FEUR IS UPWARD , TRAVSAITTED
PUTTED FLUX I35 LPRIARD. COmPurE ins FLUX 15 DomWARD, Lorarcd]d THE JnofX
INDEXR ZIHS SF FHE Spurcy ZSHS PF THE Sourcd Dieseriard of
DrpEcrion) oF THE FLUX. THE feuX,
zegs= | (acds(za)~-T6) xeerrn | 4 1397 .m#s:i (U acps(zac) ¥ cer. |+ 999

1o,

LRI, TS, k)= BR(TLH TIPS, KL) +LAMB(2) L) UR(TLA, 563, KO =UR(TLF L TSES, KLY + LAME(1, 5L
DR(NLAY+2~LL, Zs¢S, kL) = OR(NLAY-+2-1L, L5$s, K1)
DA(MLAY+2~Tt, T395,KL) =OR(NLAY +2 -2y ZSES, Ki)+ LAMB(, KL +  + LAMB(Z,KL)
o<
Ciezmam >—( 43)

IPHILI®

e

- e ——

JISPRINSHUR )——.4——_.@

>

"
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. <

>

-

Ki.= o

KL= KL+1

UR(TLA, TR, kL) = UR(TLH, TSGR, KL)+UR(TL Tsgr,KL)# PG

CALL SET=

I, IsR, -+

@sq:un 35 I

HLAY, NSDUR,+]

TL: NLAY

e

—

CALL ETHRES

¢VM§"' ”Sdug,"'l
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: ONE CYcLE THRouGH Ble

‘ Lopr HAS BEEN Com PLETED,

' BPEFLELTANCE Fom TRIS Carereig s

CYCLE CAN Mow BeE

i

: Com FUTED 53
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L

. L TsoRs | |

TSR =T56R+1|

KL= £L+1 I

REEL(TSGEKL) = LR (NIRY+1, TSR, K » dmi( TsR) /rerer (kL)

| MREFL(TS¢E, kL) = MREFL(TSGR, KL) + REFL(TSGE, KL)

Tpes spur

ker= ket |

eby(TSPR, KL, Kiry= cov(TSPR KL, KLL) T ReFL(TsR, KL)% REFL{ T53¢, L)
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’ MORE Lools THERoUGH
T rroveL ! meras s .
F3rgpP=NTRY
NsTdPll
ComPUTE 3EAN [EAFLECTANCE | | . eeenus S
(A} ERCH EAnD,
13
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ComPuTE CanoPy RapescThnes
CHVRARZANEE mAyTRIX

Cov(T382,2,0) 2 [Cov(rs2, T,7) = Fsrep s Merre (xpr, I} ¢ MREFL{Ts4R, :r))

FS7gr-—}




FuGGraM SKYCITNRUTsOLTRUT o F TLMPL +FUNCHIDSETT2¢TAPE]
I1TARECRRYTPUT « TAREGRINFUT)
Cosee SULAN RADIATION = VFGETATIUNM CANORY REFLECTANCE MOUDEL
Peees THIS wHOGHAM CALCHHLATES THE BPFARENT PIPECTIONAL REFLFCTANCE OF a
Coeee VFEGETATYON CAMOPY AS 3 FUMNCTION OF CANDRY GEOMETRYe LFAF REFLECe
Coense TANCE ANL TEANSMISSICA. en]) PEFLFCTARCEs AND CANOPY TRRADIANCE
Cusee FOR A GIVEM SOLaW FNASITION,
Cuevase Rofe CLYIVER AMND J.h, SMITH COLOWADO STATE UNIVERSITY Junie 1974
¢ .

Cuaavsvssnsesensannasn COMMCOM BLﬂCvS ANU REFFHENCES cpevavssptsnsnsvssans

e
c LAREL EXTERNA), REFEFRENCES

r

(o Ci HLACK PaTAs LAMBIN, SUMs ETHEESe LANGLEs NRM, SETZ. UTIL»
c Api. CoOD.,

r

C ol LadETh, PUENSe AND OPTYICAL S

r

c Ce- LANGLE, RPUERS, AND kGAY,

,

¢ c- ETHAES, SETZ. aNIY | AMLTN,

r

¢ C~ L ANGLE,

ﬁ

C L NETICrAL

[ad

o Ch oY RGAW AML LANATN

~

c ry LANGLE amMl LaMaTH,

r

CRVWUR /0) /NBYYTARSTIVE+GLATGLONGCECyRANDWyNL aMo THETS1 2o THETS .
INMAT A XTRA (L) o NOP L IMNITDUML 113} s
PCECINsCFhTRCEMTRICEFTU24CEIVPTCF2RT UM (14) s
ISTALA L oS AT W STNNECCNSDFCoCOCSR e SENZZLOSZoSINAT o COSAP L XSHLYSeL7S
COMNCAZPZ/CONRME]T) oSKYIMULT) JDIFIN(LT) o XMATIR(T)
PounBT b (3T aXMATZ2R (YT o MAT AT (T} o XMATIR(LT) o XMATITLIT WRGLTT)
PR AMEITVSPURCE (LA 1T o THETALIN) o 2en1TH{TO)
COMMUN/CG/t ANGLF (A93) oFLATI23010) oSLAT(303) oFLAT(303)PRITI303:110)
Crwmih/rb/PR{As 1N LTI sUR{A 101 7) « TRRESOLI0Y o 1GAD G ln) s 1cOU{G D)
TelkkESH ]0)
CrondNZra/RiNt oS o SINF«COSP
CovpwinZy 1/7NETALLTT99) o XM {17093 4C {1721 7+9) eNVEC(9)
CrvMUn/s/rMAT/MTP i3y yNLAY JOPM 1 0)
avENDLC
Covplin AVECTLIT) X t9) o SXL 2 SvL oS o XLF oY Foelib
TuXS{1r g 18) (YS{1na18) ¢ 25111
AENDE
Feeosstsnatsogvngasassnnnsns INTEPNAL ARRAYS .covovcouscvvcatasenntscans
RIMENSTON UOBTO(BY +VECT(17) . STIGIITY oVILT41T7)4COREI1TeLY)
BINENSION COV (Lo a1 Tel7)eCOVMIYT1T)
OTMERSTON YLFALI19) oYLFAL19}LOMUITYeDME (T T) vREFER(1T)
BIMENSIAN BIT1rne 1Ty oRITEAR 10417)+RBAR(1041T)
CIveEnsInaN Flla).0p{q}
REAL LYXSoLYSe ZS+INCLF
INTEGER DAY YEAR«TH TNV 2DEG
nory Coll, SEYC{n.+CANRMI]) +ENDLEY
ChLl. SETC n.e*VEC (1) +ENOBW)
CaLL SPETC(n,.¢JUnIDL]1),0P(9))

CoevewES[bFERAL COMTRNLS PRECEDING PAGE BLANK NOT m

ORIGINAL PAGE Is
OF POOR QUALITY, -



Ir187T = 0
ISTCRr = 1
IFILE = &
C READ(Say02) TFILE

IP(E(”‘ (GJ-F'P-."Q_\ %7.(‘\['
IF(IFIST-EQQ:L,' caLL Fl.N(-1!—1)
CasaaGENEFAL SIVILATION CONSTRAINTS

- —— o 3 AN N

READCIFTLEZ100) JOBIC+DAY«YFAR«THaTMoGLATsGLONG 4 DECINRANDS o

INLAMAANAT A INITonSAMPONTRT AL
IF([‘UF (R) «MNE aita) SToF
FEAB(TFTLES1N2) NLAY
BanDw=an/NEANDS

WETTE(R4200) JONINIDAY s YFAR, TH TMyCLATGLONGyDEC yBANDW ¢ NLAM o NMAT o

TINTTaRNSAME oM TRIAL JNLAY

REAN(IFTLE-101) [HRFSC SREAR(TIFILFC]101) THRESU

WETTE (FeZ221) THUESL.THRESU
CeaaworAcapErerm TrITTALIZATICN AND CONVERSION
NCQURSNRANDS+
N AYPY=npaY+]
Fry=s=Z,erENTK
FOVOZ=FRAV/2.0
SIAFUVECTIN(FOVOR)
ColL HANSET(INIT)
Xi1=T1r
XTZ2=Twm
TINE=>T1+(¥YT2/6804)
ClLal=claT1*rEUTR
CiONG=E UNE#CFUTR
CEC=LECH#CENTR
Banpa=NANDLPCEU TR
CeeseSLN FUSITIGrM PrRAMFIFRS
CaLlL SUM
WETTE (reaZ222) LASALYSeLLZS
E50E) = £ 75
FeeaeCFFFLICIFMNTS FCR UTFFLSE RADTATICN VECTURS
Coe-sSENSOR/ZRAND AREA SATTIC FOR ALL DIFFUSE BANDS
Al WRAZ=A,
STI\A'c:!'!.
Cr 2 1=z1sNREANDS
STAnl=STNAD
ALCRA-=ALPKAR+BONDY
SINAZ=STN (ALPHA>)
Ak (T)=STNAPH#STNAP=STNAI#STNAL
2 Lr1(i«1)y=STNFOVeSTNFCVY/XK (I
WETTEtge2R) (Xrk(T)el=]aNRANDS)
WETTE(Fez12) (DM (L) 9]=2eN5nUR)
CeessSCHACE DIRECTION INCILINATION ANGLES
Trc T{\L‘-‘:n.
(FETA(L)y= (RaNPW/2,) =EANDW
Cr 3 [=1sNRANDS
THEETA(T+})=THFTA(T) +EANDY
2 TOTALSTATAL*(YKID)/SIMN(THETA(1+1)))
TFETA(1y=CFPIN2-ACUS (COS7)
CONSS|L 2S*TnTAL
Dr 56 f=le10
Co ZFAT e (1) =CcFEPI02=-THFTA (1)
WETITE(&e223) THFTH

TesesU[RECT|ON CNSINES NF AZIMUTHAL SECTORS IN THE DIFFUSE RANDS

CEG20=2ne#CEVTR



CC AU JSOR=24NSOUR
ZS(JSURY=SIN(THFETA(SCR))
Pzl (#CE[TR
Lt &l IPHI=1418
XS (JUSORIPKI)=CnS(THETA(JS0s) ) #COS(PRT)
YE(USURGIFFT)=Cns(THETA (JSO0R) Y #SIN(PHI)
FY FRi=rrTasDEREZDN
CosesCANNEY GFOMFTRYe FACKF CANOPY LAYER IS COMPUSED OF ONE OFTICAL
C.uo.oMATEGIuL WHYCH MAY BF SPECIFTED AND UNIWUE GEOMETRTCAL PROPERTIES,
CeeaseCabhDPY GFOMFTRIC ~2aRANFTERS ~ONSIST OF (1)LEAF ANGLE FREQUENCY
CoaaedISTELMUTION FUNCTTON DENOTEN BY XLFA AND YLFA (P2)ILEAF AREA INDEX
C.vasNEROQTEN RY FLAT 4N (3)CANOPy DENSITY DENOTED BY SLAI., XLFa (DEG)
CeeaeAND YLFA MUST HE SPECIFTIED AT AN ODD NUMBER (NANG) OF FVENLY SKACED
ConesPOINTS, FLAL TS NON-RFGATIVE AN SLAI HRANGES BETWEEN A AND 1.
CELF=)n,%#CEDRTPR
WETTE LRe227)
Lo 354 pL=1sNLAY
KEAC (IFTLFL1072) NaNG
RFAn(IFTLEL10N2) IMAT
MIE (L) = TMAT
FFOCCTFTLF«10]) (XLFA(I)eYLFA(I)«I=]1eMANG)
FEADCIFTLEST101) S AT(TL«IMAT) «FLAT(TL«ImAT)
Coese NTEGKLTF Ar[ MOKMALTZE THF | EAF ANGLE FREQUENCY DISTRIBUTION
CueeorLhrT1I0R USTNG STMPSONS RULE-=THIS IS TEMPQRARILY DENOTED RY F,
Cesash=1 FGuAILLY SPACED INTFRVALS UF F ARE THEN DETERMINED aND DENOTER
CosasnY FLu (M FAINTS). THE TABLF FLa TS USED FOR RANDOMLY SELECTING
CoesoLEAF tAC, INATION ANGLES,
0C IS 1=1,MANG
IS ALF&(1)=XLFE(T)*CFUTF
M= ((NsAr=1)/2) %]
NAAGLE (TLaTMAT) =¥
CaLL THIF(pMeX L FereYLFAsDMoF)
WeTTELEeZ233) (F(IYsI=14M)
Ce 3l 1ANG=1.M
319 FLoa(IlLeTMATIANG) =UM(TANG)
CoveshCEVEL[ZF THE (NEUT [LEAF FREAUFNCY CISTRISUTION FUNCTION TO 0S8TAIN
Casaet CENSTTY FUNCTION F wkICH Is SPECIFIED AT M POINTS.
FTCT= .
Cr 311 71=)eMAMG
1) FInT=FrTnTevLFA(T)
Cr 312 T1=21+5
212 FAI)S(YIFA(2#*T) «YILFA(Z#TI+1))/FTOT
Ce 315 T=1,MNANG
31s XLFL(])=XLFRA(T)uCFRTLC
WETTE(Ae230) TLeTMATINANG« (YLFAC(L) e YLFA(I)sI=1sNANG)
WEITE (Fa231) MANGLE (IL«IMAT)
WEITE(Fe232) (FLA(ILSIMATsIVoTI=]eM)
N=ve=]
WETTE(ARLZ33) (FilyeI=1aM)
WETITE(Be207) FLAT(ILYIMAT) osLAT(ILeIMAT)
CaaasCALCULALTF THE MEAN FRCJFCTIUM (0OR) IN THE DIRECTION OF THE SOUKCE
Coso{TEETA) CF CNE UNTT LEAF ARFA WTTH INCLINATION INcLF., THE LEAVES
ConashAT THIS ANGLE ARE ASSUNED TO BE AZINMUTHALLY ISQTROPIC.
Cr 33" yanNeLE=1,NSOQUR
INCLF==E.#CEUTR
Ce 32 11,9
It CLF=INCLF+DELF
3205 CrILL COP(IMCLFsTHFTA(TANGLFY +NF (1))
CoeesCALCULSTF THE MEAN PRCJECTTUN (OFMy IN THE DIRECTION OfF THFE SOURCE



Cessa(THFETA) OF ONE UNIT LEAF APEA AVERAGED OVER THE CANOPY LEAF ANGLE
FeoesNERSTTY FUNCTION F,
CLALL COPM(F.OPGPM(TANGLE))
CoseeTALCULATF THF PROBABILITY OF A HWIT (PHIT) FOR A LIGHT oAY WITH
CaeesSCISCE DTIRFCTION THETA,
CoLL PDFNS{ILoIMATIANGLFE «OPM(IANGLE))
WEITE(6+423%8) CPOPM({IANGLF) «PHIT(ILeIMAT«IANGLE)
331 CONTINUF
350 CoOnTInur
WeITE(Ra22R)
Ceeee"EFLECTANCE AND TRANSMISSTON VECTORS ARE READ FQR FACKH CANOPY
CawessCCASTIIUFNTL.  IN ANDITION REFLECTANCE VECTCRS ARF READ FOR THE SOILL
CoseeBACKGERUUMND AND THE MFASUREN CANORPY, THE MEAN VECTOR aAnD COVARIANCE
CesesthP CCFRFLATIOM MATRTCES ARE CALCULATED AS WELL aAS THE SQUARE=-ROOT
Ceeoo™ATETX WHRICK [S SUKSFGLENTLY USER FCR MULTIVARIATE NORMAL
CovasSTuCrut1TC VECTOS SAMFLING,
~
Cowes®WAVELEAGTES TO BF SIMLLATED
RFEAPLIFTLE«1NY) (XLAM(I)eT=19NLAM)
WETTe (B4201) (XLAM(T) «I=1 N AM)
CueaoCCASTLIUFRNT NPTICAI VECTORS
NOr=Zz4hvAT+4
£ 1L L=1l«n0F
M= =1
[FiL«ER.T) ML=1
IF(LereG,2) CALL SFIC(0.eDATAID(191)eC(1721749))
CALL SETC(r,sV(1e1)aVv(1T7417Y)
REALLVIFTLE ) N2) NVECINL) « (DATAID(TaAL) 2 1=127)
IF(Ler,1) MM=NVER(])
XuEr=ivFC (ML)
WETTE(Re2r2) (DATAIN(TANL)»T=103) «AVECINL)
IvEC=nVFEC (NL)
ConsaeEaD GRTTCAL CONSTTITUHENT VFCTORS
Qe 4 1=1+4]1VvEC
IF((LaNFe2) o ANDL (ILeNF,3)) READ(IFTLE®101) (VECT(J)sJS1eNLAM)
IF((L.FNa2)o0Pa (L EQa2)) READ(IFILEZ103) (VECT(J) yJ=14NLAM)
WeTTE(Re237) (VECT(J) sd=1eMN_AM)
CuiesQOFTTCAL RUNSTITUENT sSULMS AND CROSS PRONDUCTS
Cr o Jzyen A
AviiCaang d=ymd(JaNL ) s vECT ()
Cr 4 k= JaN[ OM
4 Vel )=V({JeK)«VECT L) HVECT (K)
IF(MVECINLYLFe1) GG TO 7
CaneeOFTICAL FORSTITUENT CCVARIANCE MATRIX
D0 & J=z1ehLAM
CC & J=yeN[AM
VIiTeu) = (VITed)=(XMU(ToNL)#AMU(JeNL) ) ZXVEC) /(XVEC=14)
IF(TaGT . J) VIiIed)=V(idsI)
S CONTINUF
CeoeoNFTICAL COMSTITUENT mEAN VECTOR
Lo & T=reN AM
O Xni(Lanp)=xmUCToNL) ZXVEC
IELL<EGVE) GO 16 7
CoLL MATSEP(VaCrlalolNL) alvi Arm)
7 IF(LeNF,1) GO Tn R
Ceese“ErSUKED CANOPY REFLFCTANCE VECTOR FOR COMPARISON WITH MODFL RESULT
CoLL LTTLUIYMULL«NL) «CANRM)
Cc 3&6-° 1=].rLAM
Br 36r =1 NLAM



a0 CounmTey) = V(LoD
8 WETTE(He204) (XMUCLeNL) o T=14NLAM)
IF(NVEC(NL)aLEGY) G0N TO 11
WETTE(Fe205) (DATAID(TIoNL)sT=147)
CO 10 I=1sMLAM
10 WETTE(RW251) (V(led)ad=1NLAM)
WQITE(FQZII)
CoseaeDFTTICAL CONSTITUENT CORKRELATTON MATRIX
e 12 I=1erLAM
DC & JU=19N| oM
G CORILsYEVITed) Z(SUPT(VIT«I))#SERTIV(Jed)))
WRTTE (64251) (CoRtlag) eJd=T1anLAM) :
12 CONTINUF
11 ConTINUF
Wi TTE (£e210)
B e conssbstnieteghoenvaty Hri LOoupP T T R L I B
ISi0Fr=0
Ce 7900 ISAMP=].NSAME
Le- =0p0 [Te1ap=1eNnfRIAL
CTIME=cECOND (ARG)
IF((LTRTAL.GT,1) «ANUS (ISTOH.EQ.0)) GO TO S050
CoessGENERATE KANDUM NIPECT ANp OTFFUSE IRRADIANCE VE~TORS FROM THE
Caees INFIUT DISTRIRUTIANS ASSUMING THEY ARE MULTIVARIATE NORMAL.
w2iTeE(6e2G7)
Dr 25 (=12
CeLl UTTL(YMU(Ll.TYsAVEC)
IF(NVECII) .LE.L) GO TC 14
ColLL nwM(C(1e)sT) XML (1aT)srVEC)
14 wE[TE(8+20R) (DATAIN( eI)ad=147)«(AVEC(J) sd=1sN| AM)
G TC (15s16) 1
CesasTOTAL sxy TpRAGIANCE
'S CaLL ULTTL(ZVECeSKYIM)
G- TC 26
C.osaPNIFFUSE TREANDIENCE
*h Call LTTL(AaVECenIFIM)
25 CONTINFE
ConeeCAhRPUTE PROPORTION OF IRRAPIANCE wHICH IS DIRECT AND FROPORTION
CaeeswWFICF 1S DIFFUSE.
Ce a4l J=1lspg AM
SCUECE 1y J)S(SKYIMI ) =DIFIM (D)) ZISKYIM(J)#LZS)
CC 4C T=1sMNEANDS
40 SCURCE(T+1eJ)=DTFTMIL)¥XK(IV/(SKYTM(J)HSINITHETA(T*1)))
WETTE (Fe2N0)
Cn 45 I=z1.rSOUR
4% WETTe(Re2n3) (SAUJPCFE(TeaJd)sd=1eNLAM)
CuvwaeelCEULATE FIBST (TOP) CCWN PuFLL LAYEK (DR) WITH TNCIDENT DTRECT AND
C.eesDIFFUSE 1 IGKT, DOWN CwELL RADTATION FLUX (DR) IS TNDEYED FROM 1 TO
CeeashiLoY IA A DOWN GOING SFGQUFENCF. UPWARD UwELL RADTATION FLUX (UR)
CoseelS TRUEXAFED FEOM 1 TU NLAY+1 TN UPWARD GOING SEQUENCE. THAT IS FOR
C.eoeFCE URy LAYFF 1 1S THE _AYFR IMMEDIATELY ABCVE [HE BACkGROUND. THE
CoesasFLLUY In LLAYFP MLAaY+1 IS THAT wHICH ESCaPES THE CANOPY AND TOGETHER
Feessw Tk TRE INCIOENT FLUX DETEQMINES TRE CANOFY REFLECTANCE.
Qn&s CONTINUF
CALL SETClnss~EFER(1) «REFFR(1T))
CALL SETC(naeDRf1alal)sURI4e1Ine]7))
CoLL SEFTC(n«IaUNR(191)+1GOU(4s10))
Cr 1903 J=1«NSOUH
CO 10E3 K=1eN|L AV
1003 DE(Vagek)=cnJpPCFr (JeK)



FeeaeSET FLUX LEVEL IMDTCATCRS (DOWNWARD)
CALL FTHRES(NLAY+NSOLRy=1)
CoenaaTCTAL InCIDFNT FLUX RPEFLECTEN FFOM A LAMBERTIAN SURFACF AND DE=
CoeesTECTIFL Hy & vERTTCAL SENSOR
oo 1829 JSeoR=lsnSoun
0 1400 KL=lsnLAM
FEFF*(K!)=PEFFR(KL}+5CUPCE(JSDH.KL)*SIN(THETA(JSOR!)*QINFOV*SINFOV
1490 CONTINUF
18r0 CONTINUF
WETTE(Re2R2) (RFFFR(KL) sKL=1sNLAM)
CoveesassensaFnST LONP TRACES LIGHT ATTENUATION THROUGH CANOPYssesaceescss
Coewerll X F2SEING THRNUAGHK LAYERS TN A DOWNWARD DIRECTTON
2ann  CONTINUFR
Ce 2eu0 IL=)leMLnyY
Cc 2&8n0 JSOK=1shS0UD
CoeoeaCFFCK FL1EX |LEVEL INUICATOR
IF(’G'."'I‘-J&{'Q}';MQ('-’ Gr.' TO 2500
CeessNID LIGET STRIKE LEAF
CLLL FEAP(TL ¢JSNRe=14IKIT«MTYPE)
IF(IFIT.ER, ) G0 TO ZzZoo
Crr 21«0 IRkRIP=141R
CeeseDIEECILION COSINES OF SCURCFE SEETOR (LVLH)
SYL = 4s(JenkR.IoAdATk)
Sy = ve(ysnR«IPHTP)
S7L = {s(JenR)
CalLlL LAMBTA (JILsJSORNMTYPF «=1«NSQUR)
216 ConTnle
G TC 2400
CesselafF ENCOUNTFRED TN UOwWAWARD PATH
270 D 2259 Kl=lasNLaM
PEE) DE(TL*] « JSPEKLI=SNRIIL+1 9 J3nRaKL)+CRITL«JSORWKL)
24450 CaLL SFTZ(TLeJSNR.=1)
2ens CPATINUF
CoaLL ETHRES (NLAY«NSOURe=1)
7600 CORTIANUE
Ch.oasBACKGROUND REACHELD = KEFLECIQ [ AMBERTIAN
Call STHRES(NLAYyNSOLE«=1)
D 3é9n JSrR=1enS0UR
CoLL uLTTL(¥mU(lqa3)eAVEC)
IF(NVECE3) ,LEL1Y GO 1C 3140
Call WRMIC(19193) «AMU(143) «AVEC)
3100 CALL UTTL(AVECY=H)
Cr 340 Jds2eNSpUe
IL = nLAY + 1
Cr 3400 KL=]1sNLAM
a0 LE(]9JJeKL)ISURIY o JUKL) +RG (L) #DR(TL 9 JSOR KL)#ZG(JSORJ*XK(JJ 1)
CaoLl SETZ(RLAY+14.)S0F«=1)
3600 COATINUF
CallL FTHRES(NLAY«NSOLFEa+1)
CeeasFLLY FuSeIne THROUGH LAYERS TN AN UPWARD DIRECTIAN
Co 4690 IL=1.NLAY
CC 4500 JSOR=ZsnSNUR
FeessGFECK FLIUX |EVEL INDICATOR
IFLTIGUUIILeJSOR) «FUWLG) GO Tn 4500
CoaaeVID LIGKT STRIKE LFAF
CALL HGAP(IL«JSNR4+14INITMTYPE)
IF(THFIT EQ.0) G0 TO 4Z00
pr a4lng IPHIP=1l.18
CoeossDIKECIICN CNSINES OF SCURCE SECTOR (LVLH)



4110

SyL = Xe(JenR,Ip=TP)

SYL = YS(JSNRWIPHTP)

S7. = 78(Js0R)

CallL LAMRTN(IL « JSOR«NMTYPE«+1¢NSQUR)
CONTINUF

Cr TG 4400

CesseliAF FNCOUNTFRED TN UPWARD PATH

4720

47250

4409
4591

4(° 0

Cf 4= KL=leNLnH

LE(TL+1 oJSPRKLISIIR(IL +]1 4 JSAR WKL) +UR(TL 4 JSORHKL)
CoLL SETZ(TL +JS(i2a%7)

CONTInUF

CALL ~THRES(NLAY«NSOLG,+1)

CONTINUF

CALL ETHRES(N| AYsNSOLRs=1)

CALL e TWRES(NLAY \NSOHLE+1)

CasasPECYCLE THEAUGR [ AYERS UNTTL FLUX EXFAUSTEL

|Snnn

Sn4al

Or gong IL=1eMLAY

Ce S600 JSnE=2snSOUP

IF T1GOU(TI 4JS08) (NE L) GO TO 2000
CONTINUF

Ce sitzl Il=zeivLaypPl

20 8091 JSOR=1an5AUR

IF(TGON (IL4JUSHRY «MELG)Y GO Tn 2000
COATInUF

T T et B it

CaessFLLX EXFAUSTED It ALL SNOURCEc==-CNOMPUTE REFLECTANCE FOR THIS TRIAL

g20n

L
lai
-]

anny

CO BZY0 JSOR=2enN30UH
Of Géint KL=1sNLAM

RTT(W50Ry XL )= N| AY+] o JSOK,KL) #0DM] (JSOR) /REFER (KL)

BTTHOS( JSOR XL ) =RTTRAS (JSOK.KL)+8TT {JSOR WKL)
BTIME=SFCONL (ARG) =CPTIME

WRTTE(£42837) T1S5aMP JTSIALSDTIME

Ce 8340 JSrE=RaNSOUP

ZUEG=IaG=1n% 50K

WETITE(&.284) 7DFG.(RITIJSOS,AL) sALS19eNLAM)
IF(TLIMLET(ARGY ol . TLOTINME#*2.) GD TO €100

CONT IrUFE

C.s.o.TRIGLS CoMPILETE FORP THIS SAMPLE POINT

£1an

R4

g

asng .

AROG

7and

FTe1aL=aTrHTAL

G TC #2000

FTSTAL=TT&TAL

WETTE(Fe2E8) 1SAMPsTIIRIAL

Cr #3900 JSNE=2+nSnUP

Ce £370) KlL=1.NLAM
RYTRAR(JSOE«KL) =R TTRAR (USOKKL) /FTRIAL
WCITE‘&I?U") ISamp

Dr f4p) JSNE=Z240 30UR

2IEGE=1lre=13%Js0s

WETTE (Ae2H4) 70F3«(RITRAR(JSURSKL) sKL=14NLAM)
CC EEh JSNR=2,40SNUR

CO &5un KL=]+NLAY
FEAR(USARSKL) TRRAP (JSCReKL) +<TTRAR(JSORKL)
Cr RSri) KLL=1+Nj AM

COVILSORKLWKLLY =0V (USORKLKLL) +FITRAR(JSORK| ) #RITRAR{JSORKLL)

Cr 6670 Ki.=1sNLAM

FITRAQ (JSCrR.KL) =i,
IF(ISTORSFQR.1) =0 T 7100
CONTIALF

FCSAMPzAQANE

G0 TC 71850



71
cl‘

0 FSAMP=ISAMP

.ealLL SAMPLE PNINTS FESTIMATED

71=0 O 7200 JSOR=24ASOUR

2

73

T4

7&
7e

ol

T
73

i

1.\

N\ o= -

RVE TR VIR B VI VIR VN

(AVER VIR VN V)

Dr 7é0y) Kl=)eNLAM

00 KEAR(JSARekL)7RRAR(JSCRKL) /FSARF

O 7500 JSAR=ZehSOUR

Z0FG=10R=1n*JS0K

[F(FSaMpP.LF.1l.} G0 TC 7600

O 7450 T=1«NLAM

Ce 7300 J=1«NLAW
"y Cﬂv(uSOPvI-J)=(C0V(JSCR-I-J)'FSAMP*PBAR(JSDR-I)*RBAR(JSORaJ))

T/ (FSAMB=].)
) STG(1)==QQT(CﬂV(JSOP-IoI))

OC 73:¢0 I=1NLAWM

e 7S¢ 0 J=1NLAV
4] CPG(IpJ!=CPV(JSEW-IQu)/lSIG(I)“SIG(J))
99 WEITE(A.Z277) ?DFG-(HEAR(JSOD'KL)vKL’l-NLAN)

Ich“;'L'.V.DcLFo]-} n TC 7900

WETTE (RWPRA)

De 7770 IS1eN_AM
A0 WETIE (F4280) (CaV(JSCReTed) ad=1aNLAM)

WEITE(ReZS)Y)

e 7820 I=1«NLAM
r0 wBTTE (Re2RS) (COR(Iau)pd=19NLAM)
ry CONTINUF

IF(IFILFE«Fr.5) &0 TO 800N

STeR
.....,,.,.......,.,.,.......rll\'l'ﬂ ‘ODMATSCll.l'......l..!.ll.ll'!.ll"
0 Fruwnr(gAlr./.4xc[3.?:.1aq7v-212.&*cF6-2.7X.F7.2-519F7-2oBX-12-/~
lS‘oIE-?Y;T1-7'QT5-9Y015-9i|T5)
1 FCRMAT (RF10,.5)
~2 Fraval (T1n«7A10)
-3 FranvA[ (AETn.6)
off FOaMAT (#l#,43Xqa80LAkK RADIATION/vFGETATTION CANORY REF) ECTANCE MODE
TL#e//vpaXet TNBUT NATA® «//1x*8A1Ns/
24 JULLAN DAY #973.%. YEAR d.[hette TIME #92[29% HOURS®,./»
34 LATITHDE = #4FR, 2.4 NEGREFS. LONGITUDE = #,F7,.2¢% DFGREES#4/,
4¥ SOLLA DECLIMATION = #4Fhe29# DEGREESH4/»
4 RANG WIDTH OF UIFFUSE VECTORS = #4FSele® DEGREES#+/,
n# NUWHEE OF WAVELFNGTR BANDS SIMULATED #9124/
74 AUNEEZ OF CANCPY CCASTITUENTS ®#e4119/9
A4 Kk CIGTT nDO No. TO INITIA| IZE RANDOM SEGUENCE = #9129/
4% NSAWP SH#,13./,
s NTRIAL = #1547
e ALAY = #,71.
)
FeeMaT (80WAVELENGTHS SIMULATED®e/+#0®aF7.4916F8,4)
FOENO] (80eaee®93010a#NUMBER OF VECTCRS = #9¢12)
FRoamMAT (# “.F7.46.1AFBa4)
FOaMAT (#0 MEANH ./ o BX 4 1UFL1244)
Foomar (#(Q COVARIANCFE MATHIX#)
FruvaT (#03ANDAM VECTCR GENERATED FROM THE ®,78 0/ (% Ry10FE12.4))
FRawaAT (#0LAT = #eF&,2eaXo#5 = $eFba?)
FogMAaT (#0DTFFUSF VECTCR COEFFICIENTS®#,4/ 4
1S (# K #)e/.(OFHaa))
, FORMAT (#0IPRANIANCE SCURCF veCTORSH®)
Fromal (1kR1) :
Frauhl (#0 CNHPEL ATION MaATRIX#)
FramMAT (#0DM] = refFRa4)

-

R ST B S

2,

(3 T

Fo i, L S

-~



e e L Firted
I ., o :____“ e ) T 4 __J'%r;-']?ﬁ

7100 FeAMP=ISAMP
Ceeesnll SAMPLE POINTS ESTIMATED
71=0 Ce 7200 JEAR=2 «aSOUR
nr 720 Ki=)anbaM
7247 KEAR(JSORWKLITRRAR(JSCRoKL} /FSANS
D 7900 JSOR=Z b SNUR
Z0FG=1oR=1n#JSOR
IF(FSaMp.LE.l.} 60 TC 7600
De 7440 I=ziaNLAM
Ce 7300 J=1«NLAW
TING CGV(uSQP!I-J)=‘CUV(JSGRaInJ)'FSﬂMP“PBAR(JSDR!I,*RBAR(Jsﬂﬂedi)
T{RSAMEL] L) :
7600 STEL{L)=SQRT(COAVIJSORIINI))
OC 75: 9 I=1NLANM
U 7500 J=1 o NLAY
2a0y CPatledy=COV(ISCRLIeu) 2 (STG (I #SIC U
7699 KEITE (8277} 7DEG. (REAR(JSOPKL) oKLE] «NLAM)
I (FSevDatFela} 30 TC 7900
WETTE LA J2RAY
pe 700 I=1«NLAM
77:44) WE[1E (€ e2RQ) (CAV(JECR,TaJ) ad=1«NLAM)
weITE(Re2G)
Cr 7800 IsSTeNLAM
Farn wEITE (R.280) (COR{I.u) sdm1sMLAM)
750y COATINUF
IFLIFILF-FEr.S) &0 TO 8000
STeF
P.-.-qlnono-cQQUq-lau.o.lq..-..nATQ FODMnTsyl.-.0..0....--0.-.-........0
170 FPEVAFlﬁAlF!/9430f3n7X|I4!7H'212lﬁxQFE'2!7x|F7l215x’FYOZQBXIIa'/'
IEXeTZaT¥oTTa720T75.9% 9IS e8Xs7D)
1-1 FCRMAT(RF10,9)
1-2 Frava) (T1p«T7AYUY
13 FCrRvAT(RETING)
P00 FouwpT (#14,63% 8500 AK RADIATINN/VFEETATION CANOPY REF) ECTANCE MODE
TLB e/l geahetr TNBUT NATA#a//+1xaBALINe/
28 SULLAN DAY #973a%s YEAR #alboite TIME #e2I2+% HOURS#,/4
4 LATITUDE = #4FA,2.% DEGREFS, LONGITUDE = #oF7,2y% DFEGREESH+/
4% SOLLA DECLIMATION = #4FR.p0d DEGREES#e/9
<4 fAahg WIDTRH NF UTFFLSE VECTORE = #yF5e1 1% DEGREESHe/ 4
o#f NUVHE® 0F WAVELFNGTR BAMDS SIMULATED tyl2470
7% AUMEED OF CANGPY CCASTITUENTS %e«lle/»
A% Kk DIETT nDO Nne TG INITIAIZE RANDOM SEGUENCE = #sIgse/y
-+ & NSAMP =“1159/‘
a¥ MTRIAL = #9157«
Ré ANLAY = #4fla
")

FruvaT {#0RANDOM VECTCR GENERATED FROM THE HeT781ng/se (% Hel0E12.46))
FﬂﬁMﬂT(*OLAI = %IF“.aqu,&S = “IFQ.E)
‘A Fravat («+00YTFFUSF VECTCR COEFFICIENTSH# s/
19 K #)a/4(OFRag))
20y Foamat (#0TRRANIANCE SCURCE VECTQHSH#)
214 Frawal ikl :
214 Fosud] (a0 COHPELATION MATRIXH)
212 FramaT(#0Dr] = ¢eufRad) :

- s

2rnl FOPMAT(#0WAVELERGTHS SIMULATED#«/etig#aF 7.4916F8,4)
22 FORMA[(#00aee® 23010 #RUMBER OF VECTORS = #9212}

213 FﬂaMﬁT(% *.F?.ﬁolﬁFBad)

2 & Feoamnaj (9 MEANT, /48X 410F1244)

2.5 Fogwad (#0 COVARIANCE MATHTIX#)

276

N

283



L N P AT e il

271 FCERMAT(#(THEESD = #4l0nFR,4/% TRRESU = #,4,]10F8.4)
2722 FRRMAT (#0NTRECTTON CCSINES nF SUN #43F8.4)
2723 FrRMAT(#0THETA =#,.1nFF.4)
227 FORMAT(/2//% #a28(1H.) e2Xe8#CANORY GEOMETRY#92Xs25(1H.) //)
224 FORMAT (2% #425(1H,))
230 FORMAT (#0LFAF ANMGLE CCMPUTATIONS = L = #,]1,
1% IVMAT = #elle#r NANG = #9724/9% XLFAsYLFA#,
1/« (2Xe1&FQ,3))
231 FORMAT (4nNNANGLE (I o TMAT) = wel2)

232 FORMAT (0 FLA =%,10FR.3)
233 FCRMAT (#0 F =%#,10FB.3)
235 FOSMA[ (60 OP  =8,GF8.3.3xs8#0P" = #,FP.3913X,4PHIT = #,FB.3)

78] FOuMA| (RXeJUEY12,%)

2R2 FreMAT (#0PFFEFR = #3RFE13,4)

793 FCLMAT(#0RFFLECTANCFE FOR SAVMPLE#«T39% TRIAL#+T3,5Xs
THCCMRFUTATION TINE WaSHaF5,1.% SECONNS,.#®)

P24 Foavafl (s 7 =#4]3«0 DECH,IXTUFT3)

2rG FOSMAT (#0CAUTTON e SAMPLF# ]34 CONTAINS ONLY®#.I3e% TRIALS.#)

2% FORMAT (#0#475(1re) /% NEAN RFFLECTARCE FOR SAMPLE#.I3)

207 FCRMAT (#U0GRAND NMEAN FCR 7 =6e]3«% DEGREES«#43%X,10FTe3)

FRKR FOINAT (&0 COVARTAMNCF MATHT X))

2rY FCGMA) (TXe10F12,8)

251 FORMAT (%0 CORPE| ATICN MAlRIxu)

C2 FCENAT(1Xe120(lk=))

ENT

IAVELY

ORIGINAL, ppqy 1

|stgrsewne



e

SURROUTTNE LAMBTNllLsJSOR-MTYPE-IDIR;NSOUP)
C.iaasrR A GIVEN Flux SQURCE THIS PROGRAM CALLS THE APPROPQIATE
C.....P:neﬁuwt To DFETERMLNE LEAF ARTENTATION AND OPTIcAL PRAPERTIES
C.useshAND LpeDATES THE J1FFLSE s0JeCES WITH SCAYTERED FLUX .
¢ SXL SYL S7L

JSMR

L*S‘ LYS- L?g

IDIR

NL AM

PR{TeviK)

UR [ TedaK)

mTveF

IL

NSPUR

xvaT1Rke XMATLT

xNAT2Hs XMAT2T

XNAT3R. XMAT3T

JEnITFE
QUTPUT VARTAR| FS

NR([edeK)

AR PLLY

330000 = R 9700 0D gy L |

CowMUN hUMg(l?)-XK(Q)9SXL-SYL!SZL-XLFQYLFOZLF
anwOm/rl/nUM1t?\-NLAH.DUMZ:261-c5191.DUM3(24)oLxs-LYsoLzs
cnwam/rafnnM¢(=1).!un119:17).*MAT11(17).*MAT?Q(IT).*HATZT(IT).
11waf3~(17) ¥MAT3Tf17)-DUMB(?]#)cZEhITH(lO)
CPNMCRIPG/HG(a;1ﬂ.17)9Up{u-10-171
CFHNUN/PNAT/MTP{S)|NLAYaOPMr1H)
CIVENSTION H(17)-H(lT)sTil?).PTRP(2v17)
REAL LXSsLYSILZS
CATA “IP2/1.5707963?7/
CansenEN NIRE~TION cOsINES CF s0uUrCE

A =SAL
YL:FTL
ZL=S2ZL
IF (JSURNF. L) Gr TO 100
X1 =L AN
YL=LYS
21=LL43

C..a«PANDON LFAF NRIENTATICN . DTRECTICN COSINES OF NOPMALy AND
C--.-LE)F CPTTCLL PPOPENTIES
169 IF(10TIR.EQe=1) TXL=IL

IF(ILIK,EG.1) IxL=NLAY=-1L+1

CALL LoNGLF(IxL.MTYPE-THETAL-pHIL)
Ci..vSET SIOE OF LEAF WHICH LIGrHT STRIKES. 1SIDE=1 (TOP) ¢+ -1 (BOTTOM).
IcinE==1CTR
CP1=XL“¥LF+YL“YL’*ZL*ZLF
IF(DUT.LT-"e‘ IQIﬂE=lU1P
CPSLS=AnS(nﬂT)
IF(IUIR.EG.l) Go TO0 €
po 4 Ki=1eNL_AM
ﬂ(KL)=Dn(IL.JSUG-KL)“CGS(7EMITH(JSOH)—THETAL)/lR.
Ge TG 9
D0 7 KL=1sMLAM
F(KL!=UDiTLqJSOH-KL)*COS(?EMITH(JSOR)-THETAL)/]F.
CONT INUF
CivioesEl crITCAL PROSERTIES FOR LLEAF TYPE

Gr TC (10-20.30).~1YPE

10-DC 15 Ki =1eNLAM

F

O~

g



15
20
25
30

15
49

R(KILL)=XMATIP (KL)
TirRL)=XMATIT(~L)
GO TU 4n

Cr 25 K| =l NLAM
F(kL)=XMAT2F (KL)
T(kL)=XvAT2T(KL)
Gr TQC 4n

CO 35 K| =14hLAM
FIKL)=XMATIR (KLY
T(kL)=XmATaT (kL)
CONT InUF

C.e.sUFPATE DIFFUSE SOURCFS WITH SCATTEREC RADIATION FLUX

bail))

Dr w0 JJSCR=2«NSNOIIR

IF(IS10DF«ER.=1) CALL BFLUY (THETAL+ZENITH(JJSOR) yHaTyR4NLAMsPTRP)
IF(TS[NFeFGel) CALL BFLUX(THETALSZENITH(JJSOR) yHsP e TINLAMPTRE)
Lo 50 <1 =1.nLAM

IF(ILIR,ERLY) GO TO 45

DE(TL+] e JUSNRGKI ) =DR (TL*+1+JUSORWKL) +PTRP (Z29KL)
LE(NLAY+2=TL*JJSORsKL) SUR (N AY+2=TL s JUSORIKL) +FTRP (1akl)

Gn TU =a
D#(thYoz-TLnlJGOR-KL)=DP(“LAY+?'IL.JJSOF1KL)*PTRP(szL)
LE(TL*1eJJSORLKI I =URITL+1«JJSORKL) +PTHP (19KL)

CoONTINUE

RFTURA

EnD



SURROLTTINE RFIUX(TA.TRPsHsR«ToNLAMyPTRP)
CesassCIVEN THE TFRADIANCE F OF A LFAF INCLINED AT TA THIS PROGRAM
CecoaseDETFRWINES THE FLUX KEFLECTFD AND TRANSMITTED INTO A sOQURCE
CeseearltAND WHASE ZENITH ANGLF IS TRP,
CIVENSINAN FTRP(2417) sk (17) 9 (17):T(1T)
CATA PI/3.1415972654/+F102/1,570796327/
Fr(XeY)=COS(TA)# (SIN(X)#ep=alN(Y)H%2)
Fz(X)=Ac0S(=1/(TAN(TAY#TAN(Y)))
FI3(XaYy7)=2.#SIN(TAYRSINIX) # (DEL*+.25% (SIN(2%Y)=SIN(2,%#Z))) /P]
CFL=. 187266463
TI=TRP=PEL
T2=TRE+nEL
IF(TA,LF.F102~-T2) Gn TQ 1n
IF(TA.GF.RPINZ2=T]) GO TO 2n
Gr TC 3
CiessCASE ]
10 XF1=F](T2sT1)
Cr 15 k| =14NLAM
FTRP (1 ekL) =R (KL)y#H(KL) #XF)
FTRP(ZekL)=T (KLY #H(KL) #XF1
15 CONTLINUF
RrETURMN
CosesCASE 2
270 XF1=F1(T?e71)
IF(TA,LF.1.5533y GU T 21
FCE=F [0~
Gn TC 27
31 FEP=FZ(TRF)
P2 XFZF 3(PRELTL1aT2)
O 25 K| =l«NLAM
PTRP (19kL)=H (KL)# (R(KL) +T (K[ ) ) #XxF3+
1(F(KL)# (KL ) #PRo=T(KL)#H(<L)#pI+T (KL)#H(KL)“PRPY*®*XF]1/pI
FIRE(Zekl)=r(KL)Y® (T (KL)+R(KL) ) #XF2+
1T (T (KL)#L (K| ) #PRP=R (KLY #H (KL Y¥PT«R(KL)#H (KL)#PRPy#XF1l/pI
35 CONTINUF
FETURM
f.o.-Cﬂ‘:E 3
¢ TR=PI[2=TA
XF1=F | (TRaT1)
D 35 K1 =1«NLAM
FTRP (1erL)=P(KLY#*H(KL)#XF
25 PTRP(Z4kL) =T (KL)y#H(KL) #XF1
IF(TE+T24LF+3.106) GC TO 136
FPERE=rFTO=2
Gec 1G 37
1k PEE=Fz ((TR+T2)/2.)
37 XF1=F )1 (12378)
CEL=((TRP+TA) /2.)=eT4176463
XF 3=F 3 (DRP.TB«T2)
L 40 Ki=14NLAM
FTIRR (] ewl)=PTRP (1aKL) +HI(KL) 8 (P (KL)*T (KL))#XF3+
1 (E(KL)#*H (KL ) #PRP=T/KL)#H(KL)¥PI«T (KL)®*H (KL)#PRP)#XF1/pl
FTRP(Zax)=kTRP (24KL) +H(KL)# (TIKL) ¢R(KL))®XF3+
V(T (KL)#H (KL )#PRP«R(KL)#H (KLY #PI«R(KL)#H (KL)#PRPy#XF1/pI
an ConTIAUF
Fr TURNK
END



(b}

L i R NS Lspeud aufp

SLYROUTINE LANGLE(ILeMTYPEWTHETALSFHIL)
C====TRIS PROFRAM SELECTS A RANNUM LEAF INCLINATION (THETAL) ANPD AZIMUTH
(PRTL) AND THEN ~OMPUTES ITS DIRECTION COSINES XLF.s YLFs AND ZLF.
TFRE INTERMENTATE PARANEYERS SINLs COSLs SINPy AND COSP ARE ALSO
OLTPUT, RANDOM | EAF REFLECTANCE AND TRANSMITTANCE VECTORS AKE ALSO
SELECTED.

IN=SUT
IL
MTYFE
EANGLE
OLTRUT
THETAL
FRIL
¥XLFs Y Fe ZLF
STALs rOSLs SINP, OSSP
«MATTR, XNATIT, XMA1ZR, YMAT2Te ¥MATSR, XMAT3IT

aEe le e Eb Ne B Ne o e Ve o e | 700

COMNO&/PI/nUME(EII-CEGTD-UUMT(B)sCEEPI
CPMVGn/r4/hnNGLE(?v1)aFLdf3.3-10).SLA[(3’3)oFLAI(3!3).PHIT(3¢3-10)
COMMON/PB/CINL yCOSLySINP . COSP
CowmON NUMI(29) « XLF o YLF 9 7LF
C-=---DETERMINF RANDQM LFAF CRIENTATIONS
FESNANGLE(TI yMTYPF)
XT=RANF (0.)
X[=1a¥ (EM=1,)8XT
Ix=Y]
IF(I‘.EG.NANGLE(IL!MTYDE}) TX=IX=
[xP1=Xe1
ThETALerA(TL.MTYDE.I*)+.§”(FLA(IL;MTYPEvaPI)-FLA{IL.MTYPE.Ix))
FRIL=CE2PI#FANF (0.)
C====TRETALy PHI| ARE LFAF INCLINATION AND A2TMUTH, RESPECTIVELY.
i CONT1InUFE
STAL=SIN(THFTALY
COSL=COS(TRETAL)
SINP=SIN(PRIL)
Crsp=rQoe (PRIL)
C====CCNPUTE | EAF NORMAL DIFECTICH COSINES
XLF==SINL¥r0SP
YL F==SINL#CTNR
ZILF=CQS|
C-===SELECT RaNDOmM LEaF REFLECTANCE aND TRANSMITTANCE VECTORS.
CAaLL OPTICAL(MTYPE)
RETURN
Enp



SURROUTTINE COP(ALPHABETA.0P)
~
C.v.oTHIS PROGRAM CALCULATES THF MEAN PROJECTION OF A UNIT | EAF AREA IN
CeeusTHFF DIREATINN NF THE SCURCF. THE LEAF IS INCLINED AT AN ANGLE
C..esALF=A AND 1€ ASSUMED TC BE A7IMUTHALLY ISOTROPIC, THE SOU=CE
C.eeeNIFECTION 1€ AT AN AZINMUTH OF ZERO AND AN INCLINATION oF BATA.
g

ComMMON/~1/DUMT (33)9CEPIOR

CF=CCS(ALPHA)#SIN(BETA)

IF (ALFHALF,BFTA) RETLRN
CueeeTHETAY 1€ THF LEAF AZINUTH ANGLE AT WHICH CP HECOMES NEGATIVE AND
CueesIS IN 1HF FTRST GUADRAANT. TuE FUNCTION OP IS SYMMETRIs AND HENCE
CoessIS AVERAGED OVER LEAF AZIMUTH AMGLES OF n TO PI RADIANS.

TRETA =ACOS(TAN(HFTA) /TANTALPHA))

TAnTU=TAN(THETAN)

OP=OF# (1e+(TANTh=THETAQ) /CERIDZ)

RETURN

EnD

hget



SURROUTTINE COPM(G40P+CPM)
CovasTRIS PRORRAM CALCULATES THE MEAN PROJECTION OF A UNIT _EAF AREA N
CovesTFE DIREFTIOM OF THE SCURCE (OPM) FOR THE SIMULATED CANOPY. THE
C.voeer.EOVFS OF THE CANOPY ARE ASSIMED Tn BE AZIMUTHALILY ISOTROPIC. THE
CoessOF FUNCTTION USED IN THE CALCILATION WAS BEEN PREVIOUSLY DETERMINED
CeweeFCR o GIVEN SOURCE DIRECTINN FOR LEAF INCLINATION ANGLES OF
CeesvSe 189 4,09 85 DEGREES. G Is THE LEAF INCLINATION ANGLE DENSITY
CeoseFUNCTION,
C

DIMENSINON OP(9) G (9)

CrRVM=(0.

Le 1 [=199 2

1 CEN=UPMLOP(TI)#G(I)
RETURN
EnD



SUSROUTINE PDENS(ILMTYPE+IANGLEOPM)

Cm===Th|1S PROGRAM COMPUTES THE SROSBABILITY THAT LIGHT AT INCIDENT ANGLE

T IO

jnn

THETA(IANGLE) TNTERACTS WITH MATERTAL TYPE MTYPE WITHIN CANOPY
LAYER IL.

INBUT
TL
NMVTYPE
TAaNGLE
(a-1"
sLal
Fi.al
THET s
oLTeRUT
EMTT -

CovmMCNZe2/DUM3ETY o TRETA(TO)
CPNNChlréfwﬁNGLF(193)nFLﬂ(3.3-10)uSLAI(3ﬁ3l9FL‘I(3!3).PHIT(393010)
AEG=1.-(SLAT(TL.MTYPE)sOPM/SIN(TRETA(TANGLE)))
IF (ARG.LE.ns) GO T0 1

FroprGaa(F) AT(1LaMIYFE) /SLAT(TLMTYPE))

Gn 1C 7

Bzt

UETTE(RelN) TANGLE

FOENAT (1rHDs # B0 SET TO 7ERO#,18)

CoNTInuE

PD-IT([L.MTYPE-IANG'.F_’_)=1.-°0

FrTusi

EnD



T

SLRROUTTINE PGAP(ILsIANGLEINIRsIAITIMTYPE)

Ce=--=THIS FROGRAM DETERMINES IF An INTERACTION IS BEING MADE IN LAYER IL

OO DI DNO

N}
D23

1

4ND SETS THE MATFRIAL TYPE OF LAYER IL.

INFUT

FE
TaANGLE
ICIR
MLAY
vTR
E=TT

nLTPUT

LT
¥TYFE

C0~~Cn/n4/wnNnLE(1’3l.FLAfa.B.lo).SLA1(3-31.FLAttavB}.PHIT(303-10)
CowNCa/CMAT/MTP(3) sNLAY

IF(ICIR,LT.0) GO T0 10

I AYE==SnLAY+1~-1l

G 170 20

ILAYER=TL

MTYRPE=MTF(ILAYER)

IkIT="

TFeT=qAanF (ne)

IF(PRIT(ILAYERsV YPESTANGLE) «LT.TEST) GO TO 30
IrIT=1

EETIIRA

Ern
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PR 14 4 A
s i . - s L‘Jrﬁl’f!u

SURRQUTTNE ETHRFS(NLAY«NSOVYDsIDIR)
Ce===TFIS FROARAM DFTERMINES (FOR EACH LAYER AND FOR ALL LIAHT SOURCE
DIFECTIONS) TF TWE SOURCE FLiX IS ABOVE THRESHOLD REQUIREMENTS IN
TFE DIREFTINN INDICATED RY Inlp. INDICATORS IGOD OR I@OU ARE SET
ACCORLINEGLY.

INPUT
KESY
nSOUR
NIk
NLAWM
CR
1.8
THRES

nLTeuT
TGOC
IGOL

b X By Bip Bie B Tl 5@ Mg J8e I Dlor ey 0 gr Bl Tea |

CovmCN/e1/DUMn(7) oNLANM
COMMON/r6/NRI£910417)9UR(4310:17) o TRRESD(10) 9IGOD(491A)9IGOU(4410)
LaTRRESU (10
Cm=e=NCuNwyakD FpriX
IF(ILIR.GT.0) Go TU Lo
NLGYER=NLAY+]
e 2 [=14NLAYFR
Ch 2 us1eNeQUP
Icor(Tey)=n
CC 1 r=71eN| AM
IF(CR(TaJski«LT,THRESD(J)) &0 TO 1
Ictal(le ) =)
Gr 3C..2
1 CONTINUF
2 CONTINUF
FeETiten
C====UFwaRL F| UX
Lo CONTINUFE
Cr & I=14NLAY
Co a J=a2.Ne0UPR
IcoL(isg)=n
CO 3 K=14NLAM
IFIUR (T «dor) ol . T, THRESL (J)) &0 TO 3
Icou(Te )=
GC TO 4
3 CONTLINUF
4 CONTINUFE
FeTURN
ENnD



SURROUTTYNE SETZ(ILsTANGLEsINIR)
C===-=THIS FROGRAN SETS THE FLUX (AND ITS APPROPRIATE INDICATORS) IN THE
ICIR CIRFCTION AT ANGLE THETA(TANGLE) IN LAYER IL TO ZFRO.

INBUT
TL
T1aANGLF
IDIK
hNL&M
nLTRUT
D&
LR
1coC
IGOU

DO DN TIO0 DY DN

COMMON/r1/DUMY (7) o NL AN
CCNNUA/r&/nP(a;mO.l?)qunta-10.17)sTFRES{IO);IGOH{4|ID)oIGOU(4o10)
IF(ICIR.EQ.1) Gn TO 1n
C-===DOWNWAR FLUYX
Cr 1 K=14NLAM
1 DR(TLsIANGLFx)=n,
IGOD(TL+IANGLE) =0

RETLRN
C-===UFxARD F| UX
¥ CONTINUF

DC 2 K=1sN|AM

2 UR(ILsIANGLEsK)=0,
IGOU(IL,TANGLF) =0
RETURN
EnD



SURROUTTNE OPTICAL (MTYPE)
Ce===ThRIS FROGRAM SELECTS RANDOM |_EAF REFLECTANCE AND TRANSMITTANCE
VECTCRS FOR MATERIAL TYPE MTYPE.

INEUT
MTYPE
MVEC
&
vy
oLTRUT
XxvpT1Re XNATITe XMATZRe ¥MAT2Ts ¥MAT3R, XMAT3T

O ANDNOD D

CoOMMON /L 1/NATAIN (T99) o XMU(1799) «C(17917,9) +NVEC(9)
COMMON/C2/CANRM (17) oSKYIM(17) «DIFIM(17) o XMATIR(17)
ToxvATITE17) o XMAT2R(17) «XuAT2T (17) «XMATIR(1T) o XMAT3T(17) 9RG(]IT) s
ZXLAM(IT) «SOURCE (1n917) s THETA (] 0)
I=z#NTYPE+2
J:I#l
GO-TO (10420430) +MTYFE
C====SELECT MATEFTAL TYPE )} VECTO®S
CONTINUF
IFINVEC(I) ,LEA1) GO TC 11
CoLL NBEM(C(1eleT)eAML(14I)9xMATIR)
Ge TG 12
CoLL UTTL(YMU(1.I)sXNMAT]IR)
IFINVEC(JY) oLE.1) GO TC 13
CoLL NRMIC(1alaJ) o XML(14J) 9 xMAT]IT)
FETURN
13 CALL UTTL(YMU(le)oXMATIT)
BEeTUKN
f====SELECT MATERTAL TYPE Z VvECTORS
2n CONTENUF
IF(AVECII) .LE«1) GO TO 21
CallL NAMIC(Iolo1) aAML(1aT) 2 ¥MATER)
Go TO 22
21 CalLlL UTTL(XMU(1+I)eXNAT2R)
22 IF (NVEC(J) «LEs1Y GO TC 23
CALL NRMI(C(lalad) «XMU(LeJ) s XMATZT)
ReTURN
213 ColLL LTTL(¥mMU(LlsJ) e XMATZT)
RFTURN
C-===SELECT MATEEPTIAL TYPE 3 VECTOeS
3 CONTINUF
TE(NVEC(I)LLE.1) GO TC 31
CoLL NRRMIC(Y1alaT)aXML(1aT) 2 ¥MAT3R)
Gn TC 32
3 CALL UTTL(¥MU(1sT)9xNMAT3R)
37 IF(NVEC(J) JLEL]1) GO TQ 33
CALL NRM(C(isled)AMU(1aJ) e XMAT3T)
RETURMN
33 CALL UTTL(YMU(1sJ)9XNMATIT)
RFETURRN
EAND

—
) =



SI,RROYUTTINE NRM(Cs7Z9eX)
CeenesTHIS FROGRAM GENERATES RANDNM SAMPLES FROM A GIVEN MULTIVARIANGE
C.ssssNCRMAL PISTRIBUTION

CovMON/e1/nUMIT) aNLAN

CIMENSIAN Y (17),Y(1T)

CIMENSIAN c(17917)9Z(17)

pr 10 y=leMLAM

Y (1)=GANSS(0,,1,)

1# CANTINUF

CALL VMULT(YsCoXsNLAN)

COLL vAPD(X9ZoXyNLAM)

KETURN

ENC



10

25
3C

SUBROUTTINE MATSQR(V.C4N)
CIMENSINN V(1T7917)9C(17+17)
De 306 J=1en

CC 206 T=1gnr

CfIlg)=f\o

IF(I«LT,Jd) GO T 25
IF(JeNELL) GO T 8§
ClIod)=VvI(IoeJ}sSaARTI(VI141))
Ge 170 3n :
IF(T.AE,J) GO Tp 15
SLV2=E0.

Ik=1=1

Kz1
SLM2ESUNMZ+C (T «KYRC (T oK)
K=xe+] :

IFIK«LF,IK) GO 7O 1l0n

IF(v(Ieg)=cUMR.GE.O0.) GO TO 11

CIF=VIIeJ)=-SUMZ

WEITE(6.201) TedsV(Iss)sSUMDDIF

FCRMAT (eC*%*43211043F1¢.B)
Clleg)=n,

Ge TC 3a

COATInuUE
ClIsw)=SAFRTI(V(I.d) SUNZ)
GC TC 3n

SLVPRO=N,.

INENES

K=
SLMPRO=cUMPROSC (I K)#C (JoK)
K=K+

IF(KeLFoIJd) GO TO 2n

ClIau)=(V(TeJ)=SUMPRC)/C(Js.))

¢n 7O 3n
C(Tesv)=n
CONTINUF
FrRTURN
EnD



BLOCK DaTA
COMMON/E1/DUM(30) o CECTRICERTDCCEMTR9CEPIO29CE1PTCEZPT
CATA CENTRsCERTDsCEMTR/,01/453263,57,2957795,.0002908R821/
CATA CEPIO2+,CE1PI,CEZFI/1,.57079632+3,14159265+6,28318530/
ERD



L

&

Ce.
C.
C.
Ce

2ATO0O0TIO0 0D

C.
I

2n

3n

Lr
L

C.

an
T

C.

SLAROUTTINE TBLR(My Xs Y» XXo Z)

L..TFIS FROGRAM FTINPNS THE INTEGoAL 7 (X) OF THE FUNCTION Y (X) FROM Xx(1)
L..TC X(év=1) USING STMPSCNS QULE. THE INTEGRAL Z(x) IS NORMALIZED TO
C..ler AT x(2M=1)., THE T&BLE OF Zz VERSUS X IS THEN INVERTED TO DETER=-
+.eMINE X AS A FUNCTION CF Z AT M REGULARLY SFACED POINTS ALONG Ze

INFUT VARIARLES
v DESIFED NUMRER CF REGULARLY SPACED FOINTS ALONG Z
X SPECTFIED AT 2F=1 FOINTS
v SPECIFIED AT 2F¢-1 POINTS
OLTEUT VARIARLFS .
X X THE TasLE OF X VALUFS FOR M REGULARLY SPACED POTNTS
(v=1 INTERVALS) ALONG Z. :
2 = THE NORMALLIZED INTEGRAL OF Y AT X(1)e X(3)y ecsoe X(2M=1) .

no—n naun

DIVENSION Y(lQ)-Y(lgiqZ(ln).XI(10)1XX(10)

v sSIVFSCANS RULE INTEGRATION
24EL =060
CY = X(p) = X(1)
DN 5S¢ g = 2«M
GG me i) e 3
ul = at - P
J?2 = 2%} =1
2(8) = 7210 = 1)  DAR(Y(JO) ¢4 8Y(J1) + Y(J2)) /360
XT(J) = X(J42)
X1(1)2=sX(1)

...NCEMALIZF INTEGRaAL Z(X)
[ wdiller f+ BON L8 5 T 11,
Zig) = 2L /72 (M)
PEFE i W aa il R FEGUL ARLY SPACFU POINTS ALONG Ze
Xx (1) s x(y)
EV 2 M & 1]

F = l.n/EM
=2
ar OC 127 w = ZaM
2T =2 K = 1
ZT =3t TeF
ar pn 11 | SJSwM
1203y <270 FH0; 100, 100
100 G = (7T = Fd= 1Y} Z120)) = 26J = 1))
Xx(K) 5 XI(d - 1) ¢ GHIXT(JY = xI0) = 1))
Ge TO 118
117 CONTINUF
1& Je=J
120 CONTINUF
RETURN
Enp



SURRCUTTINE SUN
C====THIS FROGRAM CALCULATES THE POSITION OF THE SUN

INPUT
TIME
GLAT
DEC

nuUTPUT
SINLoTy COSLAT
SIAnCEC. CnSsDEC
oSk
CSInZ: r~0S7
STNAEZy COSAZ
LXSy LYSs LZS

ke e e B N |

TI%& OF SIMULATION (HOURS)

GLaT IS SITE GEOGRAPHICAL LATITUDE

GLUNG T8 SITF LONGITUDE

DEC TS €NLAR DFCLINATION

= [S SCLAR HQUP ANGLE

¢CsS7 IS COSINE UF SOLAR 7ENITH ANGLE
C0SA7 Ic CGSINFE OF SOLAR AZIMUTH

LASe LYSy LZS ARF SOLAR PNIRECTICN CUSINES

DO IDN NO

COMMOA/CT1/PAY 9 YFARITINEZGLATIGLONGDECIDUNM(24)
1CELTRsCFRTNWCEMTRUUNE(1T) s
ZSIALAT orOSLATSINDEC,COSNEC.CNSHeSINZ,COSZvSINAZ 4COSAZILXSILTYS,LZS
REAL LXSsLV¥SsLZS

F=AKS(((12,=TIMF)#15,)4CENTD)

SINLAT=cIN(GLAT)

COSLAI=CcOS(CGLAT)

SINPEF=STINI(DER)

CrSpEc=c0s(DEC)

CrSH=ECOS(R)
CrSZ=SINLATH#SINDEC*CCSLAT#CNSDECH*COSH
STANZ=3GPT()1.=10cs74C0S7)
COSAZ=(SINDEC=SINLAT#CQSZ)/ (COSLAT#SINZ)
SINAZ=SPRT(14=CnSaZ«CCSAZ)

L¥S=STN7¥CncA7

LYS=SINZH#STNAT

L7S=C0S7

FFTURN

EnD

\'PA&%@IS
CEﬂGgiiiuiuﬁlew



SUHROLTTINE VMULT(XeYeZsN)
Cueess VECTOR MULTIPLICATION

CIMEANSION Y(17)aY(1lT7917) 70T

Oe 16 I=xleN

Z(I,="-

pe 10 JelsN

10 Z(TI=2(T)+x () ®Y(Ted)
RETURN
EnD



SURROUTTNE VADD(XeYeZsN)
DIVENSIAN X (17)aY(17)42(17)
Ce 10 1=lsN

Z(Ty=X(T)+Y(I)

RETURN

END



FUNCTION GAUSS{XsS)
CuoesesGFAERATFE RANDOM SAMPLES FROM THE UNIVARIATE NORMAL DISTRIRUTION.
X1=RANF (0.)
XPIRANF (D)
C1=SIN(K2R31B54X])#SQRT (=2, #ALOG(X2))
CaUSS=Cr1#S+X
RETURN
END



24

SURRCUTTNE ULTIL(A.B)
FasseseSFT VECTOR R = VECTOR &

CAMMOR/~1/nUMIT) sNLANM

DIVMEANSTAN A(1T7)«3(17)

Cr 1 I=yeN AN

1 B(1)=4(y)
RFETURN
EnD
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COEFF
Program Name: COEFF
Narrative:
This program calculates the alpha and beta coefficients of a Tinear cor-
rection algorithm for sun angle. The form of Y = Ax + B results, where x is

the measured resporse and Y is the spatially or temporally extended response.

Control Card Input:

Card 1

Column 1-5 (15) Number of wavelengths

Column 6-10 (I5) Number of solar zenith angles

Column 11-80 (7A10) Title for computation

Card 2,3, 4. etc.

Column 1-10 (F10.3) (LP) Path radiance for sun angle THZ

Column 11-20 (F10.3) (L) Target irradiance for sun angle THZ

Column 21-30 (F10.3) (RFL) Canopy reflectance at sun angle THZ

Column 31-40 (F10.3) (WAVEL) Wavelength band for reflectance
measurement

Column 41-50 (F10.3) (THZ) Solar zenith angle

A1l possible non-repetitive pairwise combinations of sun angles for each

wavelength are computed.

PRECEDING PAGE BLANK NOT FILMED)
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3.0 DATAUSE

Program Name: DATAUSE

Subroutines Required: PLOTI

IDIOT

Narrative:

This program is designed to reduce radiometric data obtained using the
CSU J-16 spectroradiometer or other similar instruments. The program
calculates reflectance from ratios of sample reading and reference panel
readings. The program currently contains the option to plot reflectance
versus wavelength for a given time period. The program is designed so that
other options of data manipulation can easily be added in the form of
another subroutine. The desired types of data manipulation can be selected
and input at the start of the data section.

Control Card Input:

Card 1

CoTumn 1-3 (13) (N1) Number of PLOT types

Column 4-33  (101I3) (N2) Numbers to select each data manipulation
optiorn in a specific order, i.e., (#l=plot
of reflectance versus wavelength "PLOT1")
position 1 cols. 4-6 will be first in
sequence and so on. Up to 10 data man-
ipulation subroutines can be created
and inserted in the program. At present
only PLOTT is included.

Card 2

Columns 1-30 (1013) (M1-M10) The number of times each data manipulation
option will be repeated.

Card 3 - until termination of data

Column 1-6 (16) (IDATE) Date in 6 integers

Column 7-11  (I5) (ITIME) Time in 4 integers right justified
Column 13-22 (A10) (ITAR) Target type

Column 23-25 (I3) ( IANGL) View angle; 2 integers right justified
Column 26-30 (I5) (IWAVE) Wavelength; 4 integers right justified
Column 31-37 (E7.0) (DIRRD) Direct radiation measure

Column 38-44 (E7.0) (DIFRD) Diffuse radiation measure

Column 45-51 (E7.0) (SMPRD) Target (sample) radiation measure
Column 66-79 (A14) (ICOMA and Extra comments

ICOMB)
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Termination of data in this format is indicated by inserting 999999 in
columns 1-6.

Cards following 999999 card (if option PLOTI is selected)
Columns 1-40 (4A10) (LTIT) Title of graph
1 card for each graph desired under

this option
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4.0 PLANTS
Program Name: PLANTS
Subroutines Required: IMAGE
PLOT
STATS

Functions Required: GAUSS

Narrative:

Program PLANTS is designed to generate an abstract plant canopy defined
by a group of straight Tines in three dimensional space. This configuration
is represented by the projection of each plant element onto XZ and Y? planes.
The elements in the scene can be controlled (IFIGI=1) in which the user
supplies the X-Y coordinates of the plants position on the ground (XGRD,YGRD
and ZGRD, where ZGRD=0.), the length of the plant (DIST), the inclination
angle (THETA), and the azimuth angle (PHI). A second option (IFIG1=2) allows
the user to designate plant position, as before, however, the inclination
angie, plant length and azimuth angle are randomly determined. The
inclination angle is determined from a normal distribution with TMEAN and
TSTD. The plant length is similarly calculated from DMEAN and DSTD. Qutput
from either mode of operation includes a microfilm plot of the orthogonal
views; a graymap printout of the same views; statistics of the elements
in the scene; and a permanent file containing a 64 x 64 boolean representation
of the two views.

Control Card Input:

Card 1

CoTumn 1-10 (I10) (N) Number of plants in a scene

Column 11-20 (I10) (K) Number of scenes (cases)

Column 21-30 (I10) (KDATE) Date of the run

Column 31-40 (I10) (IFLGT) Flag for random/static modes

Column 41-50 (I110) (IFLG2) Flag for plant branching (unavailable

at present)
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Cards 2 and Following (IFLG1) - one card for each plant

Column 1-10- (F]O.B? (THETA) Inclination angle (deg)
Column 11-20 (F10.3)  (PHI) Azimuth angle (deg)

Column 21-30 (F10.3) (DIST) Plant length (inches)

Column 31-40 (F10.3) (XGRD) X coordinates of ground pt.
Column 41-50 (F10.3) (YGRD) Y coordinates of ground pt.
Column 51-60 (F10.3) (ZGRD) Z coordinates of ground pt.=0

Card 2 (IFLG2) - one card for each scene (K cards)
CoTumn 1-10  (F10.3)  (TMEAN) Mean of inclination angle

Column 11-20 (F10.3) (TSTD) Standard deviation of inclination angle
Column 21-30 (F10.3) (DMEAN) Mean of Azimuth angle

Column 31-40 (F10.3) (DSTD) Standard .eviation of Azimuth angle
Card 3 + N cards {IFLG2) - one card for each plant

CoTumn 1-16  (F10.3)  (XGRD) X coordinates of ground pt.

Column 11-20 (F10.3)  (YGRD) Y coordinates of ground pt.

Column 21-30 (F10.3) (ZGRD) Z coorlinates of ground pt. Z=0

Repeat cycle of Card 2 and Cards 3 + N cards format for each new scene that
is input under IFLG2.

Example Qutput:

Figures 1 through 4 illustrate the current flexibility of Program Plants.
Each of the following figures includes a printout of the line segments generated
by the program and a print of the microfilm image of the computer-generated
plants in both the XZ and YZ planes. The microfilm negative produced by the
program then serves as an input to an optical diffractometer to produce the
corresponding diffraction patterns. Figures 1 through 3 represent different
cases of the static option (IFLG1=1) in which the coordinates of plant leaves
are specified. Figure 4 is an example of the random case (IFLG1=2). 1In this
example the zenith angles were sampled from a normal distribution and the
azimuthal angles from a uniform distribution.

In the examples presented here a starting x, y, z ground coordinate is
specified for each plant leaf. The polar angles and line segment length are
then either specified or randomly selected and permit the calculation of the
end coordinates of the line segment. For example, in Figure 1 the first point
is Tocated at X=45, Y=50 (Z=0). Given a zenith angle of 45° , a azimuth
angle of 270° and a length of 30 units yields an end set of coordinates of

X=23.79, Y=50., and Z=21.21.
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Figure {. Output from Program Plants for Static Case 2 and optically generated
Diffraction patterns. Note that within each view the border was masked;
thus, only those elements within the border affect the diffraction.
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Program Plants for Static Case 3 and diffraction patterns.
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Figurs 4. Output from Program Plants for Random Case 2 and corresponding
optical diffraction patterns.
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FRDHLM
Program Name: FRDHLM

Subroutines Required:

Narrative:
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KERNAL
INVERT
DENS
cop
MATMPY
PCTAO
SETC

A detailed discussion of the inversion of the vector of percent vegetation

cover as a function of the view angle is given in Section II.

Basically, FRDHLM inverts the following equation to solve for f(8), the

leaf slope distribution:

/2
g(8,) = S

o
Control Card Input:

Card 1

Column 11-20 A10)
Column 21-30 (A10)

Cards 2, 3, 4
Column 1-80; Cards 2 &
Column 1-30; Card 4

Cards 5, 6, 7

Column 1-80; Cards 5 &
Column 1-30; Card 7

Cards 8 and following

Column 1-10 (F10.0)

K(er,ea) f(9) de.
(LABT) Title of PLOT
(LABX) Label of X axis
(LABY) Label of Y axis

3 (8F10.0) (G) Probability of Gap
19 values using 10 columns for
each value

6 (8F10.0)(RSOL)Input comparison
CURVE (can be blank)
(GAMMA) Is a smoothing function ranging from
1-10,000; any values for gamma

may be selected within this range.
One value per card.
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PROP
Program Name: PROP

Subroutines Required: GRAPH
Narrative:

PROP accepts as input densitometer readings which wedge sample the
diffraction pattern of an orticgona’l view of a plant canopy. A plot of the
distribution of leaf slopes contained in the original image is then generated.
This program is referenced in Section II.

Contrel Card I[nput:

Card 1

Column 1-4 (14) (NRUN) Number of runs

column 5-i0 (16) (NDATE) Date in 6 INTEGERS

Column 11-20 (F10.5) (DERCT) Threshold value

Column 21-30 (F10.5) (BADJ) Base adjustment for aperture

Column 31-40 (F10.5) DTEST) Minimum divergence test value

Coiumn 41 (11) (MTRAIL) Test for end of data (other than
0 for end of data)

Cards 2 & 3

Column 1-80; Card 2  (16F5.1) (DATAE) Densitometer values
Column 1-15; Card 3

Repeat Card 1 and Card 2 and 3 formats for each successive group of 3 data
cards until all desired data has been entered. End of data is indicated

by a single card with some integer value other than 0 for Column 41.
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