
SPECIES AND CI]LTIVAR DISCRIMINATION OF CER.EALS

A Thesis

Subnitted to the Faculty

of

Graduate Studies

The University of ManíÈoba

by

Harvey L, Glíck

In Partial- Fulfill-urent of the

Requirements for the Degree

of

Master of Science

Department of Plant Science

Septenber 1979



SPECIES AND CULTIVAR DISCRIM]NATION OF CEREALS

BY FIELD SPECTROSCOPY

BY

HARVEY LEONARD GLICK

A dissertation submitted to the Faculty of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCIENCE

a- t979

Per¡nission has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this dissertation, to

the NATIONAL LIBRARY OF CANADA to mic¡ofilm this

dissertâtion and to lend or sell copies of the frrlm, and UNIVERSITY

MICROFILMS to publish an abstract of this dissertation.

The author reserves other publication rights, and neither the

dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author's written permission.

e:1 Låai.¿tî{:8.q

-{¡lR¿ntCE



ACKNOI\TLEDGEMENTS

Very often, with research projects of this naËure, there are a

number of people Í7hose names do not appear on the final nanuscrípt,

but krho nere ínsËrunentål in Ëhe completion of the project. I r¡ould

now like to express ny gratÍtude.

Dr, C.F. Shaykewich

Dr. L.J. l,acroíx

Dr. K.lJ. Clark

Dr. I,l.C. Bel1

Mr. E.J. Brach

Mr. G.T. St. Amour

Dr. A.R, Mack

In additÍon, I rroul-d like t.o thank those friends and relaLives

who provided love, fríendship and inspiration when it riTas needed.

They know l,¡ho Èhey are.



iii

TASLE OF CONTENîS

INTRODUCTION

LI1ERATURE REVIEW .

Page

I

2

Introduction 2
Single Leaves 2
Plant Canopies . .... 7

Applications l0

MATERIAI,S AND METHODS .. 13

Introductíon 13
Experímental Design . 13
Treatments 15
InstrumentaËion .... 15
Measurenent of Spectrâl Reflectance 18
Gror{'th Stages 19
?lant Height 19
Leaf Area 19
Chlorophyll Detemination . 22
Photographj.c Measurement .. 22
Analysis of Data .. 22

RESULTS AND DISCUSSION ..... 37

Species Reflectance 37
Comparison of Reflectance From Different Crops 44
Comparisons of Cul-tivar Reflectance 49

SI'MMARY AND CONCLUSIONS ....

LITERATT'RE CITED ..

58

60

APPENDIX

APPENDIX



av

LIST O¡ TASTES

Table Page

1, Líst of TreaËments Used ín This Study .. L6

2. List of GrowÈh Stages Used in ThÍs Study 2l

3. Spectral lrradiance Of llanp S - 310 (mícrowat tt/" 2)

4Ë a Distânce of 41 .B cm operated at I amperes 24

4. Líst of Regression Equations Used to ConverË finergy
Received at Èhe Sensor to Energy Reflected by the
SÈandard Plate

5. Days l'rom Seeding, Grotrth Stage, Chlorophyll
Concentration and Mean RefLecËance Fron Ítheat at
Three Wavelengths .. 39

6. tr{avelength Range (rr¡) Over l,IhÍch There is a
Signíficant Difference in Reflectance BetraTeen Five
Observation Tímes of tr{heat .. 39

7. Days From Seedíng, crohrth Stage, Chlorophyll
Concentration, Reflectânce Peak and l"feån Reflectance
Tron Barley (cv Bonanza and Klondike) at ThTee
Wavelengths 4l

8. I{avelength Range (r¡n) Over Which There was a
Signífícant Difference in ReflecÈance between Iour
Observation Times of Barley . 4I

9. Days I'rom Seeding, Grohrth Stage, Chlorophyll
Concentration and Mean Reflectance From oaËs aÈ Four
tr{avelengths 43

10. tr{avelength Range (nn) Over lJhich There rnras a
Signíficant Difference in Reflectance Between Four
Observâtion Times of Oats .. 43

1I. lJavelength Range (r¡n) Over lJhích There r¡as a
Significant Difference in Reflectance Between l.Iheat (W)
aod Barley (B) .. . 47

31



LIST OI' TABLES (contÍnued)

Table

12. Wavelength Range (nn) Over trlhich There r¿as a
Signif icant Di.f f erence in Ref lecÈance BetÌnreen
ir¡heat (hr) and Oars (0) .,.

13, hraveLength Range (rur) Over t{hÍch There r¿as a
Signifícant Difference in Refl,ectance Beth'een
BarLey (B) and Oats (O) . ..

14, lJavelength Range (rm) Over hrhÍch There u'as a
SígnificanL Difference in Reflectance Between
Neeparía (N) and Sinton (S) IüheaË .

15. ConcenÈration of Chlorophyll a, Chlorophyll b and Mean
Canopy Height for Sínton and Neepawa lJheat at Five
Dates of Measurement

16. I{âveLengËh Range (rm) Over Whích There was a
SignificanÈ Difference ín Reflectance Between
I{akooma (!l) and Sinton (S) I{heâË .

l7 , I,lavelength Range (rm) Over irlhich There was a
Signifícant Difference in ReflecËånce Between
I{akoona (!ü) and Neepar,ra (N) I{heat

18. lJåvelength Range (nn) Over ilhich There was a
Signifícant Difference in Reflectance BeÈr,reen
Bonanza (B) and Klondike (K) Barley

19. lJavelength Range (nnr) Over hrhich There was a
Signíficant Difference ín Reflectance Between
Harnon (Ita) and lludson (Hu) Oats.

Page

47

48

51

52

53

55

55

56



vaa

ASSTRACT

GlÍck, Harvey L. M.Sc., The University of Manitoba, September 1979.

SÞecies ând Cultivar Discrimi-nation of Cereals by Field SpecÈroscopy.

Major Professor: K. W. Clark

ObJ-Íque measuremenËs of specËral reflectance (350 nlr - 750 nn)

r¡ere made from plant canopíes of r{heat (cv. Sinton, Neepawa), barley

(cv. Bonanza, KJ-ondike) and oâts (cv. Harmon, Hudson) in a replicated

field experiruent conducÈed in 1977 . Comparisons of reflectance were

made between species and cultivars to determine if it is possible to

discriminate between closely related species and cultivârs and to

determj-ne the optímuD combinatíons of wavelength and stage of gtowth

that maxímize the poÈentÍa1 for díscríninatíon.

Seasonal changes in reflectance fron wheat and barley were

inversely rel-ated to changes in Èhe concentTation of chlorophyll

in the leaves. ÐÍscrÍmination betr^reen hrheaÈ and barley was possible

at tillering and at anthesis in the 600 nrn - 700 nm waveband. Dís-

crimination betr,rTeen r¿heat and oâts and betrúeen barley and oaËs !,ras

not possibl,e until anthesis, although discrímination was possible

at almost alJ- wavelengths.

Comparisons of reflectance from cultivars u'iËhin â species

indicaËed that a potential exists for discriminating betiTeen cultivars

by reDote spectral measurements,



INTRODUCTION

A long tine goal of acíentists ¡rithÍn the cereâ1 industry has been

to âccurately monítor grain production on a regional and nationål scale.

Since the advent of the NationaL AeronauËics and Space Administ¡aÈion r s

(NASA) resource satellite program, reEote sensing techniques have been

used in crop surveÍllance programs of various types. The analysís of

remotely sensed crop refleetance data can provide infornation sbout im-

portanË agronoruic parameters like acreage, vigour, Eaturity and yield,

rnrhich are at present difficult to deternine by traditional survey

ueËhods .

At present, the development of instrumentation has perhaps outpaeed

our j-nterpretative ski11s. I{hile some studies have successfully denon-

strâted thât different crop types (ie. broad.Ieaf vs sod) can be disti.n-
guished by their spectral characÈerís tics, the ability to distinguish

rnore cLosely related crops, such as the snall grains, has yet to be

reaTízeð.. Clearly there is a need for ãdditional research to provide

basíc inforrnation about crop ïeflectance to improve our interpretåtive

and analytical skíI1s.

The purpose of this study was to compare the spectral propertíes

of sma1l grain crops in situ in the visÍble region (350 nm - 750 nn).

ThÍs thesis provides infornation on the telationship between ctop

refl,ectance and the type of crop, the stage of oaturity and the physio-

logical- staÈe of the crop.



I,ITERATURE REVIEI,I

Introduction

The ability to monitor crop growth by remoÈe sensing requires an

understanding of Èhe specÈlal properties of planË canopies and of the

individual components rríthin the canopy. Literature concerníng visible

reflectance fron boÈh single leaves and from plant canopies will be

revi,ewed .

Single Leaves

An underslanding of the way solar radiation interacts with leaves

is sÈill unclear. Most current theories are extensions of the theory

proposed by WíllstatËer and Stohl (1918) for visible light. Based on

the concept of internal reflectance (CoblenÈz, 1913) and an understand-

Íng of the absorptÍve roLe of chlorophyll, i{illsËatter and Stohl firr-

xtuLaËed their theory on the internal stlucture of leaves and the poten-

tial reflecting surfaees that r47ere offered. They hypothesized thaÈ leaf

reflecËance must occur aË interfaces r¿ithín the leaf where críticâ1

reflectance was possible. The spongy nesophyll, !,'ith large intercellular

spaces and irregular cell wall orientation, seemed to them best suited

to sâÈisfy Lhe requirements of critical reflectance.

SËudies by Pokrowski (L925), Shull (1929) and cates et a1, (1965)

demonstÏaÈed that reflectance from the dorsâl (lower) surface of most

leaves was greater Ëhan reflectance from the ventral- surface in the

visible region. Since the spongy mesophyll is oríented ro\rards the



dorsal- surface, these resulÈs supported the ilrillstatter - Stohl theory

of critical reflectance.

Mestre (1935) suggested that reflectance occurÌed both at the leaf

surface and r^rithin the leaf. Surface reflectance ¡,¡ould be specular from

leaves r¡ith a glossy cuticle and obey Fresnelrs law of reflecÈance, and

it rnould be diffuse from leaves r^rÍth a ttornentoser surface according to

Lambertrs cosine 1âr4r. Mestre r,rras unable to show that the internal scat-

tering of lighÈ in leaves rras due to sma1l particles in the ce1l since

Èhere rnrås no tendency for íncreased refl-ectance at shorter wavelengths,

as r.rould be expected from Rayleighrs equation. Instead he was forced to

concLude that the rrinternal reflections proposed in the l^Iillstatter -
Stohl theory must be Lhe mâjor source of Ëhe scattering power of leaves',.

In 1965, a comprehensíve revier^r on the specËral properties of

plants L7ås published by Gates et al. They concluded rhaÈ internal re-

flectance Íras the resuLt of critical reflection of lighË at the cell
r¿aL1 - air cavity interface in the spongy mesophyll of leaves. They

also reported a decrease in reflectance at 680 nm and an increase in

reflectance at 550 nm as chlorophyll developed in maturing oak Èj.ssue.

In addition, theír data shor¿ed that the absorptíon edge of the reflec-
tance curves at 680 nn shifted progressively Eoward longer wavelengths

as the tissue mâtured. Gates et al. theorízed that the spectrâl pïo-

perties of leaves in the visible region were related to pÍgment devel-

opment. After investÍgating the spectral characteristics of numerous

pl,ants, they concluded thaÈ " qualitatíveIy all green leaves have

similiar spectral châracteris tics, quantitatively they differ

consÍderably rr.
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Sinclair et al. (1973) investígated Èhe relationship between ref-

lectance and trânsmiËtance of líghË at visible and infrared l.'avelengÈhs

and the observed internal structure of the leaf. They concluded that

the l{illstatter - Stohl theory l,ras unâble to satisfactorily explain the

effects of leaf refl-ectance at near infrared r^ravelengths. They present-

ed results of dorsal and ventral measurements of soybean leaf reflectance

as evidence. The llillstatËer - Stohl theory would predíct a higher ref-

lectance from the dorsal surface of a soybean 1eaf, Sinclair et al.

reported sígnifÍcantly higher levels of reflected radíaÈion fron the

ventral síde of soybean leâves at 1040 nn - 1070 rm. They proposed

thaË "Ëhe dífference in predícÈion eapabiJ-ity of the WíllsËåtter - Stohl

theory r^ras attríbuted to the fact that the theory lras developed on the

basÍs of resul-ts obtained only fron the vísible waveJ-engths, râther than

results obtaÍned in both the vísíble and reflective infrared wavelengthstr.

In fact Sinclair et a1, did observe higher levels of reflectance from

the dorsal surface of soybean leaves aL visible wavelengths (640 nn -
650 nn) .

The auËhors also compared the spectral ptoperties of both sunlit

and shaded leaves of apple (Malus punila). In both cases the ventral

surface of the leaves was more reflective at infrared wavelengths. In

addition they observed that reflectance was greater fror¡ sunlit leaves

(dense mesophyll hrith several layers of stacked palisade) than fïom

shaded leaves (lacunose nesophyll) in the infrared region (1040 nn -
1070 nn). These resulËs further contradÍcted rhe i{illstatter - Stohl

theory rarhích stresses the importance of a lacunose mesophyll.

Based on these findíngs Sinclair et al,postulated a díffuse
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refl-ectance theory, based on the uicrofibrillar strucÈure of cell walls,

which predícts that rrfor the shorter infrared wavelengths, the greater

the nuuber of layers of eellular material the incident radiation en-

counters at a perpendicular angle, the greater r,¡i1l be the reflectancerÌ.

The lJillstatter - Stohl theory r{'ould predict reduced reflectance. Ref-

lecËânce measurements fron dehydraÈed corn leaves r.¡ere used to test their

theory. Dehydïation caused a reorient.atÍon of the cel-1 r,7ål_1s to an angle

perpendícular to the incident radiatíon. A statístical1y signifícant

increase (up to l5%) ín reflectance was observed as the corn l-eaves went

fron a turgÍd to â dessiccated condítíon, at infrared rntavelengths. The

diffuse reflecËance hypothesis also satísfactorily explaíns the higher

levels of reflectance obtaíned from the ventral surface of dorsiventral

leaves and the hígher 1eve1s of reflectance obtained from thicker sunlit

apple leaves. A schematic drâwing of the proposed diffuse reflectance

påthi,¡ay of light is Íllustrated in Fígure 1.

I'IGURE 1. Schematic drawing of Èhe pattrhray for the hypothesized
diffusíve reflected and transrnitted radiation fron cell r¡a1ls.
AfÈer Sinclair et al., 1973.
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Thomas et aI. (1966) reported that an inverse relaËionshíp existed

beËr,¡een reflectance ånd cotton leaf moisture content aÈ visible and

Ínfrared wavelengths. The effecÈ l,¡as most noticeabl-e at 1450 nm, a

water absorption band. The increased reflectance as moisture deficit

increased was relaÈed to changes in the sÍze and shape of the cel1s and

the inÈercellular spaces. They also reported that reflectance uTas more

closely related to rÀraÈer content Èhån to relative turgidity.

Gausman et al. (1969) also investigated the nechanism of leaf re-

flectance in cotton plants. They reported that Ehe number of intercel-

1u1ar spaces in the spongy nesophyll l,ras positivel-y correlated to near

infrared reflectance, An increase in Ëhe total nesophyl-l air spaces

increased reflectance, as predicted by the theory of critical light

reflection. These results were supported by Knipling (1970) who, on

the basis of theoretical models, suggested "that Èhe iEportant parameter

in deËerminÍng the level of reflecÈance r4ras the number or tot.ål atea of

the aíT - r,¡all interfaces and not the voh¡me of air spaces".

Gausman (1977) suggested Ëhat leaf components such as stomata cel-l

walls, crystals, mrclei and chloroplasts may contribute to Èhe reflectance

of near ínfrared light, particul-arl-y in the 700 nn - 1100 nm waveband.

Thomas and Gâusrnên (1977) reported thaË Ëhe 550 nm r¡avelength seened

besÈ suiÈed for relating reflectance to either total chlotophyll or

carotenoid concentration. For nosÈ crops investigated chlorophyll was

the most irnportant Índependent factor affecting visible reflectânce,

although carotene rnay beeome influential laÈer in the gro\nring season,

I,thile sti1l unclear, the general understanding of reflectance from

singJ-e J-eaves incorporates diffuse reflecÈance from cel1 walls and



from the cell lrall- - ai-r caviËy interface,

specular surface reflecÈance. Reflectance

selectíve absorption of radiation by planË

7

as well as s:mall anounts of

from leaves is nodifíed by

pígnents and water.

Plant Cânopies

Measureüents of henispherical reflectance from single leaves are

basic to our understå.nding of vegetatíve reflectance. Eowever, data

from single leaves are unable to satisfactoríLy explain the direcÈional

reflectance fron a planÈ canopy without modification. ünlíke the relative

siuplicity of single l-eaf measurenents, a planL canopy ís a compJ-ex

composite of shaded and sunlit soil and leaf surfaces ât various angular

oríentâtíons (Richardson, 1975) .

Myers et al. (1966) reported that measurements of toËal reflectânce

from a cotton canopy (neasured r¡ith a field spectroradiometer) were

hi.gher than measurements of total reflectance from a single cotton leaf

(rneasured with a 1ab spectromeÈer) in Èhe visible and infrared ÌravelengÈhs

(400 nrn - 1600 n¡r). They suggested Èhat thís r,ras due to changes in

transmission through the top of the canopy, changes in light quality

rtithin the canopy, multiple Ínternal refl-ections and reinforeement of

reflectance from the top of the canopy.

CoLr¿ell (1973) reported Ëhat hemíspherícal reflectance from leaves

alone r¿as insufficient Èo conpl-etely describe vegetâÈive or canopy

reflectance. IIe cited datâ from Steiner and Guterman (1966) Èhat shoeTs

neasurenents of henispheri.cal leaf reflectance from aspen and birch

leaves were larger than the directional canopy refl_ecÈaace (by up to l8%)

in the 710 nn - 790 nm tegion
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Monteith (1965) suggests that radiation scatËer between leaves

of a crop canopy by nultiple reflection ís inportant in expl-aining re-

duced canopy refLecËance. T'hê amount of scâttering increases r,rith the

irregularity of the leaf surfaces and with the solar el-evation angle,

since more light can penetrate Èhe canopy as solar eLevaÈion increases.

Similiår results were reporÊed by Davis (1957) who shou'ed Éhat grass

canopies exhibited a reduction ín refleciance as solar angle increased.

Egbert and Ulaby (1972) reported on Ëhe effect of solar âltitude,

incident look angle and azimuth look angle on the spectral refLectanee

from a grass canopy. ïhey noted that the angular variåtions of canopy

reflectance can have a signifícant effect on remote reflectance

measurements.

Studies on leaf transmission by Kasangi and Monsi (1954) have shor,¡n

that solar radíation exhibits a changed spectral composition after

transmission through vegetatÍon. SËanhill (1962) found rhat the exten!

of difference ín the quality of ÈransmitÈed so1âr radlation depended on

the proportion of radiation transmítted through Ëhe Leaves and the pro-

portion that reaches the ground as unaltered sun flecks.

The effects of canopy density and geometry on reflectance are not

well understood. IühiLe most studies were concerned wíth ful1y developed

canopies, investigators are noür lookíng at changes in reflectance ås the

canopy develops.

At earl-y stages of canopy development, Alekseev and Belov (1960)

Teported â smooLhing out of the refLectance curve betr,rreen 450 nn and

900 nn due to the moderating influeoce of the soil background. SirDiliar

resul-ts vere reported by Archybasheus (1961) fron aerial measuïements
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of developing coËton plants.

The influence of the soil background on observed refl,ectance dín-

iníshes as the canopy develops. Idso et aL. (1977) reported that Èhe

effect of soÍJ- background becomes negligible rThen the leaf area index

(LAI) of wheat exceeds 2.5. Chance and LemasÈer (1977) calculated

from theoretÍcal- models that crop xeflectance from canopies become in-

sensitÍve to changes ín IAI \^rhen the LAI exceeds 2.2 ín ttre vÍsible

region and 6.2 in Ëhe infrared region.

A number of mathemâtícal crop rnodels have been developed to quan-

tify the theoretical- reflectance from crop canopies (Allen and

Richardson, 1968; Al1en er a1., 1970; Idso and de l{it, 1970; Suits,tgTZ).

These models can be traced back to the tsro parameter Kubelka - !{unk

theory, which itself Ís an extension of the one parameter Bouger -
Lambert 1av¡ for tTansmission of l-ight through a rnedium.

It is clear Èhat a number of parameters in addíÈion Èo henÍspherical

reflecËance from single leaves are necessary to satÍsfactorily explaj-n

the conplexiÈies of vegetatÍve or canopy reflectance. These additional

parameters incl-ude:

l) leaf transrnissÍon

2) leaf area and geonetry

3) non - leaf canopy components

4) background châracteristics

5) aolar angle

6) look angle
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Applícations

trlith Ëhe advent of NASATs resource satelliÈe program ín 1972, the

number of investigations involving the application of remoËe sensíng

techniques to deÈermine crop gro!.'th has íncreased. The focus of these

invesËígations has been Èo deternine r{hether solar rådiation reflected

fron a crop is an accurâte indicator of crop growth.

The Large Area Crop lnventory Experiment (LACIE), one of the early

crop surveí1lance programs, utílized exísting techniques of remote

sensing, data processj-ng and interpretation to provide esËimates of

crop yield (MacDonal-d, 1974). Although the resulËs were encouraging,

applications have been limited prínarily due to a lack of information

concerning the cause - effect relationship between crop reflectance and

crop and environmental parameters. As a result, ground based crop re-

flectance experiments have become instTumenlal in providing much needed

inforrnaÈion to åugment ]-arger airborne surveillance progrãms.

Under field conditions reflectance frorn a crop canopy is affected

by crop type, foliage densiËy and geomeËry, plant height, vigour and

maturity. In âddition environmental factors such as soil type, moisture

availability, soil salÍnity and nutrient sËatus as well as atmospheric

factors such as wind, cloud cover and solar angle indirectly affect crop

reflectance in situ (McCllelan, 1963; Thouas et al., 1966; Myers and

Allen, 1968). These characÈeristics can be exploíted to advântage by

renote sensing, since differences in spectral Tadiation reflected by

a crop may be an accuraÈe indicåtor of crop species, crop vígour and

crop productivity.



11

Studíes attenpÈing to ídentify crop species on the basís of mea-

surements of spectral radiation are ínconclusi.vê. Diffícultíes exist

due to the dlmarnic nature of crop grohrÈh. Siaee Ehe spectral proper-

tíes of leaves are closely related to cell structure, ÈheíT reflectance

changes l.rith Eaturity. Thomas et a1. (1966) reported thât reflectance

at 550 nn frorn greenhouse gror¡rn cotton decreased wÍth age. These fínd-

ings were also reported by Gausman et al. (1971) for both fíeld and

greenhouse cotÈon. They noted that leaf age hactr l-ess influence on l-eaf

reflectance ín the fie1d.

Verhoef and Bunnik (1974) suggested that the differences âmong

spectral reflectance properties of different crops hrere largely lelaËed

Èo differences in canopy geometry. They noted that these differences

ín reflectance in the visible region were due to differences in pignenÈ

concentration and ground cover.

Leamer et al. (1978) conpared the seasonal changes in reflectance

of Èr{ro wheat cultívars (one spríng r^rheat and otre winter lrheat) aÈ Èhree

plantíng densÍËÍes. Reflectance at 550 nm decreased sl-Íghtly nith age

for all treatmenÈs and no discrimination bet$reen cultivars was possible.

SinilÍar results ¡.'ere obtafned at 650 ruD, although soÍI reflectance

differed naïkedly from Èhe wheaÈ reflectance at this !,'aveLength. At

750 nn the two cultivars differed ín reflectance at all three densities

on -each date of measurenent during the season, buÈ the rel-ationship was

not consÈant and was very difficuLt Ëo interpneÈ.

Mâck et al. (1978) reported ËhaË the spectral- regions near 480 nm

and near 650 nm were useful in differentiatíng erop species, noting that

crop reflectance is extremely sensitive to changes in growth and developmenÊ.
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These Ër¡o spectral regions are in agreement \^rith findÍngs of Radziminsky

and Kharin (f973) who reported Èhat the greatesL contrast (maximum

varíability) in planË specÈrâl reflectânce using visible nultiband

photography occurred in tr^ro distínct wavebands, one at 480 n¡r - 520 n¡n

and the other ât 640 nm - 700 nrn.

Rao et â1. (1978) conpared the reflectance of several grain crops

in the field with a spectropho Èometer accurate to 1nm. Differences in

reflectance in the visÍble region r¿ere observed for comparisons of soil

vs oats (750 mr) and for comparísons of soybeans vs fababeans (380 nn,

750 nrn). No differences nere observed in comparisons anong t¡heaË

culËivars. The reflectance values used however, nere averaged from

heading to maturity and did not account for refl-ectance during the

early part of the growing season.

Idso et aL. (1977) reported thaË measurements of canopy reflectance

could be related to grain yield. Measurements of short\rave albedo taken

every 20 minutes each day durÍng the season from six dífferentially

Írrigated durum r¡heat fields showed thaË fínal grain yield is a linear

function of the rninÍmun albedo value reached just prior to head ripening.

This technique however, ís dependant on the crop type and the prevaíl-ing

envíronmental conditions, and rnrould require the developmenÈ of a seperaÈe

rnodel for each crop being investigated.
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}ÍATERIALS AND METHODS

Introduction

The prirnary objectíve of this study rrras to obËain accuråte meas-

urements of reflectance from several s¡nall grain crops (wheat, barley,

oaËs) and to monitor the seasonal changes in reflecÈance as lhese crops

måtured. The methods and materials used in this study r¡ere selected to

facilitâte the realizaÈion of this objective and sti1l Eaintain a degree

of practícality. Aneí1lary agronomic parameters were recorded to improve

our understanding of the causatÍve factors Ëhat influence vegetative

refl-ectance.

Experinentâ1 Design

The fiel-d plots h'ere arranged in semicircul-ar fashion (Figure 2).

All the plots in each of the two arcs were equiidisÈant frorû the field

J-aboratory which housed the lÍghË sensiÈive detector. The distance be-

tween the detector and the Èh7o arcs was 24-4 n and 30.5 m, respectively.

The centre of the arcs was directly in line r^'ith the vie!¡ing mirror in

the field laboratory. Pl-ots Ín the front arc were 2.44 m long and 0.73 ¡n

!"ide at the front. Plots in the back arc were 3.05 n long and 0.91 ur

wíde at the front. The two different arc distances and plot sizes had

no effect on the spectral measurements (Brach et a]-., 1977) . Since the

fíe1d of view of the telescope !¡as completely fil-1ed by plant material

during all measurements, iË was not necessary to correcl for differences

in distances Ëo the detector,



1..

ffi

Figure 2. Field Layout for 7977 Experiment.
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A line from the deÈector bisecting the two arcs r¡ras 27044' west

of the north - south axís. The plots were seeded in rows perpendicular

(east - west) to Ëhe víer,ring axis of the telescope. Each treatment Lras

replicated three tímes, A pathi,¡ay of 3.66 m betrreen the two arcs and

the âTea betlreen the field lãbolatory and the plots r^7ere seeded with a

cover crop of fall rye which r,zas kèpt closely cropped throughout the

season .

Treatments

A total of 7 treatnents were used in this study (Table 1) . Each

treatEent consisted of a fÍeld plot seeded with a partícular cultivar.

Differenees betr,üeen Èreatments r¿ere due sole1y to differences ín the

Èype of plant matetial present.

TreâLnents were hand seeded on May 14, 1977 inËo a seedbed that

received minimal cul-tivation and no fertilization. All treatments hrere

sorûr at a depth of 3.8 cn in ror^rs spaced 30.48 cm apart. Seeds were

spaced 1.22 cm â.p€.rË ¡úÍthin the roras giving a populaËion density of

approxinatel-y 200,000 plants per hectare. Seedíng rates rrere selected

to obÈaÍn a dense, bushy stand of plênt material that would completely

fill Èhe vier,üing area of the telescope. No attempt was rnade to simu1ate

con:¡nercial seeding pråctíces,

Instrumentation

Measurements of radiant energy (350 nn - 750 nm) refleeted fron the

crop r47ere made using the electro - optical system ilLustrated in Figure 3.

llardware components of the system included a f1at, front surfaced mirror

(M), a SchnidË - Cassegrain telescope (TE) , a telecompressor (TC), a



TA3],E 1. Li6t of treatmenËs used in this study.

Nr¡nber DescripÈion of trêåÈment

1. Bonanza; 6 - row malt or feed barley

2. Klondike; 6 - row feed barley

3. Harmon; conlnon oaËs

4, Iludson; comon oats

5 . Neepar,¡a; arrmLeÈted, hard, red, spring wheat

6. Sinton; awned, hard, red, spring wheat

7. I'Iakooua; åmber duïum wheat
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I'igure 4. Schematic Drawing of Pathway for Vísible Radiation
Through the Opticã.l Sys tem.
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monochroBaËor (M), a photonultipLier detector (PM), a photon quantun

neter (PQM) and a Ër"ro channel analog recorder. The optical path of

reflected radiation through the system is schemâtícally illustrated

in FíBure 4 (Brach et aL., L977).

Measurements of incident atmospheric radiation (350 nn - 750 nn)

were obtained using a sirtri-liar but sep arate optícal system. A roof

mounted pyrohelioneter attached directly to a telecompressor l-ens elim-

inaËed the need for a mirror and Èelescope. MonochrornaËors in the tr^ro

systems were wavelength synchronous, Èhus insuring that both optical

systems were detecting líght energy of the same wavelength at any given

time during a measuremenÈ.

MeasuremenË of Spectral Reflectance

Râdiant energy refLected by the crop r,tras neasured on clear (less

tl:.ar: 3/5 cloud cover), caln (less than 20 km per hr wind), sunny days

several tímes Èhroughout the groraríng season. Measurements were perforned

betr,,Teen Èhe hours of 800 and 1700, l-ocal daylight saving time, between

June 6 and August 10.

Prior to each spectral measurement the folding mÍrror r^ras adjusted

to the proper angle. The teLescope r,üas then focused on the upper third

of the crop so that the desired plant treatment completely fiued the

viewing area. It was assuned that the reflectance measured in this r^7ay

was from the upper horizontal surface of Èhe canopy.

Spectral measutements were manually initíated. Radiant energy

from the plânt canopy as well as from the atmosphere r¡ere measured

synchronously at 2 nm ÍncremenLs from 350 nm - 750 nn. The resulting

data was recorded graphically in the form of relative output from each



sensor as a function of wavelength.

to as analog crop spectral curves.

time of day as well as estímates of

recorded.
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These will subsequently be referred

For each analog curve, the exact

wind speed and cloud cover r4rere

Grorarth Stages

Growth sÈage meâgurements for a parÈicular treaÈment were made

each day that measurements of spectral reflecÈance were performed. A

grohrth stage fron I through 10 was assigned to a treatment on Èhe basis

of visuaL assessÐent (Table 2¡ USDA-I'AS-LACIE, 1976).

Plant Height

Measurements of planË height ( crn) r¡ere recorded for all treatments

concurrently wÍth measurements of spectral reflectance. Using a metle

stick the distance between the base of the plant and the tip of the

uppemost leaf r,¡as measured. After heading the disÈance between the

base of the plant and the tÍp of Èhe inflorescence was measured. Six

pl"ants measured aÈ random withÍn each treatment r¡ere used to compute a

mean pl"anÈ height for each tÌeatment,

Leaf Area

Measurements of leaf ârea l.rere riade rÀ7ith an optically íntegrating
Ileaf area meter'. Ttro plants fron each tteatmenÈ were sampLed at random.

Green leaves were separated from the stem and their area ("r2¡ *u." r.."-

ured. The leaf area index (IAI) r¡as then calculated by nul-tiplying the

combined l-eaf area of the Èr^ro pl-ants by theiÏ gerninatíon percentage and

dividíng this product by the total area of soil covered by the two plants.

ll,anbda Instrunents nodel LI 300.



TABLE 2. List of gro\rth stages used in this study

Number Description of growth stage

1.0 Not planÊed

2.0 Planted, no emeÌgence

3.0 Emergence, I - 3leaves

4.0 Tillering

5.0 Boot

6 .0 lleading

7.0 Anthesis, ful1y headed

8.0 Ripening, yellow leaves

9.0 Physiological maturity

I0.0 l{arves ted
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Chlorophyll Determination

The procedure for chlorophyll determination was based on the ab-

sorptíon of light by aqueous âcetonê (802) extracts of chlorophyll

(Arnon, 1948). The plant maËerial selected for l-AI determínation hras

al-so used to measure chlorophyll. The concentrâtion of chlorophyll in

the leaf tissue was determined by neasuring the optical density of the

acetone extracts at 663 nn with a spec tropho tometer2 , Measurements of

chlorophyJ-L were performed concurrently raríth measurements of spectral

reflectance.

Photographíc Measurements

A complete photographic record ¡,ras manitained for al-l treatments

throughout the experíEent. Exposures we¡e made r,rrith a 35 mm fornat

canera using a colour reversal slide filn (ASA 64). A Kodak grey card

(1.8% reflectance) was positioned adjacent to the treatment being photo-

graphed for accurate calibration. Each treatment r'ras photographed just

príor to the measurement of specfrâl reflectance,

Analysis of Data

l. Ca1Íbration

The optical equipmênt in the field laboratory was calibrated on

Jlune 14, 1977. The calibration was performed between the hours of

2300 and 300, 1oca1 daylighË saving tíne, Èo minimize the chance of

the det.ectors receiving any aÈmospheric lighÈ râdiation.

A high írradi"r"" Iu.rp3 was placed 50 m a!ùay from the detector.

The larnp had prevíously been calibrated (Optronícs LaboraÈories) so that

the spectral irradiance (microwat ts/cm2) at a distance of 41 .8 cn at
)-Bâusch and Lomb, rnodel Spec 20.

'Optronics, model 5-310.
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each r{avelength L'as knoL¡n (Table 3), The spectral irradiance of this
larnp was Èhen Eeasured (350 nn - 750 ruu) by the opticâl detectors in
the field laboratory. After corrècti-ng for differences ín distance

between source and deÈector, a separate calibration factor for convert-

ing relatÍve spectral output into eneïgy per uniL area was calculated

for each 4 nm inctement betÌneen 350 nn and 750 nn. In effect these cal-
ibratíon factors were determi-ned by comparíng the laborâ.tory calibrated

irradiance with the irradíance measured by the detector ín the field.
These derived calÍbration factors were incorporaÈed Ínto computer pro-

grams designed to calculate erop refl_eetance.

2. Dígitization

Analog spectral curves frori both Èhe atmosphere and from the crop

were manually dÍgitized to facilítate analysis, The transfon0ation of

analog spectral curves to digital coordinate pairs (wavelengLh vs

relalive aensor output) was perforned on a 9l cn by !22 cm dígít.ízírrg

table ¡rhích had a resolution of 0.04 cn4. The resulting d.igital output

was stored directly on computer disk.

3. CalculatÍon of Crop Reflectance

A useful way of descrÍbing the reflectivity of an object is to ex_

press it âs a percentage of the Íncident radiation upon iL whÍch ís re_

flected back to space (Bårrett and Curtis, 1976). Subsequently, the

term crop reflectance refers to the ratio of reflected to incoming solaï

radíåtíon expressed ås a percentage.

The amount of incídent radiatÍon was measured by a henispherical

4Talos digitizíng tâbLe, model Smart-1.



Table 3. Spectral itradiance of lamp 5-310 (microw axts /em?) at a
distance of 41.8 cm.r¡hen operated ât 8.0 aoperes

l.Iavelength (nn) SpecËral Irradiance

300

320

3s0

370

400

450

500

550

600

650

700

750

0.279

0 .547

L,244

1.893

3.387

6. 883

lL , s20

16.600

2r.7 4A

26 .27

30.11

33 .26
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detector mounted on the roof of the fíeld laboraÈory. In this !¡ay the

âmount of solar radiation incident to the crop !¡as deËen0ined.

The amount of radíaLion reflected fro¡u the crop l,¡as more dífficult

to deternine, I,Ihen radianÈ energy is incident upon an objecÈ rríth a

non - homogeneous surface (ég. a pJ-ant canopy) radiation ís reflected

from the surface in a nyriad of dírecÈíons. Thus the aÍount of radia-

tion received ât the detector ia in fact only a fraction of the toÈal

radiation reflecÈed by the object. Clearly it becones necessary to

relaËe the amount of radiation received at the deËector (I) to the total

ám'ount of reflected radiatíon (lo).

InitialLy this raTas done by assuming that plânts exhibit a Lambertian

type of refLectance (Brach et aL., L977). Based on this assumption, the

total radiation reflected by tbe crop could be calculated using Lambertts

cosine 1ar¿:

I = Io x cosinè ( scatËering angle ) . ......., (l)

¡.rhere I = radiation reeeived aË the detector
1o = total radiation reflected by the crop

The eosine of the scattering angle l,ras calculated by using the equation

cited by Turner and Spencer (L972):

cos(sc) = cos(z) x cos(eIev) + sin(z) x sin(elev) x cos(del-taz) (2)

r¿here sc = scattering angle

z = zeîixlj. angle of the sun

elev = zenith angle of detector
deitaz = difference beÈween crop azimuth and solar azÍmuth
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By rearranging equation (1) it was possible to calculâte the amount of

radiation reflecËed by the crop.

The accuracy of calcuLaËing crop reflectance in this nay was then

tested. A standardized Eetal reflectance plate (anodized aluniniuru)

designed by the Engíneering and Statistical Research Institute,

Agriculture Canada, OttarnTa, was used as a Ëest objecË. The plaÈe was

designed to simulate crop reflectance and !,ras stândardized to refLecË

bethreen 227" and 297. in t}j'e visible region. Accurate calibrâtion of this

plate \,ras performed by the National Research Council of Canada (Figure 5).

These results rÀ'ere then compared to the reflectance from the plate câl-

culåted by LamberËts cosine lar¡ from measurements taken in the fíeld

lâboratory (Figure 6 and ligure 7).

It was iEnediately âpparent that the calculated values of reflecÈance

from the plate \,rere not ídentical to the values of reflectance obtained

from the laboratory calibråtion. These conflicËing results suggested

that our inÍÈial assr¡xnption that Ëhe plate behaved as a l,amberÈian re-

flector r^ras not valid. Al-so, it has been suggested that plants are not

true l,ambertian reflectors (Suits, L972i de Boer, 1973; Colwe11, 1973),

A more empirícal approach Iarâs then applied in a second attempt to

standardize the calculation of crop reflectance. Techniques of nultiple

regression r¡ere used to determÍne a numerical factor Ëhat rarould satis-

factorily relate the amount of radiation receíved at the detecEor to the

total amount of radiation reflected by the plâte. The raËio of plate

reflectance from Ëhe laboratory to the calculat.ed plate refl-ectance from

the field at four r^'avelengths (450 nm, 550 nn, 650 nlr, 750 nn) was

regressed to the zenith angle of the sun ånd to the cosine of the
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scattering ang1e. Four distinct regression equations were obtaíned for

each of the four wavelengths (Tab1e 4). Using linear interpolation,

these four equations were used to calcul-ate correcËion factors for the

entire range of the visible spectrum. Thus at any given uravelength,

reflected Tâdiãtion received at the detector was multiplied by the

specifíc regression factor appropriaËe for that r.rravelength, according

to the equation:

ro590 ,- = rsgo Im x Regres"tot 
"u"tot590 ,m " ' (3)

where Io-^^ = total radiation reflected by the crop at 590 nm590 nm
I-^^ = radÍation received a! the detector at 590 nm59U nm
Regression Factor590 

nm = correction factor specific for 590 nm

Using equation (3) the amount of râdÍaÈion reflected by the plate was

calculated and plotted a second tine (Figure 8 and Figure 9). IÈ should

be noted thaÈ Figures 6 and 8 and Figures 7 and 9 originate from the

same relative sensor output, respecËivel"y. only Èhe nethod of calculation

of reflectance differs.

Upon comparison rnrith the laboratory calÍbraLed reflectance for the

plate (Figure 5), it can be seen that the field measured reflectance Ís

simí1iar to the låboratory neasured reflecËance, indicating that the

enpírically derived regression factors are satisfacÈory in the calculatíon

of reflectance. Calculation of crop reflectance was perforrned in a

sÍutíliar fashion. The assunptíon had to made that reflectance fron the

crop canopy was affecËed by zenith angle and scattering ângle in the

same way as iÈ was from the reflectance plate.
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TABLE 4, List of regression equations used to convert energy
received at the sensor Èo energy reflected by the standard
plate.

trrïavelength Regression Equation

450 nm 0.629 + 0.9171 (zenLth 
"r,gl"1¡2

550 nm 0.536I + 0.6878 (zenith angle)2

650 nro 0.1935 + 2.111 (zenith angle) - 2.228 (zeníth
angle) x (cosine scattering ângle)

750 nrn 0.4601 + 0.571 (zenith angl.)2 - 0.788 (zeníth
angle) x (cosine scaÈtering âng1e)

I-Zenith angle in radians.
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4. Statistical MeËhods

The basic output from the analysis consisted of digítal ånd

graphical values of percent reflectance as a function of r{avelength

for indivídual observatíons (ie. a parËicular treaÈmenË on a gíven day;

Figure I0), However, since each treatment riTas replicated three times,

data for â particular Ëreâtmeant at each stage of growth weïe combined

and digital and graphical representâtions of the mean reflectance and

mean refLectance plus or minus one stândard deviaLion âs a function of

rrTaveLength were produced (I'igure 11). As wel1, a1l- data from each

species were combined to produce dígital and graphícal represenÈaËions

of mean refLectance and mean reflectance plus or rninus one standard

deviation as a funcËion of wavelength.

This mean reflectance daÈa was used in making several comparisons.

These comparisons r/ere rrade by calculaÈing a Studentrs t value (Snedecor

and Cochran, L976) of the dífference in reflectance of Ehe two sets of

data involved ín the comparíson. These t values r¡ere pl-oÈted as a

funcÈion of r,ravelength.

The comparísong rnade were: 1) comparisons of refl-ectance fron eaeh

species at different stages of growth, 2) comparisons of refLectance

from different species at the same stage of grorarth, 3) comparisons of

reflectance fron dÍfferent cultivars aL the same stage of growÈh, The

objective of these comparisons rnras Ëo determine r¡hich species and whíeh

cuLtivars differed significantly from each other in mean reflectânce, aÈ

what stage of gror{'Èh they differed, and in h,hich portion of Èhe vísible

spectrum these differences occurred.
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RESULTS AND DISCUSSION

Species Reflectance

1. I,Iheat

Reflectance measurements for wheat (cv. Sinton, Neepawa) were

performed on fíve dates duríng the sumer. The corrected rnean reflec-

tance spectra for nheat are lísted in Appendix l. These spectra illus-
trâte the changes in the nagnitude of reflectance from r{heat during the

groÍring season. The spectral regions of greatesÈ chânge occurred at

550 rìn, 600 nrn and 700 nur (Table 5).

Reflectânce decreased at most hTavelengths as the r,Jheat progressed

froltr the. earLy stages of tillering thtough heading, After heading,

reflectance increased steadily, vrith very high values of ïeflectanee

observed as the wheat approached physíologÍcal maturity. These seasonal

changes in r,¡heat reflecÈance are J-argely related to changes in the

chlorophyll concentration of the plants (cates et aL., L965; Thonas et

al., 1966; hlooley, 1971). Levels of chlorophyll in the leaves increased

âs the planËs matured frour tíllering through heading. Thís increase in
chlorophyll (and other pígments) increases Èhe absorptíon of visible

râdiant energy by the plant and causes a reduction in the amount of

reflected radiation. After headÍng, 1evels of chlorophyll decreased

and rÀ7ere associated with a marked change in foliage colour. This de_

crease in chlorophyll concentration is responsible foï the large in_

crease in reflectance thaË occurred afEer heading.
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ComparÍsons of the reflectance spectra from each of Èhe five dates

of measuremenË were nade (Tab1e 6) . ReflecÈance from ¡^rheat at Èhe first
tr47o dates of measurement (I,Il vs I,{2) did not diffet sÍgnificantly aË ãty

wavelength. Since the wheat was at Èhe same stage of gïor^rth foï both

dates of measurement ' siníliar reflecËânce was expected. sÍgníficant

differences in reflectance were observed in comparj-sons of htl vs !¡3,

I,I2 vs iit3 , I"1, vs WO, !t4 vs l{5 , Each of these comparisons involved mea_

surements of wheat reflectance at closely related but different stages

of growth, In alL these comparisons, signÍficant differences in refl-ec_

tance occurred ín only tllo spectral regions; 450 nn _ 550 nn (green band)

and 600 nn - 710 nn (chlorophy1l band). These dífferences suggest that

Ëhe refl-ectance from wheat ís a function of its stage of gro!,rth.

2. Barley

Reflectance measuremenÈs for barJ-ey (cv, Kl-ondike, Bonanza) were

performed on four dates during the sr¡nmer. These four barley reflectance

spectra are lísted Ín Appendix 1. Ihese spectra ill-ustrate the changes

ín barley teflectance during the growing season,

the seasonal ehanges in the nagnitude of reflecÈânce from barley

were similiar to those exhibited by raTheât. Reflectance decreased fron

Èi11ering through heading. After heading, large increases in reflectance

were observed as the pl-ants approached physiological maturity. Like

trheat these seasonal changes in barley reflectance were largeJ-y related

Èo changes ín Ëhe concentration of chlorophyll (Table 7).

The refLectânce data also show a shift in the rÀravelength at r^rhÍch

maximum reflectance in dhe green spectraL region occurs. Ihís peak in
the reflectance spectra, usual-J_y less than 2O%, fs due to a mínimun of



Table 5.
conc ent rat i.on
wavel engths.

Days ,from seeding, growth stagei chlorophyì.1and mean reflectånce from wheat at ttrree

Code Days from Growt h
Seeding S tage

Mean chlorophyl I
Concentratlon

mqm/cn2

Mean RefI ectance
(%)

550nm óOonm .7OOnm

WI

w2

.i{3

w4

ll5

t3

29

46

55

76

4

4

6-7

7

I

34.2

39.1

43.9

4t.8

5.3 t0.9 14.4

4.A lO.5 il.5
3.2 7.9 n .2

5.3 lo.0 12.3

10.3 20. t 24.O

Table 6. hla ve l ength range
signfficênt di fference in
obseryatlon times of whe at .

(nm) over which there wâs areflectance between f ive

Observa tlon
Ti me

.hll

Gro wth
Stage

4

l{5

I
w2

4

llft

4

l,l3

6-7

fjt4

7

vt2

f{3

w4

4

6-1

7

378-594** - 460-514*
5.óO-70ó*

402-514*r. - 435-700*

418-55O*390-7J O**

454-714*
*
**

Di fference significant at .5%
Di fference sfgnfffcant at l%.
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absorption by chlorophyll. A totat shift of 12 n¡r (554 nE to 566 rur)

was observed for this peak as the barley matured, A similÍar shift in
reflectance was reported by Collins (L97 4) at 670 nn for maturing wheat

and sorghurn. This green shifÈ r,rras not observed in wheat.

CoEpaïisons of barley reflectance r¿ere made among the four dâtes

of measurement (Table 8). Sígnificant differences in reflecÈance r,zere

observed for couparisons of Bl vs B, and B, vs Br. These comparisons

involved measurements of barley reflectance obtaíned ât dífferent stages

of growth. The spectral region in whích these dífferences occurred was

fron 450 nrn - 680 nrn. Significant differences in reflecÈance were also

observed for the compariaon 83 vs 84, even though the barley was at the

same stage of grorarth on both dates of measuremenË. This clifference

ill-ustrá.ted Ëhe imporËance of accuraËely defining stage of nâturity in
the identification of species by field spectroscopy. These differences

in reflectance occurred ín Lhe chlorophyll band (600 nn - 700 mn) and

were probably due to a further deterioratíon of chlorophyll at the Later

dåte of measuremenÈ. These results índicate thât like wheat, the spec-

tral refLectance fron barley is â function of the stage of groraTth at the

time of measurement,

3. Oats

Refl-ectance neasurements for oats (cv. Hudson, Harmon) hrere per-

fomed on four daÈes during the sulnmer, The reflectance spectra for

oats are listed Ín Appendix I. These spectra illustrate the changes ín

oat Ìeflectance during the gror,ring season.

The seasonal changes in the nagnítude of refLectance from oats r,r,ere

not consistent r^ríth the seasonal- trends exhibited by vheât and by



Table 7. Days from seeding, growth staqe, chlorochyll
ccncentration, reflectance peak and mean reflectance fron
::'_l:I_: ::_b_::ii'_:_:11_11iii:!: l-i:-:Y::-:1::Ï:? :11- -----
ùooe J-,,ays fron Growth ideôn chlorophyll Peak i'dean Reflectance

5 eeo i nc; Stage Concentration Heflectance
ngm/ cm2 nn 55i.)nm óO0nm 700nm

ril

d3

LJ4

2ò

39

5J

59

4

I

I

30. ó

40.6

3l .2

554 l5.O 8.1 lO.5

55a to.2 6.2 n.9

562_ 15.0 lO.r3 12.5

566 r4. I 17.3 19.2

Ìable 8. r,¡avelength range
siçnificant difference in
observat ion times of barley.

(nm) over wh.ich there was a
refl ec tanc e between fotlr

0bservation ts4

I

BI

4

'ts2

5-6

ts3

B
.i ime

ril

B2

.J3

Uroh'th
Stage

4

5-6

I

378-ó 1O'k'k 3-7 4-426,k 570-718**

430-ó80* 430-7 i8*x

59A-698*

* Dif f erence
xì\' ljifference

significant
sicnificant

at 5%
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barley (Table 9). Reflectance fror¡ oats aÈ a1l" r¡avelengths beJ-ow 600 nm

Íncreased steadily from the eatly stages of tillering through to grain

ripening. At rravelengths longer than 600 nm however, oat ïeflectance

increased fron tilLeríng to heading, then decreased as the plants began

to appro¿.ch naturlty,

Levels of .chLorophy1l in the oat treâtrients exhibiteal a seâsonal

pattern siniliar to that observed for rarheat and barley. The concentra_

tion of chlorophyll increased steadÍly up to heading and then decreased

as the plants approached måtuïity. The relationship betr,Teen oaË chloïo_

phyll concenÈration and oat reflectance is not clear. unlike wheat and

barley, the seasonal changes in refl-ectance from oats can not be satis-
factorily explained by changes in chlorophyll- concentïation. Other

factors such as the structure of the inflorescence and the geometry of

the canopy may be ínvolved.

The spectral regíon of greatest change duríng Lhe season r¿as from

600 nn - 700 nn. Ilowever, resulËs of the comparisons of oat reflectance

among the four dares of measurement shor,.r that few of these diffe¡ences

are signíficant (Table 10). The only sÍgníficant dífferences were in
comparisons of O, vs 0, and 0, vs 03, ín the 630 ím - 7O2 nn waveband.

High standard devíations for oaË reflectance måy have contributed to

Èhe lack of significant dífferences.

the resulËs índicate that oat ïefLectance ís a function of the

stage of gror'rÈh of the plants ât Èhe tj-me of measurement, although the

relationship is noÈ clear.



Table 9 . Days
concentration and
wa velengths.

from seedlng, growth stage, chlorophyll
mean reflectance from oats at four

Code Days from Growth
Seeding Stage

Mean chlorophyll Mean Reflectance
Concentration (%)

ngn/cm2 40onm 50onm óo0nm TOOnm

ol

02

r)3

04

l3

29

46

56

4

6-7

7-8

37. I

38.7

50.8

49.9

5.5 4.5 8.0 lO.8

ó.3 5.O 8.8 l1.0
ó.8 6.3 t3.8 t7.8

1.O 7 .3 il .3 t3.5

Ta.bl e 10. .WaveJ.ength range
sfgnlf fcant di fference in
observation times of oats.

(nm) over whlch there was a
reflectance between four

{)bservation
Ti me

ol

fi2

f)3

Growth
Stage

4

4

6-7

o2

4

ol

4

{)3

6-1

o4

7-A

59 4-:142r<)<

630-702*

*
**

Difference significant at 5%
Dl f f.erence significant at 1%.
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Comparíson of Reflectance Ïrom Different Crops

1. lJheat vs Barley

Comparísons of reflectance from wheaË (cv. Neepawa, SinÈon) and

fron barley (cv. Bonanza, Klondike) at several stages of gror.Tth nere

rnade by calculating a Studentrs t (Table 11). Attention ¡.¡as focused

on comparisons in which both the rrheât and the barley were at the same

stage of groÌrth. It was felt that these specific comparisons r¡rere most

directly related to the development of crop identificatÍon techniques.

At tillering (lf, vs Br) the mean reflectance fron lrheaÈ was sig-

nificantly greater than the mean reflectance fron barley from 610 nrn -

690 rur, the spectTal region of chlorophyll absorption. Sinilíar results

rsere observed at headÍng (![, vs Br). Again mean rrheat reflectance raras

sígnifÍcantly greåter than mean barley reflectance from 606 r¡rn - 690 nn.

At anthesis (!Í* vs Br) and during graín rÍpening (W5 vs BO) nean

r^theat reflectance and mean barley reflecÈance did not differ significantly

at any rdavelength.

These data suggest the exístence of tllro distÍncÈ temporål regions

for describing comparisons of rarheat and barJ-ey refl-ectance. Fron tíl-

lerÍng to anthesis, the potential for discrirninatÍng wheaË frorn barley

exists due to differences ín reflectance from the two crops ín the

600 nn - 700 nm r,¡aveband. These differences are probably related to

differing rates of chlorophyll synthesis in r,rheat and barley. After

anÈhesis reflectance from the two crops was similiar, providing little

potential for discriminaËj-on. The lack of signÍficant differences late

in the season Eay be rel-ated to the deterioration of chlorophyll, which

woul-d lessen Lhe effect of different chlorophyll concentrâtíons, and to
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the sinilÍarity of the hTheat and barley Ínflorescence.

2- Wheat vs Oats

Comparisons of reflecËance from r^rheat (cv. Sinton, Neepawa) and

from oats (cv, Hudson, Itarnon) ¡^'ere nade in the same manner as previous-

1y outlined (Table L2). Again, the coEparisons of prinary inrerest were

those involving r,Theat ând oats at símiliar stages of grokTth.

At tillering (Wrvs 0rr W, vs 0r) the reflectance from wheat exceeded

the reflectance from oats, although Èhese differences r,rere not sígnificant.

The lack of signifícant differences may be due to the large stândard

deviatíon of the oat reflectance data.

At anthesis (!ü" vs O^) reflectance fTom oats was signifícântlyJJ

greater than refl-ectance from wheât at alnost all- wavelengths. After

ânthesis (!ü. vs 0,) these dífferences in reflectânce were noÈ observed.44
these data shon that reflectance from l,rheat and oats is siniliar

for much of Èhe growing season. During anthesis however, the potenËíal

for díscrirninatíng wheat from oats does exíst due to dífferences in

their spectral- reflectance. These differences in reflectance at anÈhesis

may be caused by the large dÍfferences in the structure of the ínfl-o-

Tescence of wheat (spÍke) and oats (panicle). However, since these

differences in refl-eetance r^rere not observed at any later sLages of

gror,7th, the actual effect the inflorescence has on reflecËance is not

clear .

Barlev ws

Conparisons of reflectance fron barLey (cv. Klondike, Bonanza) and

from oats (ev. Hudson, Harnon) were r¡ade ât three stages of growth during
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the seåson. Conparisons of primary inËerest were those involving

barley and oaÈs ât siniliar ståges of gror,rth.

At tillering (8, vs Or) reflectance fÏon oaËs was greater than

reflectance from barley at all wavelengths except the gteen band (526 nn-

574 rrltt), where reflectance from barley !¡as greater. However, none of

these dífferences in reflectânce rarere significanË (Tab1e 13).

At anthesis (8, vs Or) reflectânce from oats exceeded reflectance

from barley at âl-1 wavelengths. These differences r¡rere significant at

most ltavelengths I^,íth particularly large significanË differences (p = .91¡

occurring in the chlorophyll band (582 nn - 702 nrn)

After anthesis (BO vs 0O) these differences in refl-ectance were

not observed. Mean barley reflectance did not differ significantly

fron mean oat reflectance at any raravelength ât this stage of grorrth.

like htheåt, barley reflectance is sínilíar to oat reflectance

for nuch of Ëhe gror{íng season. At anthesis, when floral structures

begin to affecË reflectance, the poÈential for discrimÍnaÈíon of barl-ey

and oaÈs exists, due to large differences in reflectance. Agaín these

differences rnay be due to the large differences in the strr¡cture of the

inflorescence of these tr,¡o crops.



Table r1. .hlavel ength
signif lcant difference
barley (B).

range (nm) over which there was ain reflectance between wheat (l¡l) and

Obs er vat ion
Growt h
S tage

4

4

B2

5-6

B4

I
B3

e

BI

4
Ti me

ltI

w2

lI3

n4

W5

418-:lo2** 382-478* 598-ó90*

422-538**
566-686*).

- 598-ó98*

óo.ó-ó98** 41 4-598t<!. 394-7 I O**6-:1 366-574**
.ó30-ó8ó*t

7 óoó-ó90**

I 438-522*!<
510-7 I 4**

454-5O6*
578-690*

ó I O-ó90*

430-530*
562-698**

422-7 I4t *

- 586-122*

422-514*
578-7 I o*

* Difference sÍgnificant at 5%** Difference sÍgnificant at l%.

TabL e 12. Wavel ength
significant df fferenc e
oats (O).

range (nm) over which there was aÍn reflectance between wheat (trf ) and

Observa tion
Ti me

!{I

w2

fiJ

Gro wth
Stage

4

4

6-7

.o2 03

4 6-1

ol o4

7-A

7

8

w4

W5

3A2-454*
522-554x

654-69Ot

57 4-7 I Ot<

- ó90-ó98:k

378-558* 378-.738** 4O2-55Ot

578-622*

*
**

Dl fference slgnificant at 5%
Dl fference significant at l%.



Table 13. Wavelength range (nm) over which there was a
sÍgnlficant difference in reflectance between barley (B) and
oats ( o) .

l)bservatfon ol 02 03 04
Time Growth

Stage446-77-A
Bl 4--594-742*614-686x
82 5-6 43A-594* 398-558* 422-1 l8** 434-530t(

662-686r<

83 I 38ó-40ó* 38ó-430* 382-418*

84 I 582-:l l8* 37A-394',. 37a-392*
598-ó98*

't Dl f f erence signif ic anL at 5%
** Difference slgnificant at l%.
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Comparj-sons of Cultiyar Reflectance

Although the prímary objective of airborne crop monitoring programs

is the accuraÈe i,dentificatíon of crop species, ínfornation about the

particular cultivars present is also usefuL. Clearly the abíliËy to

distinguísh cultivars of spring wheat fron durum wheat as u'ell as cu1-

tivârs of feed barley from malt barley could increase the accuracy of

estimates of graín acreage. Non-destructÍve cultivar ídenÈificåtion

technÍques rnay soon be incorporated into breeding and licensing programs.

Comparisons of reflectå.nce among culËivars of each species were

nade by caLculaÈing a Studentts t. The procedure was similíar to the

one used for comparísons of species with enphasis placed on comparisons

of cultivars at siDiliar stages of development. However, since the

number of degrees of freedom were l-ower in the cultívar comparisons,

the test for significant differences in reflecÈance from cultivars wâs

a much more rigourous test.

1. trIheaË Cultivars

One cultívar of durum rrheat (Tritícun durun cv. trIakooura) rTas corl-

pared !¡ith two cultivars of hard red spring r,¡heat (cv. Sj-nton, Neepawa).

Results of the conparison of reflectance between Sinton and Neepawa are

lisred in Table 14.

During the early stages of tillering (S, vs Nr) reflecÈance from

Neepar^7a was significantly greater than reflectance from Sinton from

610 nn - 682 nrn. No significant differences were observed between the

tr¡o cultivars duríng the later sÈages of tillering (S, vs Nr) and at

heading (S, vs Nr).

At anthesís (S* vs NO) refLectance fron Neepawa was again signif-

icantly larger Ëhan reflectance from SinËon, this tine in Èhe 402 n -
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582 nm waveband. During grain filling (S, vs Nr) reflecrance from

Sinton became signifícantly larger than reflectance from Neepawâ from

594 rn - 714 rm.

SÍnton ând Neepana are tr,7o closely related cultivars. The fâct

thât large differences in reflectance occurred at tilleríng and aÈ

anthesis through rípening is encouraging, although difficult Èo inter-
pret. Both culËivars had siniliar rates of chlorophyll pïoduction

throughout the season, a]-though the l-evel of synthesis of otheï pLant

pígments r¡rã.s not measured (Table 15). Ilor^7ever differences in the hetght

of the plant canopíes and the presence of long at¡rns on Sinton may be

responsible for some of the differences ín reflectance,

ResuLts of Èhe comparisons of reflectance beËr,reen SinÈon and

l¡akooma and betrrreen NeepaÌra and l,rlakooma are listed ín Tables 16 and 17,

respectíve1y. Due to differences in the grohrth pattern of the durum

ktheaÈ treåtments, comparísons were lÍrrited to the tÍlleïing and boot

stages of growÈh.

At tillering, reflectance fron l,Iakoona was significantly greater

than reflectance frorn both Sinton (S, vs Wr) and from Neepar.Ta (N, vs l{r).
These differences occurred at 410 nm - 526 nn for both conparisons.

At the boot stage of gronrth, reflectânce from Sinton became significanËly

larger than reflectance from lJakoona at 578 nm - 746 nn (S, vs !tr).
Data for Neepawa at this sÈage of gror4'th was not available.

Although the results are not complete, the data suggesÈ that the

potentÍal for discriminating such widely differing crops as dun¡m r¡heaË

and spring lrrheat and between such closely ïelated cultivars such as

Sínton and Neepalrra exists, These differences may be due to differences



Tabl.e 14. hlavelength
slgnlficant di ff erence
and Sinton (S) wheat-

range (nm) over which there was a
1n reflectance between Neepawa (N)

Observa t.i on
Time Growth

N2

4Sta ge

sl 4

s24

s3 6-7 398-458* 406-498*

s47-

N4

7

NI

4

N3

6--t

N5

I
ólO-ó82* 506-526* 402-6lOtc* 574-UrU* -

414-482* 482-5t 4*
526-602*

318-594* 390-5 l0*
4O2-582*r. 462-510*

:?______:__ _u_!!_!o_r_* 562-706* 430-74rd.* 57o--n 4* 5s4-7t1d,

't Difference sisnirll;;;;;;;-** Difference signiflcant at l%.



TABLE 15. Concentration of chlorophyll a, chlorophyll b and mean
canopy hej-ght for Sinton and Neepâ.hra rrheat at five dates of
measuTement ,

Measurement Chlorophyll a Chlorophyll b Canopy Heíghr

(rgr/"r2) (ngn/cr2¡ (cm)

Neepar,râ

24.4

27 .4

28.9

24.3

25.6

3r.6

9.9

L2.7

13.3

L0.7

12.7

r3.5

67

112

rl4

114

26

56

100

t02

103

I

2

3

4

5

I

2

3

4

5



Table 16. Wavelength range (nm) over which there was a
signlfl.cant dif.ference ln reflectance between Wakooma (lll)
and Slnton (S) wheat.

Observatlon lTI W2 l¡l3 W4
ïÍme Growth

Stage4455-6
Sl 4 594-6A2* 4.10-526* 310-706* 466-590*

710-746** 65Q-746*

s24-4A2-526*534-666*
706-7 46*

s3 5 37A-47O* 37A-526* 578-746* 390-422*
5l 8-570*

s4 7 378-430* 37A-526t
522-566*

s5 I 57A-702* 578-714* 442-726** 414-5ljt
55A-7 22t *

* DÍfference significant at 5%
** Difference significant at l%.
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characteristics and Ëhe rate of pignent

Barlev CuLtivars

Resul-ts of the conparisons from Klondike and Bonanza, tl^7o six - rornr

barley cultivars, are presenled in Table 18, At tillering (n, vs Kr),

reflectance forn Klondike was signífícantly greater thân reflectance

from Bonanza in the 434 - 490 nrr r¿aveband. As the plants began heading

(B^ vs K^) reflectance from Bonanza became significantly greater in thez¿
646 ut - 666 nrn waveband and in the 694 nn - 746 nn r¿aveband. Horùever,

due to the decreased sensÍtívity of the detector to wavelengths longer

than 700 nm, differences in reflectance ín this spectral region may not

be neaningful.

During grain filling (8, vs Kr) no signífícant differences in re-

flectance were observed. As Èhe crops approached physío1ogical matur-

ity (8. vs K,) sÍgnificant differences in reflecÈance r^rete observed in4'+
the narroÍ,r 530 nn - 554 nn r¡aveband.

These resulLs suggest Èhat closely related cul-tivars of barley may

be discriminated on the basis of differences in reflectance from the

two cultívars aË selected times duríng the gro\,¡ing season. The facËors

causing these differences in reflectance are not clear.

3. Oat Cultivars

Results from the eomparisons of refl-ecËance from two oat cultivars,

llarnon and Hudson, are l-j-sted in Table 19. Throughout the Èíllering

períod, reflectance from Hudson r.ra s slgnificanÈly greaÈer than reflectance

from llarnon. During the eârly stages of Èillering (Ha, vs lÌur) these



Table 17. hlavelength range (nm) over which there was a
signlficant diff.erence fn reflectance between lltlakooma (!'l)

1!1_t"p::1_lIl_:n"il:
l)bs ervat ion t{ I W2 .i{ 3 W4
Time Growth

Stage4455-6
Nt 4 - 4O2-522t 410-7 tO* 562-618*

N2 4 - 4.16-526* 414-518*

N3 7 382-6ó2* 382-526** 526-566t 4lO-590*
702-746* 562-1 1 4* 61 4-7 46*

N47--37A-146t454-526*
550-ó80*

N5 I - 398-422* 430-50ó* 47o-5¡o¡t
5:IA-614* 578-590*

¡k Difference significant at 5%
** Difference signiflcant al l%.

Table 18. Wavelength range (nm) over which there was a
signlficant dif.ference Ín reflectance between Bonanza (B)

ill-ïüi:n -!il-3:ït: ------ ----
{)bservation K I K2 K3 K4
Time 'Growth

Stage 4 5 I
Bl 4 434-490* 4Oó-ó"1 O* 378-398rkrr 510-690*

B2 6 49O-59O** 694-146** 514-5Or* 49O-7O2*

83 8 374-438** 422-742*
578-ó lSrt

84 I 530-566r.* 514-574.r.r, - 530-554**
598-7O2t 59A-726*

rÈ Difference slgnificant at 5%
** Dlfference slgnificant aI l%.
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ïable 19 . Jlavelength range (nm) over which there u,as asignificant dlfference in reflectance between Harmon (HA)
and Hudson (HU) oats.

Observatlon HUI HU2 HU3 HU4Time Growth
Stage44lB

HAI 4 582-618r. 370-642* 4O2-i4O** 3tO-7O6*
706-7 46r,

HA2 4 - 38ó-óOó* 4O2-7O2*t< 486-614r<

HA3 6 602-7 34r< - 40.2-590.t<

HA47-

¡t Dlfference slgniflcant at 5%** Difference signiflcant at l.i(.
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differences in reflectance occurred in the 582 n¡r - 618 nn ¡¡aveband ' In

the later stages of tillering (Ha, vs Hur) the differences in reflectance

occurred in the [uch wider 386 run - 606 nm ¡¡aveband.

At anthesís' reflectance frorn the tl.to cultivars became sirnilíar and

no signÍfj-cant dÍfferences r¡ere observed. No data r^tas avâílable for

cornparísons during graín ripening.

Àlthough these tr.rto cultivaïs are closely related in appearance, in

cånopy height and in chlorophyll production, the data shous thaË a po-

tential for díscriroination exiats at tillering. AgaÍn, the results are

not complete anal it is difficult to ídenÈify the factors responsibl-e

for these differences Ín reflectance.
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SI]MMARY AND CONCLUSIONS

1. Ifheat, oats and barley reflect between 5% arld 20"1 of the incÍdent

solã.r radiation in the visible wavelengths.

2. Reflectance of visible light fron wheat and barley decreased from

emergence to heading and then increased frorn heading to maturity.

These seasonal changes in reflectance \^7ere inversely correlated

with chlorophyll concentration.

3. Reflectance of visible light frorn oats exhibited greater variability
(higher standard devíatíon) and fe¡¿er significant differences among

growth stages. The telâtíonship between the seasonal chânges in oat

reflectance and chlorophyll concentratíon r,¡as not clear.

4, A shift of 12 ruu (554 nn - 566 nrn) of rhe positíon of the peak

reflectance in the green band occurred as barley matured. This

green shift nay be a useful indicator of batley naturity.

5. Refl-ectance from r¿heat was signifi-cantly greateï Èhan reflectance

from barley in Èhe chlorophyll absorption band during tiL1-ering and

heading (Table 20). Thus wheat and barley could be discrininated as

early as tillering and up until heading.

6. Reflectance from oats was significantly greater than reflecÈance

from boËh wheat and barley at anthesis (Table 20). Thus, discïimínation

betr^reen oats and wheat and barley was possíble only at anthesis.

7. In alL three species examined, the potentÍal exists for discriminaËíng

bethreen cultivars on the basis of differences in their spectral

reflectance patterns (Table 20).
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Table 20. Summ¿ry of wavelength ranges (nm) over whích there !,tas a
signíficant difference in reflectance between the three species
and six cultivars used in the study.

ComparÍ-son Tillering Heading-AntheÊis Ripening

Iüheat x Barley 610 - 690 606 - 698

llheat x oats - 378 - 738

Barley x Oats - 422 - lLB

Bonanza x Klondike 434 - 49O - 530 - 554

SÍnton x Neepawa 610 - 682 4OZ - 582 594 - 7I4

llarnon x lludson 386 - 606
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COMPUTER PROGRAMS

Three coDpuËer programs lrreTe used in this study to assist in the

analysis of reflectance daÈa. These three proglams were written in

Fortran ând are listed in their entirety, The firsË program wâs used

to calculate reflectance (Z) frou the raw data. The second program

calculated a mean and a standard deviaÈion of reflectance for each

treatnenÈ at each rrravelength. The Èhird progran ¡¡as used to calcul-ate

a sÈudentrs t for comparisons betr.íeen species and cultivars, test the

resultlng t values for signifícance, and plot a rt profiler whích r¡as

a curve of the t values plotted as a function of r^'avel-ength.



80

ote7l
//PLANTSC JOB'O5 22 | CM r 98, T= I 0, F=43, L=4, C=O¿ t. H cL I CK,, MSGLEVEL= I

,/*TSO S0I L
// EXEC W¡,TFIV
/./G0.SYSIN DD *
SJ0B l\iATFIV

C DEFINITI0N 0F VARIABLES

C COSAZ = COSINE oF THE AZIMUTH ANGLE oF THE SUN
C C0SSC = C0SINE oF THE SCA]-IERING ANGLE
C C1SZ = C0SINE oF THE ZENITH ANGLË oF THE SLiN
C CROPAZ = AZIMUTH ANGLË BETI{EEN THE CR0P AND THE SENSOR
C CRRIR = INTENSITY oF INCIDENT INFRARED RADiATIo¡l
C CRRVIS = INTENSITY 0F INCIDENT VISIBLE RADIA,|]ON
C CRllrlIII = INTENSITY oF REFLECTED INFRARED RADIATIoN
C CRWVIS = INTENSITY 0F REFLECTED VISIBLE RADIATI0NC DELTA = ANGLE oF SOLAR DECLINATION (RADIÀNS)
C ELEV = ZENITH ANGLE OF THE VISiBLE SENS.OR
C FRIR = CALIBRATI0N FACT0R FoR INCiDENT INFIìARED RADiATIot{C FRVIS = CALiBRATION FACTOR FoR INCIDENT VISiBLE RADIATIottC FWIR = CALIBRATIoN FACT0R FoH REFLECTED INFIiARED RADIATIoNC FI{VIS = CALIBR.A,TIoN FACTOR FoR REFLËCTED ViSIBLE RADIATIoNC LAMtsDA = WAVELENGTH (ANGSTROMS)
C NRI,.iAVE = INTEGER RELATIVE Y,IAVELENGTH 0F INCIDENT VISIBLE RADIATI0N
C N}lly'¿AVE = II'¡TEGFR RELATIVE }IAVELENGTH 0F REFLECTED VISIBLE RADIATi0N
C oUR = H0UR ANGLE (RADIANS, IVIEASURED WESTWARD)
C PLOT = PL0T NUMBER
C PHI = LATITUDE (RADIANS)
C REFIR = Z REFLECTANCE oF JNFIìARED RADiATIOIJ
C REFVIS = % REFLECTANCE oF VISIBLE RADIATION
C RINTE = RELATIVE READING OF INCIDENT VISIBLE RADIATI0N
C RRIII = RELATIVE READING FOR INCIDENT INFRARED RADIATIONC R!'ÍAVE = RELATIVE WAVELENGTH 0F iNCIDENT VISIBLE RADIATi0NC Rf,liH = RELATIVE READING FoH REFLECTED INFkARED RAIIIATIoN
C SoNooN = S0LAR NooN IN TEIIMS oF CENTRAL DAYLIGHI TIME
C SUNAZ = AZI¡,{UTH ANGLE oF THE SUN (RADIANS)
C SINZ = SINE 0F THE ZENITH ANGLE 0F THE SUN
C THETA = ÂNGLE FUNCTiON oF THE DAY oF- THE YEAR (IìADIANS)
C TIME = TIME oF OBSERVATI0N (CDT)
C TIMEA = TIME oF 0BSERVATION (WH0LE HOURS CDT)C TIME¡i = TiÌ,{E oI- 0BSERVATIoN (MINUTES)
C T'oP = HIGHEST READING oF THE X C(X)HDINATE
C l'úiNTE = RELATIVE READING oF REFLECTED VISIBLE ÌìADIATIoN
C lvl/tlAvE = IIAVELENGTH oF REFLECTED VISIBLE RADIATIoN
C ZENITH = ZENITH ANGLE FoR THE SUN
n

DIMENSioN LAMBDA( 25O ),FttvIS ( 250 ) i FWI R( 250) r FRVI S ( 250 ), FR iR ( 250 )
DIMÊNS ION RWVIS ( 250) r Ry,tiR ( 25O ), RRVI S ( 250 ), RR IR ( 25O ), REFV IS ( 250 )
DIMENSI oN REF IR ( 25O ), CRl/ìIV IS ( 250 ), CRidI R ( 250 ), CHRVIS ( 250 ),

IcRRIR(250),2(125) TNREFVS(250),NREFiR(259),CRopAZilOO),NHt,iAVE(250),
2Rlt{AVË( 250 ), RI NTE(250 ) r itil,r¡AvE(250 ), !!INTE(250) r NRlilAVE ( 25O )

INTEGER Z,PT8TR,S,X
READ(5,lO0)P,O,R,S,X



to0 F0RMAT(5AI)
PHi = .8717
ELEV = 1.4915
SO¡](X)N = 13.4744

READ Ií{ CROP AZIMUTH VALUES FOR EACH PLOT

READ(5'21) (CROPAZ(I)' I = l'98)
F o¡-rl.lAI ( I 4 (lF I O. O, / ) )

t2

READ iN CALIBRATI0N FACT0RS FOR LIGHT SENSORS

Do 2 I = I'lol
HËlo<¡, | ) LAMBDA( i )'F¡lvis( I) rFt/'lvIS( i)
FORMAT( I4,6X, 4Fl0.o)

REAIJ IN REFLECTANCE OBSERVATI0NS

READ(5IIO) PL0Ti NDATE' MONTH' NYR,.TIMEA, TIMEB' NDAY

FORMATi2X, F2,O, 3r2, 2F2.Ot 2X, 14)
TIME=TIMEA+TIMEB/óO.
vTRITE(ó,12) PLOTr MONTH' NDATE' TI{E
Èiilr¡,rÃrt iHr ,'p¡,,t'No ',F3.0,4x,'MONTH 

/' I3r4x, /DAY ¿, I3'
l4xrlTIME t tF.6.2)

CALCULATI0N 0F SC¡"TTE[iiNG ANGLE

NPLOT = PLOT
THETA=.01121 *¡IDAY
óËfiA= .3s64+ ¡.oii *sIN(THETA) - 22-91 *cos(THETA)

¡ * .o:e:s * sIN(2* THETA) - .3835 * c0s(2 * THETA)

2+.oi¿ag-l sIN(3 r< THETA) - .1587 * cos(3 * THETA)

3- .Oto2 I ,r COS(4 * THETA)
DELTA = DÊL1A/51 .2956
ouR = (TiME - 13.41 44)/12 * 3.1416
COSZ = CoS(DELTA) ,t C{)S(PHI) * CoS(oUR) + SIN(DELTA)*SIN(PHI)
ZËNiTH = ARCOS(COSZ)
SINZ = SIN(ZENITH)
ðObÃz = (sIN(DELTA) - (sIN(pHI) * Cosz))/(cos(PHI) * SINZ)
siNAZ = -CoS(DELTA) * SIN(oUR)/SINZ
SUNAZ = 3.141ó - AIiSIN(SINAZ)
DELTAZ = CROPAZ(NPLOT) - SUNAZ

ñHliËto,z+) zENITH, suNAZ, cRoPAZ(NPLoT)' DELTAZ

z+ i.irñ¡¡Ãrt iH ,, ze¡¡lïh =-',F'6.3,/ AZIMUTH = ',16-31' cRoP AzIl'{uTH

I,Fó.3,/ DELTA AZIMUTH = !' F6.3)
óilssc'= cosz * coSiElevl í stNz * sIN(ELEV) * cos(DELTAZ)
CoSSC = AtsS(COSSC)
t',lH ITE( ó,25) COSSC

25 ÈoRMAr( iH ,' cttsl¡,¡E oF THE scATTERIi'¡G ANGLE = ', Fó'3)

CALCULATI0N {)F RADIATI0N INTENSITY F0R EACH WAVELENGTH INTERVAL

READ(5,3) (R|rlAVE(I)' tìINTE(I)¡ I = I'll5)
3 FORMAT( 23(5(Fó.O. I X,Fó.O' lxr' /') )

c
c
C

11

c
c
C

2
¡

c
C
c

99
IU

C

c

c



l/'lRITE(ór50 l) (HI'/AVE(I), RiNTE(I), I = 1,5)
50t FORM¡,T( lH , 5(Fó.0,tX,Fó.0, tX))

WRiTE(ó,501) (RI{AVE(I), RiNTE(I), I = lllrll5)
READ(5,7) (WWAVE(I)r l'rllNTE(I), I = 1,125)

7 F0RMAT(25(5(Fó.0, I X, Fó.O, tX) | /',) )
.y,iRITE(6t5O2) (l'lWAVE(i), WiNTE(I), I = i,5)

502 FORMAT( tH ,5(Fó.OrlXrFó.O, lX))
hlRITE(ó,502) (WIIIAVE(I), t'ilNTE(I), I = lló,120)
l¡iRITE(ó,5O2) (llli'iAvE(I)i WINTE(I), I = l2l ,125)
ToP = O.
Do I I = I,l15

I IF(HIr.rlAVE(I).cT.ToP) ToP = RltlAVE(I)
DO 9 I = I,l15
NRWAVE(I) = (R|¡{AVE(I) - RWAVEil)),/ (Top - RidAVEil)) * tOo. + t.5
iF (NRy'!AVE( I ) .LE.O) NRt{ÀVE( I )=I
LAMBDA(NRlltJAVE( I )) = (RI{AVE( I ) - RWAVE( 1 rJ/(ToP - RWAVE( l.))*4OO+350

9 RIÀITE(NRI'íAVE(i)) = RINTE(I)
ToP = 0.
Dol0l I=lrl25

lOl IF(illITAVË(I).cT.ToP) ToP = WIIAVE(I)
Dol02 I=I,125
N|/'¡Iì{AVE(I) = ltWAVE(I)/(TOP - Wli\iAVE(l)) * ¡0O. + 1.5

102 l'üi¡lTE(i\¡Í/l¡JAVE( I )) = ll{INTE( I )

C C0RRECTION FOR SOLAH ELEVATION ANGLË

R450 = 0.629 + 0.9171 *('l.5708 - ZENiTH)*(l.57OB - ZENITH)
R55O = 0.5ó31 + 0.ó878 * (1.5708 - ZENITH) * (1.5708 - ZENITH)
Ró50 = 0.1935 + 2.llI .* (1.5708 - ZENITH) - 2.288 *

1il.5708 - ZENITH) * COSSC
R750 = O.4O.ól + 0.571 * (1.5708 - ZENITH) * (1.5708 - ZENITH)

l-0.788 * (l.5708 - ZENITH) * COSSC
Do ó I = I,100
IF(I.L8.25) FACTÍ)R = R450
IF(I.GT.25.AND.I.LT.5O) FACTOR = R450 - (R45O - R55O) *

t(I - 25)/25
IF( I.Ë0.50)FACTOR = tì55O
IF(I.GT.50.AND.I.LT.75) FACT0R = R55O - (R550 - Ró50).*

1(I - 50)/25
IF( I.EO.75)FACT0R = Ró5O
IF(I.GT.75.AND.I.LT. l0O) FACTOR = Ró50 - (íìó50 - R75O) *1(I - 75)/25
IF(I.E0.lO0) FACTOR = R750
CRY'IVIS(I) = F}{VIS(I) * ¡t¡¡¡161I) * p¡çTsp * 1.324/4
CRRVIS(I) = FRVIS(I) * RINTE(I)
IF(CRRVIS( I)r4t4,5

4 REFVIS(I) = 0.
GOTOó

5 REFVIS( I ) = CRfiVIS( I )./CRRVIS(I )
ó l,'¡RITE(ó, ll)LAMBDA(I), CRy'{VI5( I), CiìRViS(I),

IREI-ViS( I )
lt F0RMAT(tH,I5r5XrFtO.5,Fl5.2, F15.8)

c
C PLOTTING {)F REFLECTANCE DATA



y{RITE(ó,12) PLOTr MONTHT NDATË, TiME
ltRITE(óT24) ZENITH, SUNAZ, CROPAZ(NPL0T)T DELTAZ
Y'¿RITE(ó,25) CoSSC
DO 5l i = I,l0O

5l NREFVS(i) = REFVIS(i) * 56. ,r- ¡.5
NREFVS(lol) = 0
ML= I

L = 5i
84 IF(MoD(ML - ¡i5))3t ,42,3142D043Kjl,tot
43 Z(K) .= P

Go To 40
3l DO 44 K = lrlOl
MZ(K)=R
40 DO ól K = lrlOlr5
ól Z(K) = A

Do 37 I.= lrl0l
IF(NREFVS( I ) - L) 37 | 32' 37

32K=I
Z(K) = S

37 CONTINUE
LM = (L - 1l r< 2
iF(MoD(LM, I 0 ) )38,20t,38

20 I WRITE(ót2O2) Lìtlt (Z(Kr, K = lrlOt)
202 F0RMAT( tH , ¡3, I X, ¡0 lA I )

Go To 203
38 WRiTE(ó,3ó) (Z(K), K = l,l0l)
3ó FOHMATilH , 4X, l0lAt)

203 IF (L.EO.,I ) co Io 7 t

L=L-l
ML=ML+l
Go To 84

7l Y'/RITE(ór72)
72 FORMAT( I H0' 3X, /35 OOt | 6X tt 39OO' | 6X ;r 43OO' | 6X tt 47 OOt i óX, /5 I OO/,

I óX,'15500/,óXí259æ¿, óX,/ó3OO/, óXr¿61e}t,óX,ri I OO/, óÍ r"ri5OOl )
Go To 99

444 STOP
END

S ENTR Y



9JOB ITATF IV
L
C THIS PRoGRAM C0MPUTES MEAN REFLECTANCE

DIMENSiON REFL( lO0,ó)
DIMENSI oN RMEAN ( I 0O),STD( I O0)
READ 20' ( (lìEFLf I ¡J)' I=l' l0O)'J=l'ó)

20 FORMAT(4OX,FlO.8)
Do 30 I=lrl0O
SUliÍ = 0
Do 3l J=lró
SUM=REFL(I,J)+SUM

3I CONTINUE
RMEAN(I) = SUM/ó.

30 CONTINUE
DO 4l I=l r IOO
VAR=O
Do 32 J=|,ó
V,A,H=VAR + (REFL(I,J) - HMEAN(I)) ¡k (REFL(I'J) - RMEAI'I(I))
STD(I) = SoRT(vAR/5.)

32 C0NTINUE
4I C0NTINUE

PRiNT 50
50 FORMAT(/IHI/,IX!/WAVELENGTH', IOX,/MEAN/,25XI'STD/)

PRINT 5I
5l FORMAT(/ ¿ ,lX, l1(r-t ) | loxr 4(t-' ) t25X | 3(t-¿ ) )

PR I I'¡T 55
55 FORMAT( /O' )

Do 4O i=l r l0O
IyiAVE=350 + (I-l)*4
PRINT óOT IWAVEIRMEAN( I ) TSTD( I )

óo FORMAT(/ tt4X.r3,,l0x,Fl2.8,l5x,Fl2.8)
40 C0NTINUE

ST0P
END

S E NTRY



9J0B ITATF IV
c
C THIS PRoGRAM C0MPUTES T VALUÊS FOR TII0 MEANS
C

DIMENSI.oN STD( I 0O, 2), RMEAN( I OO, 2 ), VAR ( I OO, 2), KAZ( 1,2), Z( I Ot )
DIl,fEI,'tSioN SDBAR( IOO),TVAL( I O0),ATVAL( IOO), ITVAL( I lO)
CHAHACTER*2 ASTER/' J/
I¡JTEGER Z,P,Q,R,STX
READ(5,lO0)P,grR,SrX

100 FORMAT(5Al)
999 PRINT 54

54 F0RMAT( IHj )
Do ll J = 1,2
READ I

I FOHMAT(,/ )
I I READ lOi (RME¡,N( I rJ),STDÍ I,J),I=l , lO0)

lo FoRMATil7X,Fil.8,l7XrFll.8)
Do 20 I=Irl0O
Do 30 J=1,2
VAli(I,J)=STD( I,J) * STD( I,J)

30 CONTiNUE
20 CONTINUE

DO 4O0 I=l , I O0
SDBAR(I)=SORT((VAR(I tl)/3. ) + (VAlì( 1,2)/3.))

4OO CONTINUE
DO 50 I=l r IOO
IF (SDBAR( I ).EO.0) SDBAR( I )=SDBAIi(i )+l
TVAL(I)=((RMËAN(I, l) - RMEAN(I,2)),/SDBAR(i ))

50 C0NTINUE
PRINT 55

55 FORMAT( lXr/WAVELENCTH't25XJT VALUE/)
PRINT 5ó

56 FORMAT( ' ¿ rlO(¿-t),25X,,7(¿-¿)'
DO óO I=lr lO0
ATVAL( I )=ABS(TVAL( I ) )
IY,IAVE=35O + (I-l) * 4
IF ( ATVAL ( I ) .CE.4. óO4 ) ASTER=/**/
IF(ATVAL( I ) .LT.4.óo4.AND.ATVAL( L .cE.2.1:16) ASTER=/*,
iF(ATVAL(I).LT.2.716) TtSTER=/ ¿
PRINT 58! IWAVETTVAL( I ),ASTER

58 FORMAT(' t | 4X I I3 r 25X,Ij I O. 5 r A3 )
óO C0NTINUE

y'/tìITE(ó,555)
555 FoRir{AT( tHt )

DOlOl I=I,IOO
lOl ITVAL(i) = (TyAL(I) + 4.) * 5. + 1.5
' ITVAL( lOl) = O

ML= I

L=41
84 IF(MOD(ML - t,5))31 ,42. 31
42 Do 43 K = I,lOl
43 Z(K) = P

GO TO 40
31 Do 44 K = l,l0l



86

44 Z(K) = R

40 DO ól K = I,lOlr5
ól Z(K) = a

Do 37 i-= I,lOl
IF(ITVAL(I) - L)37r32r37

32K=I
Z(K) = S

37 C{)NTINUE
LM = (L - l)
IF (lil)D( LÀtr5 ) ) 38' 20l' 38

20 I LMM=4-(¡,iL-l)/5
tiRITE(ó'2O2) LMMr (Z(K)' K = I'lOl)

202 FolìÀ,lAT( lH , I3, lX,l0lAl )

Go To 203
38 l.{RITE(ó'3ó) (Z(K)' K = I'lOl)
3ó FORMAT(lH , 4X, lOlA¡)

203 IF(L.EO.l) Go TO 7l
L=L- |

J',lL=ML+l
co To a4

7l i/ïRITE(ó,72)
72 FORMAT( lHO, 3X,/35O t t6X,t39O ' t6Xrt43O '"6X,t4-lO ¿,6X' t5lj 

"lóxr''55o t .6x,,¿5go t .6x,t63o 't ,6x,¿6lo r ,6xrt1lo t,6x/15o !)
Go To 999

444 STOP
END

sENTRY
-i ,r


