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STELLINGEN

1.
Bij akkerbouwveldproeven vergroot toepassing van multispectrale tuchtfoto-
grafie in veel gevallen het onderscheidingsvermogen bij het toetsen op behande-
lingseffecten ten opzichte van monstername in het veld.

Dit proefschrift

2.
Bij metingen van reflectiepercentages kan in veel gevallen een eenvoudige correc-
tie voor de bodeminvloed aangebracht worden. Deze correctie is voldoende
nauwkeurig voor het multitemporeel schatten van de bladoppervlakte-index
(leaf arca index = LAI).

Dit proefschrift

3.
De relatie tussen infrarood-reflectie en LAl is goed te beschrijven door middel
van de inverse van de Mitscherlich functie.

Dit proefschrift

4.
Reflectiemetingen kunnen direct gebruikt worden om de bedekkingsgraad en
de LAI te schatten. Opbrengst en/of biomassa kunnen indirect geschat worden
uit reflectiemetingen indien er een relatie van opbrengst en/of biomassa met de
bedekkingsgraad of LAl bestaat.

Dit proefschrift

5.
Bij pogingen de LAI te schatten uit een vegetatie-index, die een functie is van
reflectiepercentages, wordt het onderscheid tussen de regressie van de ene varia-
bele op de andere en van de andere op de ene niet voldoende in het oog gehouden.
Asrar, G., M. FucHs, E. T. KANEMASU & J. L. HATFIELD, 1984. Esti-

mating absorbed photosynthetic radiation and leaf area index from
spectral reflectance in wheat. Agron. J. 76: 300-306.

6.
Het gebruik van de infrarood/rood verhouding als index voor het schatten van
gewaskenmerken, zoals Tucker dat doet voor de biomassa, is sterk af te raden.

Tucker, C. J. 1979. Red and photographic infrared linear combina-
tions for monitoring vegetation. Rem. Sens. Envir. 8: 127-150.
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7.
Het doen alsof het relevante deel van de densiteitscurve (DlogQ-curve) een rechte
lijn zou zijn, is onaanvaardbaar.
Sievers, J., 1976. Zusammenhinge zwischen Objectreflexion und
Bildschwirzung in Luftbildern. Miinchen, Bayerischen Akademie
der Wissenschafien, Reihe C: Dissertationen, Heft Nr. 221, 129 Sei-
ten.
Curran, P., 1980. Relative reflectance data from preprocessed mul-
tispectral photography. Int. J. Rem. Sensing 1: 77-83.

) 8.
In literatuur betreffende de radiometrische ijking van luchtfotografische opna-
men, blijkt men ten aanzien van de atmosferische correctie vaak alleen in logarit-
men te kunnen denken. Dit maakt deze ijking onnodig gecompliceerd.

Ross, D. 8., 1973, Atmospheric effects in multispectral photographs.
Photogram. Engr. 39: 377-384.

GraHam, R, 1980. The ITC multispectral camera system with respect
to crop prognosis in winter-wheat. FTC Journal 1980-2, 235-254.

9.
Indien de bladkleur een rol speelt bij de bepaling van de LAI leidt dit tot een
slechte kwaliteit van de meting. Aan metingen van de LAI bij een verkleurend,
verouderend gewas moet daarom niet te veel waarde worden gehecht.

10.
De bodem mag niet gebruikt worden als bodemloze put voor het opbergen van
mestoverschotten. Juist omdat de bodem niet bodemloos is, dienen normen voor
de maximaal uit te rijden hoeveelheden drijfmest niet alleen gebaseerd te worden
op de gewasonttrekking, maar tevens gepaard te gaan met een grondig grondon-

derzoek.
Besluit gebruik dierlijke meststoffen, 1986.
Dierlijke mest. Vlugschrift voor de landbouw, nr. 406 (1985).

11.
De voorlichtingswaarde van de Beschrijvende Rassenlijst voor Landbouw-
gewassen kan verbeterd worden door naast relatieve opbrengstcijfers ook cen
maat voor de bijbehorende variaties in opbrengst te geven.

12,
Het ontbreken van frans in de meeste VWO eindexamen-pakketten voor de béta-
richtingen heeft een onderwaardering van onderzoek verricht in frans-talige lan-
den tot gevolg.

J.G.P. W.CLEVERS
Application of remote sensing to agricultural field trials
Wageningen, 24 september 1986




PREFACE

My first acquaintance with remote sensing was at the beginning of 1981 when
Prof, Dr. Ir. L.C.A. Corsten, after one of his lectures, told me something about
obtaining vertical photographs from various platforms, such as an aeroplane
and a remotely controlled helicopter. A research project was about to be initiated
on the applicability of remote sensing in agricultural field trials. He immediately
made me enthusiastic about the use of this new technique in agronomy and
by the end of 1981 I had been contracted by the Wageningen Agricultural Uni-
versity Lo carry out the above research. Since then I have met many people,
all working in the field of remote sensing, who introduced me to aspects of re-
mote sensing and motivated me to carry out this study. My interest in remote
sensing has increased ever since.

I feel deeply indebted to Prof. Dr. Ir, L.C.A. Corsten for his valuable com-
ments, particularly with respect to statistics, for his constructive criticism and
for his endless work to amend and improve the manuscript. I am also indebted
to Prof, Dr. Ir, M, Molenaar for his constructive criticism concerning the remote
sensing aspects and for his advice on improving the framework of the manu-
script.

[ am especially grateful to the board of advisers that was appointed to advise
me during my research. The above-mentioned persons also participated in this
board. Dr. Ir. E.G. Kloosterman helped me greatly in obtaining all the facilities
needed for carrying out my research. He was also the motivating force behind
the remote sensing research at the ir. A.P. Minderhoudhoeve, the experimental
farm of the Wageningen Agricultural University, where the field research for
this study was carried out. Dr. Ir. N.J.J. Bunnik gave me much help by explaining
the physical aspects of remote sensing, I am grateful to Ir. A, Kannegicter for
our discussions on the possibilities of applying remote sensing in field trials,
using his experience with aerial photography. I am very indebted to Ir. J.H.
Loedeman for his support and suggestions concerning the aerial photography,
in particular concerning the calibration problems that had to be overcome. Not
least, I am grateful to Ir. H.J. Buiten for his advice concerning remote sensing
in general and the annotation and terminology in remote sensing in particular.
I wish to thank all the members of this board for their comments during the
meetings in guiding this research.

I am also especially grateful to Mr. Charles Horton of the Polytechnic of
Central London for his advice and constructive discussions concerning aerial
photography, which resalted in a pleasant and fruitful collaboration. I also want
to thank his wife, Margaret, for her hospitality during my visits to London for
discussing the joint work.

I owe thanks to the personnel at the ir. A.P. Minderhoudhoeve, where most
of the experimental field work was carried out. They were always willing to
assist: helping in positioning the reference targets in the field, constructing a




special platform for the field spectroradiometer and performing missions with
the ultralight.

[ am also very grateful to the crew, who carried out the missions with the
Piper Archer aircraft, for obtaining the photographic material used in this study.
In particular, I want to thank John Stuiver for his efforts in organizing all the
missions and for his assistance concerning the photogrammetric aspects.

For supplying the ficld measurements and for allowing me to usc them, I
am grateful to the personnel of the Centre for Agrobiological Research, in par-
ticular to Ing. L. Sibma, and to the personnel and students of the Department
of Field Crops and Grassland Science of the Agricultural University, in particu-
lar Ing. Johan Ellen and Ing. Klaas Scholte.

For offering me hospitality at their department and for all the help and sup-
port they gave me in accomplishing my research and this manuscript, [ am most
grateful to all the personnel of the Department of Land Surveying and Remote
Sensing of the Agricultural University. Of special help were their modifications
to the densitometer and the provision of all the software needed for this study.

I am also indebted to Rob Verhoeven, Marianne Meier, Liesbeth van Rap-
pard, John Lamers, Irma Noltes and Jan Langelaan for carrying out most of
the tedious densitometric measurements.

I am very grateful to Ing. Wouter Verhoef for carrying out some calculations
with the SAIL modet and for providing the data set.

1 am grateful to the BCRS for financing the MSS missions and the reference
targets and for permitting me to use the field spectroradiometer. In particular
I want to thank Ir. Hein van Stokkom for his co-operation. I am grateful to
Eurosense b.v. for carrying out the MSS missions.

I am indebted to Mrs. J. Burrough-Boenisch for editing and correcting the
English manuscript.

Finally, I am obliged to all those persons who contributed to this research
and whom I have not mentioned by name in this preface. Since so many persons
contributed, only a few could be mentioned.
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LIST OF SYMBOLS AND ABBREVIATIONS

B : Soil cover

Cv : Coefficient of variation

FO,F1 : Fungicide treatments

L : Leaf area index

LAI : Leaf area index

MSP : Multispectral photography

MSS : Multispectral scanning

NI1..N35 : Nitrogen levels

r : Total measured reflectance

T : Corrected reflectance

Ty : Total measured reflectance in a green passband

Tir : Total measured reflectance in an infrared passband

i : Corrected reflectance in an infrared passband

I, : Total measured reflectance in a red passband

T : Reflectance of the soil

Isg : Reflectance of the soil in a green passband

Teir : Reflectance of the soil in an infrared passband

Tor : Reflectance of the soil in a red passband

1, : Reflectance of the vegetation

Tye : Reflectance of the vegetation in a green passband

Tyir : Reflectance of the vegetation in an infrared passband

Tur : Reflectance of the vegetation in a red passband

Twir : Parameter describing the asymptotic value for the corrected in-
frared reflectance

RI1..R3 : Rotations

RSS : Residual sum of squares

s : Residual variance

S1..83 : Plant densities

X : Mean value of x

b . Estimated value of x

Z1,72 : Sowing dates

o : Parameter related to a combination of extinction and scattering
coefficients

n : mean

A : wavelength

g : standard deviation

a* : variance

€ : expectation
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I INTRODUCTION

1.1 AIM OF THIS STUDY

For many years much experience has been acquired in coliecting, analysing
and interpreting data from field trials. During the growing season of agricultural
crops, many plant characteristics may be ascertained in field trials. Often an
investigator has the dilemma of deciding which relevant characteristic can be
ascertained quickly and accurately. Both conditions are often contradictory.
The accurate measurement of plant characteristics is very time-consuming and
may also require intensive use of labour and apparatus.

One aim of this study is to identify a method that can reduce inaccuracies
in field trial analysis. Attention was focussed on remote sensing techniques. Re-
mote sensing techniques enable information about a whole field trial to be ob-
tained quantitatively, instantaneously and, above al}, non-destructively. A sec-
ond aim is to identify how remote sensing can support and/or replace conven-
tional field measurements in field trials. The data must be analysed according
to the design of the field trial and here the main aim is to reduce inaccuracies.

1.2 BACKGROUND TO THE PRESENT STUDY

Over many years much experience has been acquired in performing and ana-
Iysing agricultural field trials with arable crops. These trials are indispensable
for testing aspects such as new varieties, new fertilizers or pesticides, and new
cultivation techniques in general. In all cases the pros and cons of new practices
have to be investigated before there is an incentive for introducing them into
practical farm management.

The agronomist is not only interested in the yieild, but also in vegetation char-
acteristics during the growing season. These latter observations can provide in-
formation about factors that could explain differences in yield and they may
also indicate in what way farm management can be further improved. An exam-
ple is nitrogen nutrition in winter wheat in the Netherlands. Field trials showed
that an increased nitrogen nutrition boosts the amount of green biomass, which
means an increased potential yield. Above a certain level of nitrogen, lodging
prevented the yield from reaching its optimum. If only this lodging could be
suppressed, yield could stil]l be increased by increasing nitrogen levels. In order
to do this, new short-stemmed cultivars have been introduced and growth retar-
dants have been applied to control the length of the stems. As a result, the yield
of winter wheat in the Netherlands has increased considerably during the past
decades.

To obtain data on vegetation characteristics during the growing season the
investigator has two approaches at his disposal. The first one yields qualitative

Agric. Univ. Wageningen Papers 86-4 ( 1986) 9



information. Walking through the fields he estimates soil cover, average plant

height or the amount of biomass; he may judge the plots on the basis of features

such as leaf colour or leaf orientation (disease), and assign a subjective grade
to each plot. The advantages of this method are:

1. Itis a rapid method. The investigator has the results at his disposal immedi-
ately.

2. Tt offers information about an entire plot (= smallest experimental unit) of
a field trial.

3. Asaresult of 2, the same plants are involved in the judgement each time,

This method has some severe disadvantages:

1. Observations are often arbitrary and highly subjective.

2. Judging a number of plots takes time, during which the features of the plants
may change (for instance because of wind or drought).

3. The judgement of the observer will not be consistent, but will change during
the day in a random, non-systematic way, or because of other factors, e.g.
tiredness.

The second approach yields quantitative information. This method is based
on taking samples from each plot. In this way important plant characteristics
such as leaf area index (LAI; defined as the total one-sided green leaf area per
unit soil area), fresh weight, dry matter weight and dry matter content may be
estimated. The main advantages of this method are:

1. Data are quantitative,

2. Data are gathered objectively.

Consequently, data from various plots are more comparable and results are

more comparable with results obtained by other investigators. Serious disadvan-

tages are:

1. Thisform of data gathering is destructive. Typically, sampling may take place
fortnightly and as a result, only a relatively small proportion of the plants
available can be harvested. Alternatively, the total area of a plot would have
to be very large; the entire field trial would become uneconomically large.
When sample size is small the measurements have a large variability (var-
iance) due to the influence of e.g. soil variability and individual plant vanabi-
lity (e.g. Spiertz & Ellen, 1978; Daughtry & Hollinger, 1984).

2. Samples, especially large ones, require much labour for analysis. Therefore
it is normally several days before results are available.

3. Each time, different plants from the same plot have to be harvested. This
increases the variability between sampling dates.

The usual method of acquiring quantitative data in field trials is a multiple
sampling method. The first measurement involves ascertaining total fresh weight
of the sample. Measurement of this characteristic often involves the largest in-
accuracy (e.g. because of local differences in growth conditions). A secondary
measurement is dry matter content or nutrient content, which can be ascertained
by analysing a subsample. This may also be done for individual plant parts.
Another secondary measurement is the leaf area per unit leaf weight (i.e. the
specific leaf area). To calculate the LAI, the fresh weight of the leaves of the
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whole sample is used, together with the specific leaf area. Within one plot, varia-
tions in dry matter and nutrient content or specific leaf area are normally much
smaller than variations in total fresh weight. _

The determination of LAI involves some specific problems. First of all, after
harvesting, the plants have to be separated in the laboratory into leaf blades
and other plant parts and the leaf area has to be measured. This whole procedure
is time-consuming, and meanwhile the leaves may shrink. This may severely
reduce the accuracy of the measurements. During senescence, leaves have to
be separated into green and yellow leaves, because LAI only refers to green
leaves. This distinction between green and yellow is very subjective and will vary
considerably from person to person because often a leaf is partly green and
partly yellow and the transition is gradual. This makes the measurement of LAI
subjective.

Given the drawbacks of the multiple sampling method and the subjectivity
and inaccuracy of ascertaining specific leaf area, the overall vanation of LAI
measurement will be larger than the variation in fresh or dry matter weight.
For instance, the coefficient of variation (CV, for definition see section 2.5.1)
in field trial 116 in 1982 {chapter 7) for dry matter weight ranged from 0.11-0.23,
the CV for the specific leaf area ranged from 0.05-0.15 (not listed) and the CV
for LAT ranged from 0.21-1.30. Still, LAT is regarded as being a very important
plant characteristic because photosynthesis takes place in the green plant parts
and LAI is relatively simple to measure. Ideally, the agronomist would rather
measure the total photosynthetic activity.

In order to reduce this sampling inaccuracy in agricultural ficld trials one
would like to have a method at one’s disposal which:

1. offers quantitative information, enabling results to be objectively analysed
and compared

2. offers instantaneous information for the entire area

3. is non-destructive, thus enabling frequent measurements on the same plants

4. is applicable to a relatively large area, yielding a mean value for an entire
plot {e.g. of at least 50 m?), thus minimizing the influence of soil variability
and individual plant variability.

In order to identify such a method, which was one aim of this study, attention
was focussed on techniques of remote sensing, because this field seems to offer
great potential for application to agronomy.

During the past decades knowledge about remote sensing techniques and their
application to fields such as agriculture has improved considerably. The work
dong by Bunnik (1978) formed the starting point for this study. He demonstrated
the possibilities of applying remote sensing in agriculture, particularly with re-
gard to its relation with crop characteristics such as soil cover, LAI and dry
matter weight. Although much research has been done on the relationship be-
tween crop characteristics and remote sensing measurements, the application
of remote sensing to field trials itself has never been investigated extensively.
Nevertheless, field trials are sometimes used in remote sensing research work,

Agric. Univ. Wageningen Papers 86-4 { 1986) 11



for they provide a wide range of values on the crop characteristic to be investiga-
ted, because different treatments have been applied. For ascertaining the rela-
tionships between remote sensing measurements and crop characteristics accur-
ately, such a wide range is preferable (see, e.g. Hatficld, 1983).

1.3 MAIN ASPECTS STUDIED

The hypothesis that inspired this study is that remote sensing can be used
in agricultural field trials. The major prerequisites for the technique used for
this particular application are:

a. It should offer characteristic spectral information about the vegetation and
small differences within one crop in field trials should be detectable.

b. It should not be too expensive to use, because it has to be applied repeatedly
during the growing season (temporal information).

¢. The spatial resolution (resulting from a combination of a recording and a
processing system) should be in the order of a few square metres or better,
given that plots in agricultural field trials are usually small.

d. It should permit a large area (up to several hectares) to be recorded in a
short time period (a matter of minutes),

e. It should be possible to have the resuits available within one or two days.

The first stage in finding the ideal remote sensing technique tor use in agricul-
tural field trials is to ascertain:

1. the wavelength region and, in particular, the spectral bands that should be
applied for obtaining characteristic information. (See¢ prerequisite a, above.)

2. the sensor and platform that are most appropriate for monitoring agricultur-
al field trials. (See prerequsites b, cand d.)

3. the processing system that is not too time-consuming and labour intensive.
(See prerequisite e.}. Furthermore,

4. the sensor and processing system have to be calibrated so that the information
obtained 1s influenced only by the object being studied.

After ascertaining the technical specifications above, the next stage is to ascer-
tain the significance of remole sensing measurements for crop information:
points 5-7 below. Each of these questions opened up a line of research that was
followed in this study.

5. What is the agronomic meaning of the variables measured by remote sensing
techniques?

6. How can remote sensing measurements be used for estimating conventional
variables measured in the field?

7. Can remote sensing measurements totalty replace field measurements?
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1.4 THE RESEARCH STRATEGY

The research was carried out at the ir. A.P. Minderhoudhoeve, experimental
farm of the Wageningen Agricultural University (the Netherlands), situated in
one of the new polders, Qost-Flevoland (figure 1.1), which was reclaimed about
30 years ago. The new polders are flat, uniform and highly productive agricultur-
al lands with a loamy topsoil. Measurements were gathered during the 1981-1983
growing seasons (cf. chapter 6).

First of all, in line with points 1 and 2 mentioned in section 1.3, the spectral
bands, sensor and platform, appropriate for application at agricultural field
trials were selected, primarily by evaluating results from literature. Applicable
systems then were tested at the ir. A.P. Minderhoudhoeve and the most appro-
priate one for use in agricultural field trials was selected. Also the processing
system was tested in order to obtain quantitative information about agricultural
crops (see point 3 of section 1.3). Next, ways of calibrating the whole system
{sensor plus processing) to produce calibrated variables that can be analysed
multitemporally were investigated (see point 4 of section 1.3).

Secondly, the agronomic meaning of the variables measured using the selected
sensor system was ascertained (see point 5 of section 1.3) and it was investigated
whether these variables can be determined with relatively smaller vartance than
the conventional variables. Aspects investigated included the ability to ascertain
treatment effects with larger ‘power’, i.e. improving the probability that the null
hypothesis (that the treatment has no effects) will be rejected on the ground
of remotely sensed data. Both data-gathering methods (remote and in the field)
contain tnaccuracies, and in this research an attempt was made to assess each
method as objectively as possible, by using statistical techniques.

Since the agronomist is currently still interested in conventional field data,
the variables measured by remote sensing were related to the conventional field
data. In this study the possibilities of estimating the latter by the former were
investigated (see points 6 and 7 of section 1.3). The possibilities of applying
some index or model from literature for estimating crop characteristics were
evaluated. Since none were found to be suitable for the purpose of this study,
an appropriate model was derived by adopting a few legitimate assumptions,
the parameters being estimated empirically, For this moenograph and its specific
application to field trials, the ideal model is one that is simple and requires the
least number of input variables. The practical applicability of the model is very
important. For instance, if the agronomist has to ascertain a leaf angle distribu-
tion (necessary for some existing models), he will probably prefer to collect the
conventional field data as he has always done.

Finally, the above model and hypotheses were tested and investigated with
actual data obtained in the field and by remote sensing at the ir. A.P. Minder-
houdhoeve. Most data were analysed according to the design of the field trial,
by applying an analysis of variance. Measures of inaccuracy obtained in this
way were used for comparison: remote sensing measurements were compared
with conventional crop characteristics, and also crop characteristics estimated
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Fia. 1.1 Location of the ir. A P. Minderhoudhoeve (APM), experimental farm of the Wageningen
Agricultural University, the Netherlands.
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from remote sensing measurements were compared with crop characteristics
measured in the field.

1.5 ORGANIZATION OF THE THESIS

In chapter 2 the available sensor systems are evaluated; this evaluation reveals
that multispectral aerial photography (MSP) is a very appropriate method for
usein agricultural fieid trials. The optimal spectral passbands were selected from
those available" with the Daedalus multispectral scanner. Multispectral aerial
photography and its processing and calibration are comprehensively described
in chapter 3, which concludes with a comparison between reflectance factors
obtained by multispectral photography and reflectance factors measured with
other sensors (e.g. radiometers in the field).

Chapter 4 gives definitions for reflectance, reflectance factor and reflected
radiance, which are important for the sensor system used. The main crop charac-
teristics that may be measured with the recommended system (MSFP} are de-
scribed and the influence of the soil is considered. Finally, several indices and
reflectance models from literature for estimating crop characteristics and their
applicability in this research are considered.

Chapter 5 presents new models for estimating soil cover and LAI These mod-
els are compared with an existing, more complicated model (the SATIL modet).

Chapter 6 describes the conventional methodology applied in field trials and
the design of several field trials that have been investigated, plus the statistical
interpretation of the figld data and the procedures used to compare and relate
spectral measurements to field data.

Chapter 7 presents the main results of comparing reflectance measurements
with crop characteristics and of estimating the latter by the former for several
field trials. A more extensive enumeration of results is given in the appendices
{presented as tables and figures).

Finally, chapter 8 gives final remarks as well as recommendations for future
work; chapter 9 gives the main conclusions of this research.
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2 EVALUATION OF REMOTE SENSING SYSTEMS

2.1 INTRODUCTION

After giving some general information about remofte sensing, relevant litera-
ture will be reviewed to reveal the remote sensing systems that fulfil the require-
ments given in section 1.3 for suitability for use in field trials. These systems
were tested at the ir. A.P. Minderhoudhoeve, so that the most appropriate one
could be selected. Finally, results from a muiltispectral scanning system, also
tested at the ir. A.P. Minderhoudhoeve and used to obtain an optimal choice
of channels (passbands), are given.

2.2 (IENERAL ASPECTS OF REMOTE SENSING

In this study the apphicability of remote sensing techniques to agricultural
field trials was investigated. Since many agronomists for whom the results of
this study could primarily be important may not be familiar with remote sensing,
this chapter begins with very general information about this technique.

Remote sensing enables one to acquire information about an object from a
distance, that is without being in contact with the object. Sensors in airborne
or spaceborne platforms operaie in the electromagnetic spectrum (figure 2.1).

Electromagnetic radiation from the sun that reaches the carth’s surface wilt
hit an object (figure 2.2). This may result in one of three interactions:

— transmission of radiation by the object because the object is wholly or partly
transparent to this radiation;

— absorption of radiation by the object, i.e. radiation is retained by the object
and may be used for certain internal processes (e.g. photosynthesis),

— reflection of radiation at or near the surface of the object.
In addition to the radiation reflected, the radiation emitted by an object on
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FiG. 2.1 The electromagnetic spectrum (from: Lillesand & Kiefer, 1979).
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F1G. 2.2 Basic interactions between electromagnetic energy and vegetation.

the carth’s surface may be remotely sensed. In the latter case we speak of ther-
mography, since the emission is thermal infrared or heat radiation.

Another method, frequently applied, involves an active system operating in
the microwave region of the electromagnetic spectrum. This system has its own
source of energy radiation and will register the retlected energy (e.g. microwaves;
figure 2.1).

The energy interaction is often specific for a certain object. This specificity
may be used for distinguishing objects or for ascertaining certain characteristics
of an object. The energy interaction may be equal for different objects in one
part of the electromagnetic spectrum, but different in another part of the spec-
trum. Knowledge about the reflectance pattern is referred to as spectral informa-
tion. In this respect it is important to know the radiation wavelengths to which
a single sensor is sensitive (its spectral sensitivity). Spectral resolution is a mea-
sure of both this spectral sensitivity and the discreteness of the bandwidths of
the spectral wavelength ranges (after: Swam & Davis, 1978), indicated as spectral
bands, passbands or channels.

Information concerning any change in the spectral characteristics of an object
over time may also be important in many applications. This is referred to as
temporal information. In this respect it is important to know whether a sensor
can be applied under all weather conditions, and how expensive reiterative ob-
servations are.

The third kind of information is spatial information, which is concerned with
characteristics dependent on location. It is important to know the limitations
of a sensor system with respect to spatial detail (its spatial resolution).

As well as the spectral, temporal and spatial resolution of a sensor, the radio-
metric resolution must be known to answer questions 1 to 4 posed in section
1.3. This radiometric resolution is defined as the smallest discriminable differ-
ence of signal output of a sensor.

All radiation detected by remote sensors has travelled through the atmos-
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phere. The atmosphere may modify or contribute to the radiation coming from
the earth’s surface. Different kinds of particles present in the atmosphere will
absorb and scatter the radiation passing through it, and this has to be taken
into account. It is especially important to remember that the atmosphere has
limited transparency in certain parts of the electromagnetic spectrum (bands)
because there is a strong absorption of energy by the atmosphere in those bands
(figure 2.3). This will restrict the application of remote sensing to certain ‘“win-
dows’ in the electromagnetic spectrum.

As well as airborne and spaceborne sensors, earth-bound sensors may be used.
These are especially useful for detailed studies where a linited number of mea-
surements is required, or for supplying reference data for checking other remote-
ly sensed data. These sensors are especially important for checking the calibra-
tion of other remote sensing systems and/or for atmospheric correction.

2.3 REVIEW OF RELATED RESEARCH ON SEVERAL SENSORS

Below, a selection from the extensive literature on remote sensing resecarch
is reviewed, to show the potential of the various apparatus available.

Remote sensing measurements can be carried out at different levels (altitudes),
ranging from measurements in the field up to measurements from space.

In order to determine the spectral reflectance of individual leaves or plants
laboratory measurements are carried out (e.g. Gausman, 1982; Gausman et al.,
1973; Horler et al., 1983; Tucker, 1980). Such measurements are very labour
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intensive, time-consuming and sensitive to the variability of individual leaves
and plants. So, they are not suitable for monitoring field trials.

For determining the relationship between remote sensing measurements and
crop characteristics, hand-held radiometers are often used (e.g. Aaseetal., 1984,
Abhlrichs & Bauer, 1983; Hatfield et al., 1984; Holben et al., 1980; Idso et al,,
1981; Markham et al., 1981; Miller et al., 1984; Milton, 1980; Pearson & Miller,
1973b; Pearson ct al., 1976; Pinter et al., 1981; Steven et al., 1983; Tucker, 1980;
Tucker et al., 1973, 1979, 1980]. These hand-held radiometers can only acquire
reflectance measurements in a few passbands at discrete locations. For acquiring
spectral reflectance measurements on site in narrow passbands over a wide range
of wavelengths, spectroradiometers are placed on elevated platforms (e.g. Brown
& Ahern, 1980; Janse & Bunnik, 1974; Pearson & Miller, 1971; Tucker et al.,
1973; Verhoef & Bunnik, 1974). Although they are unsuitable for use on large
areas within a short time period, hand-held radiometers and spectroradiometers
may be of some use in agricultural field trials. Therefore they were tested at
the ir. A.P. Minderhoudhoeve (section 2.4). Results of the measurements are
used in section 3.13.

Another level for acquiring remote sensing measurements is from an aerial
platform. In this way larger areas can be recorded. The various airborne sensors
operate in different parts of the electromagnetic spectrum (figure 2.3). The spa-
tial resolution of the microwave sensors currently available is too low for use
in field trials. Morcover, these sensors are too expensive for frequent recordings
to be made during the growing season. Thermal sensors are often used in combi-
nation with multispectral scanning systems. Thermal sensors record the emitted
{thermal) infrared radiation from a surface (offering, for instance, information
about evaporation of crops which may indicate differences in stress, such as
drought). Since these sensors offer no direct information about soil cover, LAI
or dry matter weight (which are the main crop characteristics of interest), their
use in agricultural field trials, and therefore their relevance to this study, was
ruled out. Multispectral scanners record digitally the reflected visible and infra-
red radiation in several wavelength bands (passbands). They have a high spectral
and a moderate (a few square metres) spatial resolution. Some research has been
done by using aerial multispectral scanners (e.g. Aase el al., 1984; Bunnik et
al., 1977; Hatfield et al., 1982; Wardley & Curran, 1984). Since, in principle,
a multispectral scanner is applicable to agricultural field trials, this device was
also tested at the ir. A.P. Minderhoudhoeve (next section). Systems for aerial
photography also enable recordings of the reflected visible and infrared radia-
tion to be made. The spatial resolution of photographic systems is high, being
mainly confined by image motion and by the aperture of the device (the densi-
tometer) used for measuring densities in photographs; cf. section 3.5. To date,
the calibration of aerial photography has proved problematic, in particular be-
cause of the analog dala registration (¢.g. see Curran, 1980, 1981, 1982a, 1982b,
1983; Graham, 1980; Kannegieter, 1980; Ross, 1973; Sicvers, 1976). If this cali-
bration problem could be overcome, aerial photography would be particularly
useful in agricultural field trials. Therefore this method of remote sensing was
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also tested at the ir, A.P. Minderhoudhoeve and described in the next section.

In order to map or classify large areas, spaceborne sensors (satellites) can
be used (see Gray & McCrary, 1981a, 1981b; Heilman & Moore, 1982; Markham
et al., 1981; Pollock & Kanemasu, 1979; Rouse et al., 1973; Tucker et al., 1985).
Their spatial resolution (> 10 by 10 metres) is too low for use in field trials,
therefore they will not be considered further.

One of the main results of the work done by Bunnik (1978) was the identifica-
tion of five wavelengths based on optimum information about variation in rele-
vant crop characteristics. These wavelengths were: one in the green at 550 nm,
one in the red at 670 nm, one in the near infrared at 870 nm and two in the
water absorption region —one at 1 650 nm and the other at 2 200 nm. Recordings
in the water absorption region taken from any aerial platform are difficult to
apply, because of the modification by water vapour in the atmosphere. With
aerial photography, recordings in the water absorption region cannot be made,
since no film material is sensitive to that radiation. Bunnik also discussed the
bandwidths acceptable for registering reflectance of crops. This bandwidth was
determined by a maximum variance in the reflectance of vegetation with variable
crop and soil properties. In the visible region (550 nm and 670 nm) the bandwidth
should be small (about 20 nm), but it has to be a compromise between the re-
quired width and the low signal level caused by the generally low reflectance
of green vegetation, especially in the red. In the infrared region at 870 nm the
band can be wider (e.g. 100 nm), provided that the water absorption at 940
nm is excluded.

in the literature there is a certain consensus that bands in the green, red and
near infrared regions are optimal if information about vegetation is 1o be ob-
tained (e.g. Kondratyev & Pokrovsky, 1979).

2.4 SELECTION OF SENSOR AND PEATFORM

In this section the efficacy of four sensor systems that were available and
could be used in field trials is evaluated. Each of these systems was tested for
their usefulness in agricultural field trials at the ir. A P. Minderhoudhoeve (fig-
ure 1.1) during the 1981-1983 growing seasons. These systems were a hand-held
radiometer, a field spectroradiometer, aerial multispectral scanning and multi-
spectral aerial photography. The hand-held radiometer is a portable instrument
for carrying out reflectance measurements at discrete locations in a few pass-
bands. The field spectroradiometer is an instrument that records in many narrow
spectral bands, yielding the spectral distribution of radiant energy. Both instru-
ments are used for verifying measurements from airborne sensors. The pros and
cons of aerial multispectral scanning and aerial multispectral photography were
evaluated.

The hand-held radiometer, which carries out reflectance measurements in
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TasLE 2.1 Specifications of the filters used with the hand-held radiometer.

central maximum wavelength bandwidth
wavelength  transmittance (50% rel.

(nm) transmittance}

577 45%; $65-390 nm 25nm

660 0%, 645-675 nm 30 nm

840 455 834-846 nin 12nm

three passbands, was constructed by the Technical and Physical Engineering
Research Service (TFDL), Wageningen. Uenk (1982) has described a similar
instrument. The receiver of the radiometer consists of two photo-electric cells
mounted in the centre of a rotating drum, one measuring the incoming radiance
{the total of sunlight and skylight) and the other measuring the reflected radi-
ance. The surface of the drum contains three optical filters, whose specifications
are given in table 2.1. The filters were chosen on the basis of the results obtained
by Bunnik (1978) and on the channels of the Dagdalus multispectral scanner
(channels 5, 7 and 9). The spectral passbands are illustrated in figure 2.4, The
device measures incoming radiance through a so-called cosine-corrected sphere.
Several apertures can be used to measure the reflected radiance. Data are stored
{and processed to some degree) by a pocket calculator, which is interfaced with
the radiometer.

We tested the usefulness of the hand-held radiometer for agricultural field
trials at the ir. A.P. Minderhoudhoeve. The radiometer was calibrated by taking
reflectance measurements using the reference targets (artificial targets with
known reflectance factors) described in section 3.12, The instrument was held
about one metre above the object (figure 2.5), whilst avoiding shadow on the
object. The measured area of the object was about half a square metre. In order
to obtain an average plot value, 6 measurements were carried out per plot. Mea-
suring one plot (of a field trnal) in this way took about 3 minutes.
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Fi6. 2.4 Spectral passbands of the hand-held radiometer.
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F1G. 2.5 The hand-held radiometer.

The field spectroradiometer tested has been described by Bunnik (1978). It
was designed and construcied by the TNO-TH (TPD) Institute of Applied Phys-
ics, Delft. To keep the measurement conditions as constant as possible, the in-
strument simultaneously measures an object and a diffuse reflecting reference
target, both exposed to the same irradiation. The reference target comprised
a panel sprayed with Eastman Kodak White Reflectance Paint (based on
BaS0O,). This panel was calibrated in the laboratory with a standard panel with
known absolute reflectance. The spectroradiometer is constructed in such a way
{cf. Bunnik, 1978) that the object ficld of view equals about 8°x 20° and the
reference field of view is 5 mrad. Two mirrors, oriented at an inclination of
45°, were used to observe the object and the reference panels from perpendicular-
ly above (figure 2.6). The distance between entrance pupil and object varied
from 5 m to 6 m, depending on object height. At object level this resulted in
an area varying from 0.70 m by 1.75 m to 0.85 m by 2.10 m. Both the object
or reference panel had to be free of shadow from the spectroradiometer. By
using this instrument, spectral measurementis can be obtained in 153 passbands
within a wavelength interval from 361 nm at the end of the ultraviolet region
to 2 360 nm in the reflective infrared region. A scan through the whole spectrum
is obtained in about 2 minutes. The output signals of the spectroradiometer
are stored on magnetic tape after digitalization by a datalogging system. The
data obtained are then processed by computer, which makes a correction for
the absolute reflectance of the reference panel and compensates for systematic
differences between the output of the object optics and of the reference optics.
Some specifications of the field spectroradiometer are given in table 2.2 (after
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Fi1G. 2.6 The ficld spectroradiometer,

Bunnik, 1978). To test the usefulness of the spectroradiometer for agricultural
field trials at the ir. A.P. Minderhoudhoeve it was mounted on a tractor for
mobility (figure 2.6). It took about 5 minutes to take one measurement in a
certain plot and then move to the adjacent plot.

Multispectral scanning (MSS) recordings of field trials at the ir. A.P. Minder-
houdhoeve were obtained by means of a 10-channel ‘Daedalus Multispectral
Scanner’, model 1240/1260. The missions were performed by Eurosense B.V.
and financed by the BCRS (= Begeleidings-Commissie Remote Sensing). The
digital data were recorded on high density tape in the acroplane (a Dornier Sky-
servant DO.28 D-1) and afterwards corrected and resampled for panoramic dis-
tortion and then converted into computer-compatible tape (CCT). The CCTs
were processed in the computer colourgraphic system of the Wageningen Agri-

TabLE 2.2 Specifications of the spectral resolution of the field spectroradiometer (after Bunnik,
1978).

interval  detector spectral range bandwidth
1 Si 361- 753nm 17 nm
2 S8i 629-1226 nm 25nm
3 PbS 1165-2360 nm 42 nm
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cultural University. Recordings were obtained in the following channels:
channel 4 : 500550 nm (green) [in 1982 only]

channel 5: 550-600 nm (green)

channel 6 : 600—650 nm (red)

channel 7 : 650-700 nm (red)

channel 8 ; 700-790 nm (reflective infrared)

channel 9 : 800-890 nm (reflective infrared).

No recordings were obtained at wavelength bands below 500 nm because of
the large influence of the atmosphere in this region of the electromagnetic spec-
trum.

The radiance reaching the sensor is converted into a digital value by electronic
cnergy detectors, and may be recalculated to radiance in a direct manner by
means of an internal calibration system. Each digital value (or radiance value)
is an mtegrated value over a small surface area in the scene to be analysed (for
a complete description of such a system, see remote sensing handbooks, ¢.g.
Manual of Remote Sensing, 1983). The digital dataset corresponds to a 2-dimen-
sional grid. A rotating mirror senses the ground surface along a series of parallel
scan lines running perpendicular to the flight direction. By the forward motion
of the aeroplane new strips of the surface to be covered by successive scan lines
will be measured. Each cell of this grid is called a picture element (pixel). This
type of scanning system is supposed to be a well calibrated system. The minimum
size of a pixel at ground level determines whether multispectral scanning can
be used for agricultural field trials.

In processing the MSS data it is important to determine accurately a mean
value for radiance reflected by each piot in a field trial. The smallness of the
net plots can be a problem. In our tests they were only 3 metres wide and 15
to 20 metres in length. The minimum height for recording with the available
scanning system is about 1500 feet (about 460 metres) for proper navigation,
to minimize the movements of the plane and 1o reach the correct ratio of scan-
ning speed to flight speed. The scanning system has an instantaneous field of
view of 2.5 mrad (0.143°) (circular) and a total field of view of 86° (figure 2.7).
The instantaneous field of view is defined as the smallest plane angle over which
an instrument (e.g. a scanner) is sensitive to radiation; the total field of view
is defined as the overall plane angle in the across-track direction (y-direction)
(after: Swain & Davis, 1978). At an altitude of 1500 feet this implies that the
pixel is circular with a diameter of 1.14 metres at a view angle of 0° (nadir view-
ing) and that the pixel becomes elliptical with increasing view angle up to a
pixel with axes of 1.56 metres and 2.14 metres in the principal directions of the
ellipse at maximum view angle. The shorter axis of the ellipse (x-direction) was
arranged to be nominally parallel to the shorter side of the plots (= 3 metres).
In our tests, only one scan ling covered the plots without interference from the
edges of the plots. Moreover, the forward movement of the plane and its other
movements (roll, yaw, pitch) mean that the scan lines are never perfectly perpen-
dicular to the flight direction (figure 2.8). Thus there were only a few pixels
on a nct plot and consequently their location had to be ascertained accurately.
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F1G. 2.7 Schematic presentation of scanning geometry of a multispectral scanning system.
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F1G. 2.8 Schematic presentation of possible positions of pixels across the plots of a field trial. Pure
pixels are indicated by a cross.

Moreover, their location cannot be influenced afterwards (cf. aerial photogra-
phy).

A mission using such a system is too expensive (in the order of f 40000 per
mission for the CCTs) to be used very frequently during the season. This rules
out its use for repetitive overflights during the whole growing season. If only
one or two overflights are required these systems would be feasible. In the follow-
ing section scanner data will be used to choose the optimal spectral passband,
using results obtained from field trials at the ir, A.P. Minderhoudhoeve.
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Systems of aerial photography enable recordings of the reflected visible and
infrared radiation to be acquired. The spatial resolution will primarily depend
on lens type, altitude, film material and image motion. By using an appropriate
micro-densitometer or densitometer with small aperture, quantitative measure-
ments with high spatial resolution may be obtained (see section 3.5). Moreover,
the measurements can be carried out at exactly determinable locations of an
object. The camera equipment can be installed in small planes if small non-metric
cameras are used (e.g. 70-mm aerial photography).

The potential of integral tripack colour infrared film (Aerochrome 2443) with
its merit of simultaneous exposure and registration of three spectral bands, i.e.
green, red and infrared, was studied. Its use was discounted, as problems were
foreseen in extracting spectral reflectance data from a sensor of modest sensitivi-
ty (E.A.F.5. = 40 without the use of filters, where E.A.F.S. = Effective Acrial
Film Speed as determined by a threshold exposure response measured at a den-
sity of fog + 0.3; fog being the density of an unexposed emulston after process-
ing, added to the density of the plastic base of the film). In addition, inter-image
effects may occur (Egan, 1985). Moreover, spectral resolution is low (figure 2.9).
The infrared band {cyan dye layer) is very wide, and sensitive even for green
and red radiation. Therefore, separation into green, red and infrared is very
complicated (see ¢.g. Scarpace, 1978; Scarpace & Friederichs, 1978; Scarpace
& Quirk, 1982).
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FiG. 2.9 Spectral sensitivity of Kodak Aerochrome Infrared film 2443 in combination with a Kodak
Wratten 12 filter. (from: Kodak publ. M-29, 1976). Reprinted courtesy of Eastman Kodak Com-
pany.
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F1G. 2.10 Spectral sensitivity of Kodak Infrared Aerographic film 2424 in combination with a Ko-
dak Wratten 87C filter. (from: Kodak publ. M-29, 1976). Reprinted courtesy of Eastman Kodak
Company.
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TaBLE2.3 Comparison between a hand-held radiometer, a field spectroradiometer, aerial multispec-
tral scanning (MSS) and aerial multispectral photography (MSP}

hand-held field spec- MSS MSP

radiometer treradiometer
investments' high high very high high
exploitation costs’ low low high moderate
data registration digital digital digital analog
availability data immediately few days few weeks few days
spatial resolution® 0.5m’ | m? 1-4m? 0.1-1m?*
spectral resolution® 10-100 nm 16-50 nm 50-100 nma 25-100 nm
measurable area’ 100-300 m? 20-50 m? > 100 ha > 100ha

! Order of magnitude: low = less than £ 100
moderate = £ 100-1000
high = [ 1000050000
very high = more than f 50000,
2 Highest resclution of available equipment.
* Order of magnitude measurable within a few hours (2-5 hours) with the available equipment.

Black and white aerial photography was found to be preferable because of
the more straightforward separation of bands with a one-layer film. The spectral
resolution may be high when adequate films and filters are used in order to
achieve a multispectral photographic (MSP) system with narrow bands (figure
2.10). Consequently, cost stays within acceptable limits. Yet this system can be
applied to relatively large areas (several hectares). All these considerations
render black and white multispectral aerial photography the most promising
remote sensing technique for application to field trials. The only limitation is
that calibration and use of the sensor system must be very accurate if this tech-
nique is to supply quantitative information, and this has often been a bottle-neck
for its application (e.g. Sievers, 1976). In this thesis, procedures for solving these
problems will be given (chapter 3). The system was also tested at the ir. AP,
Minderhoudhoeve.

All four systems are summarized in table 2.3.

2.5 SELECTING THE OPTIMAL CHANNELS

A question that may arise is whether all channels in the optical region men-
tioned (visible and reflective infrared) are necessary for estimating crop charac-
teristics. Ideally, the maximum amount of information should be obtained from
these spectral measurements but the total number of channels needed should
be limited, as this could lead to savings in costs of dalta collection, processing
(by computer) and interpretation.

The choice quoted from literature in section 2.3 was verified by using results
from the MSS recordings.
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2.5.1 Selection criteria

The MSS data were statistically analysed so that a subset of multispectral
channels containing the smallest set of regressors and which explained most of
the variability in the response variable could be selected. Yield was used as the
response variable, The analysis was restricted to linear multiple regression, i.e.
with equations that are linear in their unknown constants:

yield = a, + a, ChS5 + 2, Ché + a, Ch7 + a,Ch8 + a; Ch9 (2.1)

Linear regression equations between spectral measurements and crop charac-
teristics have been reported in many investigations (e.g. Barnett & Thompson,
1983; Holben et al., 1980; Pollock & Kanemasu, 1979; Tucker ¢t al., 1980). Pear-
son & Miller (1973a) and Verhoef (1979) also applied linear equations for select-
ing an optimal subset of channels. In the literature some of the relationships
appeared curvilinear in graphic presentation, and therefore quadratic terms were
also incorporated in the linear model. Under the conditions of the present study,
coefficients of quadratic terms were not significant. This was also found by Ahl-
richs & Bauer (1983). The range in the yield data used was mostly not very
large (cf. coefficients of variation for the yield data in the following sections).
So, regression curves of yield on reflectance measures were linear for these data.

Since ratios have often been used as indices for estimating crop characteristics
(e.g. Holben et al., 1980; Pearson et al., 1976; Tucker, 1979; Tucker et al., 1980),
a logarithmic transformation of the radiances in the distinct channels was also
applied in this study. This transformation did not yield better models, so only
linear models that are linear in the regressors were used for selecting the optimal
subset of channels (cf. equation 2.1), This subset selection is the only aim of
the rest of this chapter, and therefore little attention will be paid here to the
explanation of the relationships found. This will be given more emphasis in later
chapters.

To establish an optimum configuration, aill models consisting of all possible
combinations of present channels have to be compared. Many linear models
may be possible. The ‘Linwood’ computer program (Daniel & Wood, 1980}
was used to compare all possible models. The MSS channels (radiance values)
are the regressors used for fitting to a crop characteristic. Using a C, value,
the model giving a good fit to the response variable (crop characteristic) and
consisting of as few regressors as possible is selected. This C, value, sensitive
to bias {= lack of fit) because of the omission of relevant regressors, is defined
as (according to Daniel & Wood, 1980):

RSS
C,=—5*— (N-2p) (2.2)
RSS, = residual sum of squares for the model with p regression coefficients
(= Z(y—¥))

= estimated variance of the observations
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total number of observations
number of regression coefficients to be estimated.

N
p

5% is often estimated from the full model (with all regressors present), but is
in fact the true variance (¢} or its estimate for a correct model (the model with
all relevant regressors, whether measured or not, necessary for explaining the
response variable). This may result in the C, value being underestimated, which
is undesirable.

As an alternative it is preferable to look at the residual sum of squares (RSS,)
for each model (Jansen, 1978). Plotting these residual sums of squares against
the corresponding number of degrees of freedom (N-p) may result in a picture
similar to that shown in figure 2.11. Points in the model whose connection line
with the origin have smaller slopes but which have large (N-p) values, are candi-
dates for selection. The slope of the line connecting points with small and more
or less constant slopes represents a valid estimate of the variance of the observa-
tions.

In order to make different experiments more readily comparable we use the
(estimated) coefficient of variation (CV):

oy = YRSS/(N-_p) 23)

¥

y = mean value of the dependent variable.
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F1G. 2.11 Example of the residual sum of squares as a function of the corresponding number of
degrees of freedom {After: Jansen, 1978). P or Q are adequate subsets.
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The optimal model selected from figure 2.11 will be the model with minimum
CV.

In this study, selecting the optimal subset of channels based on.the C, value
and that on the CV value both yielded identical results with the data sets con-
cerned.

Recordings of multispectral scanning were obtained at the ir. A P. Minder-
houdhoeve on & July 1981 and 13 July 1982. The azimuth angle between sun
and sensor was about 30° or 270° (scan lines oriented perpendicular to the azi-
muth of the sun), because at such angles the predicted off-nadir viewing effects
are mimimal (Kimes, 1983; Slater & Jackson, 1982), Several field trials were ana-
lysed. The mean of all net pixels per plot (10-15) was calculated and digital pixel
values were converted into radiance (mWm 2sr'#).

2.5.2 Field trial 105 in 1981 {(wheat )

At the ir. A.P. Minderhoudhoeve a uniformity trial was laid out in 1981 with
spring wheat, cultivar Bastion. The aim was to investigate whether systematic
differences between plots occurred as a result of local differences in soil fertility.
The trial consisted of 144 uniformly fertilized plots. The wheat was sown on
6 April 1981, and harvested on 31 Angust 1981. Grain yield only was ascertained
(at the end of the season). Mean yield for these 144 plots was 6 300 kg/ha and
the coefficient of variation (CV) was small: 0.035. Because of this small variation
among the yield data the explanation of yield differences by means of MSS data
was not expected to be spectacular. Yet, an analysis along these lines was carried
out.

An MSS mission was carried out on 8 July 1981, At that moment the ears
of the wheat crop were just visible and the crop was still completely green (Feckes
stage 10.5, cf. appendix 1).

2.5.21 Optimal choice of channels

Because digital pixel values and radiance values arc linearly related it was
immaterial whether the analysis was carried out on the basis of the one or the
other. Radiance values were used in the computations.

Some of the channels correlated strongly with one another. Channels 5 and
6 (correlation coefficient r = 0.92) and channels 7 and 8 (r = 0.94) correlated
strongly. Channels 8 and 9 correlated less strongly (r = 0.80).

A linear modet with channels 5, 7 and 9 seemed to offer a good fit of yield
with CV = 0.025. This model is given in equation (2.4):

yield = 3550 — 2.07Ch5 — 2.05Ch7 4 1.43Ch9 (2.4)

Study of the MSS images showed that the radiance in some channels may
depend on the view angle; this may have influenced the above analysis. The
importance of this angle will be examined further in the following section.

* gr = steradian
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2.5.22 View angle effects

The view angle effects are illustrated in figure 2.12. Field trial 103 consisted
of 12 strips of 12 plots each, such that each strip was situated paraliel to the
flight direction (cf. figure 2.8). Thus for each individual strip the view angle
was constant. View angle 0° (vertically downwards) occurred about half-way
between strips 3 and 4. The optimal subset of channels was also selected for
each individual strip.

As compared with the model concerning all six channels, the model with chan-
nels §, 7 and 9 offered the optimal fit of grain yield (table 2.4) for each individual
strip.

Two solutions for taking the view angle into account were applied.

1. The first method is to introduce the view angle into the model as an additional
regressor. Because the view angle effect may differ for the different channels,
the interaction terms between view angle and the channels were also included
in the calcutations. The introduction of the view angle effect appeared to
yield some improvement of the results and the optimal model contained the
view angle, channels 5 and 9 and the corresponding interaction terms (CV

RADIANCE (mdm=2qr-1y  CHANNEL S RADIANCE (mym-2a--ly ~ CHANNEL B RADIANCE cmWn-Zgr-1y ~ CHANNEL 7
650 80 BRD
~ W " \/\/"_‘—V’l "
550 480 780
. - . \ \ \ 3 . .
S0dra o n 20 8y o 10 20 2% 3 16 20
VIEW ANGLE MEGREES? VIEW ANGCLE (DEGREES? VIEW ANGLE (DECREES)
RADIANCE (mwm~2cr=1y ~ CHANNEL 8 RADIANCE (m¥m-2er-1)  CHANNEL &
s200 4300
4800 4000
» ol /\//_//‘
Aoegyg [ 16 20 34007, ] o
VIEW ANGLE (DEGREES) VIEW ANGLE (DEGREES)

FiG. 2.12 View angle effects with the MSS channels in field trial 105. Recording date: 8 July 1981
(azimuth angle between sun and flight direction: 0°).
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TABLE 2.4 Coefficients of variation of residuals when estimating grain yield of field trial 105 from
MSS data for the linear model with channels 5, 7 and 9 as compared with the maodel incorperating
all 5 channels for each individual strip.

strip view channels channels
angle(®) 5,6.7,8,9 5,7and 9
Cv Ccv
1 6.8 0.020 0.019
2 4.0 0.016 0.014
3 1.2 0.024 0.025
4 1.6 0.015 0.015
5 44 0.016 0.018
[ 7.2 0.026 0.027
7 9.9 0.021 0.021
8 12.6 0.023 0.021
9 15.2 0.023 0.020
10 17.8 0.028 0.029
11 20.3 0.015 0.018
12 227 0.022 0.026

2. The second method involves correction for the gradient of the measured radi-
ance, perpendicular to the flight direction. A second order polynomial correc-
tion for a gradient in the scan direction (x-direction) was carried out on the
image that covered field trial 105, This function appeared to provide a good
fit to the observed gradient (a second order polynomial function was also
found by Ott et al., [984). After this correction, the model that used all 5
channels to fit grain yield resulted in CV = 0.024. These results were no
better than those obtained without the correction for the gradient and were
worse than those obtained when the view angle had been introduced into
the model. Also, selecting the optimal submodel with correction offered no
improvement over the submodels without correction for a density gradient
in the scan direction.

Thus equation (2.4) was judged to be the optimal submodei.

2.5.3 Fieldtrial 92 in 1981 (wheat)

During the 1980/1981 season a field trial was carried out at the ir. A.P. Min-
derhoudhoeve for investigating the effects of plant density, nitrogen nutrition
and fungicide treatment on grain yield with winter wheat (cultivar Arminda)
and spring wheat (cultivar Bastion). Winter wheat was sown on 14 October 1980
and spring wheat on 2 April 1981. Treatments were 2 plant densities (125 and
250 seeds per m?), 2 fungicide treatments (3 kg Bavistin M per ha or none) and
3 nitrogen applications as follows:
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Winter wheat:

Feekes stage F4 Fé F8 F10 total

NI 60 - - 60 120 kg N per ha
N2 - 60 - 60 120 kg N per ha
N3 - - 60 60 120kg N per ha
Spring wheat:

Feckes stage FO Fé6 F8 F10 total

NI 30 - - 55 85kg N perha
N2 - 30 - 55 85kg N per ha
N3 - - 30 55 85kg N perha

The whole trial was designed in three replicates. Each net plot size was 3 m
by 17m. On 18 August 1981 the winter wheat was harvested and on 1 September
1981 the spring wheat was harvested. On 8 July 1981 an MSS mission was carried
out as described in section 2.5.1,

The optimal subsct of channels for fitting grain yield was ascertained. Because
spring wheat and winter wheat were different crops with different growth stages
at the recording date, data on each crop were analysed separately.,

2.5.3.1 Optimal choice of channels forspring wheat

Because of the introduction of treatment effects, the variation within the yield
data was larger than that in figld trial 105, In the analysis one plot appeared
to be an outlier and was omitted in the subsequent analysis. The mean yield
for the remaining 35 plots with spring wheat was 5300 kg/ha, with a CV value
of 0.127,

On the day of the MSS mission the spring wheat still had a green canopy.
The ears had appeared and the crop was at the flowering stage (Feekes stage
10.5: F10.5). MSS channels 5 and 6 (r = 0.88) and channels 8 and 9 (r = 0.87)
correlated strongly. The optimal channels for the linear model were channels
5, 7and 9 (CV = 0.086). This model is given in equation (2.5):

vield = —4150-15.3Ch5 + 9.51Ch7 + 3.08Ch%9 (2.5)

Field trial 92 consisied of 6 strips parallel to the flying direction. Each strip
contained 6 plots of spring wheat (and 6 plots of winter wheat). View angle
0° occurred somewhere between strips 3 and 4 and the maximum view angle
was about 7°. The results from field trial 105 indicated that up to such a view
angle, differences in reflectance resulting from this changing view angle would
be small, This was also found by other researchers, ¢.g. Barnsley (1984), Kimes
(1983), Koepke & Kriebel (1978), Malila (1968), Ott ¢t al. (1984), Slater & Jack-
son (1982). Indeed, the introduction of the view angle as an additional regressor
(also including interaction terms between view angle and the various channels)
did not improve the fit of grain vield.
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2.5.3.2 Optimal choice of channels for winter wheat

The MSS mission for the winter wheat crop was performed towards the end
of the growing season. The grains were already maturing and senescence of the
canopy was proceeding (F11}. So the canopy was no longer green. The effects
of senescence may disturb the fitting of grain yield to spectral measurements.
The mean yield for all 36 plots with winter wheat was 7400 kg/ha, with a CV
value of 0.131.

Again, channels 5 and 6 {r = 0.93) and channels 8 and 9 (r = 0.97) correlated
strongly. The optimal selection of channels contained nearly all channels (chan-
nels 6, 7, 8, 9) with CV = 0.108. The introduction of the view angle resulted
in a minor improvement of the model. The moment chosen for the recording,
i.e. at the end of the growing season, was probably a bad choice for explaining
differences in yield.

2.5.4 Fieldrial 116 in 1982 (barley )

Field trial 116 was designed for investigating the influence of sowing date
and nitrogen nutrition on grain yield with barley, cultivar Trumpf. Treatments
were 2 sowing dates, 26 March and 22 April, and 6 nitrogen levels
{0-20-40-60-80-100 kg N per ha). The trial was designed in 3 replicates. The
size of each net plot was 3 m by 15 m. On 17 August the barley was harvested
by combine. On 13 July an MSS mission was carried out as described in section
2.4, but now also with channel 4 (500-550 nm) included, to ascertain whether
this channel offers additional information.

The two sowing dates meant that there were two different growth stages on
13 July with different reflectance patterns. These were analysed separately.

2.54.1 Optimal choice of channels

Channels 4, 5, 6 and 7 correlated strongly with each other. Their mutual corre-
lation coefficients were at least 0.99. Channels 8 and 9 alse correlated strongly
{r = 0.90).

In the early-sown crop, senescence had already started (F11) on the date of
the mission (13 July 1982). The mean grain yield of all 18 plots sown early was
7 100 kg/ha with a CV value of 0.109. The optimal subsct for the carly-sown
crop contained channels 6, 7, 8 and 9 (CV = 0.080), although for the whole
field trial channels 6 and 7 and channels 8 and 9 correlated strongly. As with
field trial 92 in 1981, only moderate results were obtained in explaining differ-
ences in grain yield from spectral measurements at senscence.

In the late-sown crop the canopy was still green, although the ears had ap-
peared (F10.5) by 13 July. For this sowing date the mean grain vield was 6 500
kg/ha with a CV value of 0.053, which shows the variability within these data
to be small. The optimal subset now contained channels 5, 7 and 9 (CV = 0.025).
This model was satisfactory for explaining grain yield. Because this field trial
consisted of 3 strips of plots only, the differences in view angle were very small.
Thus the view angle was not laken into account. This model is given in equation
(2.6):
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yield = —341-7.97Ch5 + 7.22Ch7 + 1.36Ch9 (2.6)

2.6 SUMMARY

Remote sensing recordings in the visible and reflective infrared regions of
the clectromagnetic spectrum can offer characteristic spectral information,
which may be related to crop characteristics such as soil cover, leaf area index
or dry matter weight. From an aerial platform, recordings in the green (at 550
nm), in the red (at 670 nm) and in the infrared (at 870 nm) are optimal (derived
from Bunnik, 1978).

The results of our tests showed that an aerial platform is most appropriate
for recording extended field trials. Multispectral scanning (MSS) is too expen-
sive for very frequent recordings during the growing season. By using 70-mm
aerial photography the cost should stay within acceptable limits, thus offering
a high temporal resolution. If the films and filters are chosen carefulty, a high
spectral resolution should be obtained. By adjusting the aperture of the densi-
tometer to variables such as lens type, flight altitude and image motion, a high
spatial resolution should also be obtained. This renders black and white mul-
tispectral acrial photography the most promising remote sensing technique for
application to agricultural field trials. The specifications and calibration of this
system will be described in the next chapter.

An analysis of MSS dala showed that channels 4, 5 and 6 of the scanner
used always correlated strongly, as did channels 8 and 9. The optimal selections
of channels mostly contained the channels 5 (550-600 nm), 7 (650-700 nm) and
9 (800-890 nm). These results confirmed the choice obtained from the literature
(e.g. Bunnik, 1978).
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3 DESCRIPTION OF MULTISPECTRAL AERIAL
PHOTOGRAPHY

3.1 INTRODUCTION

Chapter 2 resulted in the conclusion that the most appropriate technique for
frequent acquirement of remotely sensed data about field trials at the ir. A.P.
Minderhoudhoeve is black and white multispectral aerial photography, record-
ings being obtained in the visible and (reflective) infrared region of the electro-
magnetic spectrum. By using available camera equipment the flight height for
recording has to be adjusted to the size of the area (field trials) to be covered
by one photograph. To obtain the optimal passbands (section 2.3) with high
spectral resolution as well as a satisfactory radiometric resolution (which is also
influenced by film processing), the films and filters used have to be carefully
selected. After satisfying the above conditions an appropriate densitometer has
to be selected and its aperture has to be adjusted in order to obtain a satisfactory
spatial resolation for application at field trials.

The author and Mr. C. Horton of the Polytechnic of Central London collabor-
ated to study ways in which photographic recordings could be calibrated. In
particular the calibration concerns the characteristic curve, light fall-off, expo-
sure time, relative aperture, focal setting and atmospheric correction. The re-
quired experiments and the development of algorithms for radiometric calibra-
tion were carried out within the research programme for this thesis. The theoreti-
cal and physical background of the various photographic problems is being stud-
ied extensively at the Polytechnic of Central London by C. Horton. In the follow-
ing sections only the practical solutions for these problems will be discussed.

3.2 PLATFORM AND CAMERA EQUIPMENT

During the 1982 and 1983 growing scasons the acrial platform was a single-
engine aircraft (Piper Archer) with ports allowing a navigation sight and two
anti-vibration camera mounts with drift setting and intervalometer control. Two
Hasselblad cameras equipped with Zeiss Planar 100 mm lenses (or Zeiss Dista-
gon 50 mm lenses) could operate in the aeroplane to obtain simultaneous record-
ings on two film materials (figure 3.1). Since 70-mm film material was used,
the effective size of the negative was about 55 mm by 35 mm. In appendix 2
a plan of the experimental farm, where the rescarch was carried out, is shown,
It was desirable for one vertical photograph to cover an area at least 300 metres
long—which was the maximum length of a field trial. On successive flights over
the area, adjacent strips should have sufficient sidelap (about 309) in order
to ensure total coverage. So, the scale should be about 1 : 8 000. With a 100
mm lens (wich is the most suitable lens of those available at the Agricultural
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FiG. 3.1 The single-engine aircraft with camera mounts and cameras for 70-mm films.

University) this resulted in a flight height of 800 metres, while for a 50 mm
lens (used when the sky was completely overcast, with a low cloud base) this
resulted in a flight height of 400 metres. Photographs were taken at intervals
of about two weeks to keep in step with conventional field sampling. Flights
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Fic. 3.2 The microlight.

were performed at a mean solar altitude of 45 degrees, after it had been ascer-
tained that weather conditions were constant and cloud shadow was absent at
the site.
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Cloud shadow at the recording site can pose huge problems with aerial pho-
tography in general. If one has to extract quantitative information out of such
recordings one will look at (or measure) tonal differences within the image. How-
ever, cloud shadow will also introduce tonal difterences, which are nearly impos-
sible to separate accurately from tonal differences caused by different objects.
The weather in the Netherlands may change rapidly, especially with respect to
cloud cover. With the Piper Archer platform it takes several hours between the
moment that it is decided to execute a mission and the moment that the photog-
raphy can start. The crew (pilot, navigator and photographer) have to travel
to the airfield with the equipment (1 hour), they have to install all the equipment
in the plane (three-quarters of an hour) and they have to fly to the recording
site (twenty minutes). Meanwhile the cloud cover may have changed dramati-
cally.

In order to have a platform more quickly available at the recording site, the
experimental farm of the Agricultural University bought a small microlight air-
craft, the American Aerolights’ ‘Eagle’. On this platform an anti-vibration cam-
¢ra mount for two Hassclblad cameras was also attached (figure 3.2). A drift
setting and intervalometer control were also installed. Much experience was ob-
tained with the microlight during the 1982 and 1983 growing seasons. The micro-
light has been operational since the 1984 season. Vertical photographs have been
taken at an altitude of 300 metres (scale 1 : 3000). So, often more than one
photograph is required to cover a whole field trial. Personnel at the experimental
farm fly the microlight and handle all the equipment. It has proved possible
to start photography within 10 to 15 minutes after weather conditions have been
judged to be favourable. Results obtained with the microlight as a platform
will not be given in this monograph (which only deals with trials from 1981
to 1983), but will be published in other reports.

3.3 CHOICE OF FILM AND FILTERS

Kodak publications M-29 and B-3 were studied to ascertain the best aerial
films with high sensitivity that should be used in combination with filters 1o
match the spectral passbands that our research described in the previous chapter
had shown to be optimal for the Daedalus scanner. The aim was to facilitate

TasLE 3.1 Film and filter combinations used in the present study to match the optimal spectral
bands,

Band Kodak 70-mm Kodak Wratten wavelength bandwidth
Aerial film filters (50%; sensitivity)

green PX 2402 W21 + W3S7A 5355-580 nm 25nm

red PX 2402 W70 665-700 nm 35nm

infrared IR 2424 WB7C 840-900) nm 60 nm
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FiG. 3.3 Spectrat sensitivity of the green, red and infrared passbands used with multispectral aerial
photography.

the comparison of the results obtained with aerial photography with those ob-
tained with multispectral scanning. The film/filter combinations used are given
in table 3.1. The relative spectral sensttivity (determined as a combination of
film sensitivity and filter transmittance) of these three passbands is illustrated
in figure 3.3.

3.4 FILM EXPOSURE

First, an experiment was designed to ascertain the correct exposure with the
various film/filter combinations. Exposures of Kodak greycharts were made at
ground level. A Minolta photometer (type Flash Meter I1T) was used so that
the camera exposure control settings could be adjusted for variationsin illumina-
tion. The films were processed in a standardized manner as described in section
3.7. For a correct exposure the density of the darker Kodak greychart (about
18 %; reflectance) should be about 1.0. The camera settings for correct exposure
were determined by the effective aerial film speed (E.A.F.S.) given in table 3.2,

However, if the object is a natural surface, or, more specifically, a vegetation,
the reflectance in the various passbands will not be 189/, From literature and
from results reported in this monograph it may be deduced that with vegetation
the reflectance in the visible region of the spectrum can be considerably lower
than 18%,. Reflectances of 5% are guite common, and in the red region even
much smaller values are possible. In the infrared region reflectance values up
to 50 % or 60 %, are commonly encountered. One has to consider the whole range
of possible reflectance values, also taking into account that the atmosphere
causes some additional contribution to aerial measurements. The latter implies
that if an object reflects e.g. 5% of the incoming radiation, the reflectance at
sensor level may be e.g. 109/ because of the addition of sky light.

Thus, a camera setting adjusted to an E.A.F.5. of 12 ASA in the visible pass-
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TasLE 3.2 Effective aerial film speed (E.A.F.S.) in ASA for adjusting camera settings in order to
obtain correct exposures with various film/filter combinations.

film* E.AFS. filters E.AFS. EAFS.
without with applied during
filter filters missions

PX 2402 160 W21 + W57A 25 12

PX 2402 160 W70 35 12

IR 2424 320 Ws87C 35 50

* PX 2402 was developed with DK-50 for 18 minutes at 20°C,
IR 2424 was developed with DX-50 for 16 minutes at 20°C.

bands and to an E.AF.S. of 50 ASA in the infrared passband should result
in an adequate exposure of objects that range from bare soil (wet or dry) up
to vegetation with a high LAl All density values should, as far as possible,
be in the ‘linear’ part of the D-logQ curve (section 3.7); in other words, they
should be in the density range of 0.5 to 2.0.

In order to verify the above exposure values a mission was carried out in
the beginning of 1982 with the film/filter combinations described in table 3.1.
At the test site, reference targets (see section 3.12) were placed in order to obtain
objects early in the growing season that covered the whole range of possible
reflectance values. In practice, camera settings according to the above E.AF.S.
values satisfied the conditions made for usable density values, and these E.A.F.S.
values were used during all missions for this research.

3.5 DENSITOMETRY

Exposing a point on a film results in the film darkening because silver is depo-
sited on that point during development. The darkening of the film is usually
expressed as a density (D), which is defined as:

D = log(1/T) (3.1)

with T = transmittance of the film (expressed as a fraction).
The relationship between energy and density is described by the characteristic
curve (section 3.7). Densiti¢cs are measuréd with a densitometer.

At the Wageningen Agricultural University a Macbeth TD-504 densitometer
was available. Because the plots in the field trials studied were very small (plot
width of 3 metres), the aperture of the densitometer also had to be small. With
a scale of 1 : 8000 a plot width of 3 metres corresponds to a distance of 0.375
mm on the negative. The longest exposure time during recording was 1/60 sec-
onds, the flight speed of the Piper Archer was about 50 metres per second. This
resulted in a maximum displacement during one exposure of less than 1 metre,
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corresponding with an image motion of less than 0.1 mm at a scale of 1 : 8 000.
Therefore a special aperture with a diameter of 0.25 mm was constructed and
substituted for the original apertures of 1 mm, 2 mm and 3 mm. As an alternative
to the Macbeth densitometer it was also possible to use a Joyce-Loebl 3 CS
microdensitometer al the Polytechnic of Central London. With the microdensi-
tometer it is possible to use very small apertures (the aperture may vary from
50 x 1 pm to 6 x 1 mm).

An experiment was conducted to compare results obtained with the Macbeth
densitometer, aperture 0.25 mm, with the results obtained with the Jovce-Loebl
microdensitometer, aperture 0.033 x 0.066 mm. For this experiment, recordings
from 11 August 1982 were used. With both instruments a scan (i.e. density re-
cordings in one direction) was made across an object, and the result was recorded
on an analogue recorder. The reference targets set up along a line, and field
trial 116, were used as objects. Field trial 116 consisted of 3 parallel strips with
12 plots each (a total of 36 plots). Only one scan was made across each strip,
whilst it was not possible to determine the position of this scan very accurately.
This implies that the identical scan line across a strip was not measured with
both instruments, although the objects were the same. The recordings were ob-
tained as described in the previous sections.

Figure 3.4 iltustrates the resuit of 2 scan across the reference targets with the
microdensitometer and the densitometer, respectively. The scaling in the scan
direction differs because of a difference in scan speed and speed of the recorder.
The pattern is essentially the same, although with the microdensitometer the
curve is less smooth {more ‘noise’) because of the small aperture. The results

a

FiG. 3.4 Scan line across the targets for IR 2424, W87C, on 11 August 1982. a: Joyce-Loebl 3
CS. b: Macbeth TD-504,
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TasLE 3.3 Comparison of density measurements of the targets with the Joyce-Loebl 3 CS microden-
sitometer (= J-L) and with the Macbeth TD-504 densitometer (= M). Field trial 116, 11 August
1982,

target PX 2402 W21+ W5STA PX 2402 W70 IR 2424 WE§7C
J-L M J-L M FL M

1 grey 2.20 2.08 2.25 223 1.75 1.74
2 blue 1.15 1.15 1.20 1.20 1.13 1.14
3 green/blue L4l 1.40 1.37 1.37 1.56 1.55
410%; 1.52 1.53 1.58 1.58 0.90 0.90
525% 1.94 1.93 2.02 2.02 1.25 128
6607, 2.22 2.22 231 231 1.74 1.76
7 white 221 2.19 2.30 2.30 1.77 1.77
8 black L.11 1.12 1.13 1.17 0.80 0.79
9red 1.47 1.48 2.09 2.08 L.71 172

I0 green 1.53 1.54 1.56 1.55 1.63 1.63

of the density measurements of the targets in the three passbands described in
section 3.3 are given in table 3.3, an average value per target being used for
the measurements with the microdensitometer. The results are very similar. An
example of a comparison of scan lines across one strip of field trial 116 is given
in figure 3.5. Figure 3.6 presents the densities measured in the 36 plots of field
trial 116 with both instruments in all 3 passbands. The density values obtained
are the result of only one scan across each plot, and therefore small discrepancies
will appear because of natural variation within a plot. For convenicence, dashed
lines indicate a discrepancy of 0.03 density between results from both instru-
ments (it was assumed that measurements with both instruments were carried
out with a standard deviation of about 0.02 density: therefore a discrepancy
of about 0.03 density was expected).

From the results it was concluded that a densitometer (in this case the Mac-

F1G. 3.5 Scan line across one strip of field trial 116 for IR 2424, WE7C, on 11 August 1982, a:
Joyce-Loebl 3 CS. b: Macbeth TD-504,
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Fi1G. 3.6 Comparison of density measurements in field trial 116 on 11 August 1982 with the Joyce-

Loebl 3 C8 (J-L) and the Macbeth TD-504 (M). — M = J-L —: M = J.L + 0.03. a: PX W21
+ W57A (green). b: PX W70 (red). c: IR W87C (infrared).

beth TD-504) with an aperture of 0.25 mm diameter is suitable for analysing
1 : 8000 scale photographic recordings of field trials with plots of 3 metres riet
width. A much smaller scale will pose problems because the images of the plots
will be smaller than the aperture. By using a microdensitometer one is measuring
much variation (and noise) within a plot largely caused by the granularity of
the image (less so by differences in reflectance within one plot). In field trials
one is not interested in the variation within the various plots, but only in an
average value per plot. These results show that it is even easier to extract such
an average by using a densitometer, because of its smoothing effect. Yet, extreme
values (¢.g. of reference targets) of such averages will not be removed by smooth-
ing if the aperture is not too large. It was decided to use the Macbeth TD-504
densitometer to analyse all the images obtained in this study.

Another problem was to ascertain the number of scan lines that have to be
measured across each strip of plots to obtain a correct mean value per plot.
In order to investigate this, one negative of field trial 116 in 1982 was analysed
(IR 2424, WRTC, 27 May 1982). Net plot size was 3 m by 17 m. Plots of this
size were common on the ir. A.P. Minderhoudhoeve. Between 1 and 9 equi-
distant scan lines were measured per strip of 12 plots, and per scan line the
mean reflectance was calculated for each plot. Subsequently, the mean value
per plot was calculated by using different numbers of scan lines, ranging from
1 to 9. As a measure of precision the coefficient of variation (CV) of residuals,
resulting from the analysis of variance (cf. chapter 6), was used to ascertain
the optimal number of scan lines per strip. The results are illustrated in figure
3.7. The CV value should be as small as possible, but also the number of scan
lines needed should be kept minimal. Tt was decided that three scan lines across
cach plot would be optimal for this investigation (CV = 0.03).
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FiG. 3.7 Coefficient of variation (CV) as a function of the number of scan lines per plot. Field
trial 116, IR 2424, W87C, 27 May 1982,

3.6 DENSITOMETRY AND PHOTOGRAMMETRY

A problem inherent to data extraction from multidate recordings is caused
by differences in image location and scale between object points as a result of
slight differences in flight paths and altitudes. However, the aim is to be able
to measure across the same part of an object or plot repeatedly. Therefore, prior
to the flying missions a rectified photomap of the trial area was made from
photographs scale 1 : 3000 taken by a 230 mm x 230 mm metric camera. Then
the image coordinates of pass points (in the terrain)} were accurately determined
by using a stereo analogue plotter, and were stored in the memory of an HP-85
microcomputer. Subsequently, the positions of scan lines relative to these pass
points were determined and also stored in the memory of the microcomputer.
This facilitated precise scanning regimes (o be made of selected plots with a
densitometer.

The Macbeth TD-504 densitometer, aperture (.25 mm, was modified so that
it would operate as a flat-bed scanning densitometer (figure 3.8). A frame was
built to support the film. This frame was driven in the x and y directions by
stepping motors, and it could be rotated manually. The position of the frame
(and thus of any point of the image il supports) was digitally stored by means
of a digitizer tablet (accuracy + 0.05 mm) which was interfaced with an HP-85
microcomputer. The densitometer itself was also interfaced with the microcom-
puter for density readings (in units of 0.01 density). First, pass points were digi-
tized, followed by frame corner points. With the microcomputer the image coor-
dinates were transformed to terrain coordinates in the system derived from the
rectified photomap. The screen of the microcomputer displayed how much the
frame should be rotated to obtain the correct scan direction, and for each scan
line it displayed the displacement in x and y to position the frame at the desired
starting point. After an image was correctly positioned, readings were made
at discrete intervals (16 mm™) in the x direction and densities were recorded
together with corresponding photo coordinates. The fact that there were 16 read-
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FiG. 3.8 Macbeth TD-504 densitometer modified for controlled line-scanning.

ings per mm implied that there was considerable overlap between consecutive
measurements. This was necessary if at least one density reading was to be ob-
tained per 3 m-wide net plot, without interference from the edges.

It was also possible to interface the microcomputer with the main computer
{DECI10) of the Agricultural University. With the main computer some correc-
tion algorithms were applied to the measurements, in order to correct for factors
described in the following sections.

3.7 CHARACTERISTIC CURVE (SENSITOMETRY)

The characteristic curve of a processed film is a plot of its optical densities
against the logarithm of the corresponding exposures. The shape of this curve
for black and white film materials is illustrated in figure 3.9. The density level
D.... equals the density of the unexposed film and is called ‘base + fog’. The
slope of the curve is referred to as the gamma (y). Exposures in the steepest
part of the curve result in the highest contrasts. The shape of the characteristic
curve depends on many factors, such as film material, composition of the deve-
loper, development time, development temperature and degree of agitation dur-
ing developing.

In order to obtain a high radiometric resolution, 4 small difference in exposure
should result in a farge difference in film density. Therefore the processing of
the film, which was done by hand in a small reel tank, was standardized, i.e.
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F1G. 3.9 Anexample of a characteristic curve.

the duration and temperature of processing, as well as agitation and drying con-
ditions were the same, DK-50 was used as a developer. After 1 minute of pre-
wetting, PX 2402 film was processed for 18 minutes and IR 2424 film for 16
minuvtes at 20°C. During developing the solution was agitated every minute.
After 2 minutes in the stop-bath, the film was put in a fixing-bath for 3 minutes
and finally the film was washed for at least 8 minutes.

There are two practical ways of determining the characteristic curve:

1.) By using a sensitometric strip (step wedge). Such a step wedge is made by
exposing a piece of film through a standardized wedge by means of a sensi-
tometer. A sensitometer produces radiant energy of precisely known quan-
tity and spectral composition. The same film material (same batch) should
be used as for the material that has to be calibrated and both materials have
to be processed together in order to control the whole processing. The result
is a series of density steps (usually about 20) ranging from D, up to about
a density of 3.0. The interval between the various steps is nearly constant
and known (mostly 0.15 density). This implies that the relative log exposure
values with such a sensitometric strip arc known. The characteristic curve
is obtained by measuring the densities for each step and by plotting these
values against the known log exposure values.

2.) The second procedure is based on the construction of some sort of step wedge
in another way (if a sensitometer is not available). Photographs are taken
of a series of Lambertian reflectors with known reflectances (in this case,
5 panels with reflectances of 397, 109, 25%, 60%, and 709, respectively).
For ihese reflectors a relative log exposure value can be calculated within
one photograph. By changing the exposure with the relative aperture and
by taking another photograph under constant irradiance conditions, new
log exposure values are obtained that can be related to the former ones if
the change in relative aperture is known. By taking a series of photographs
of the reflectors at different relative apertures, a series of relative log expo-
sure values is obtained. One only has to ensure that the reflectors are close
to the centre of the negative, in order to avoid disturbances by light fall-off.
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FiG. 3.10 Fourth order polynomial fit for the characteristic curve, PX 2402, batch no. 2402-282-292,
W21 + W57A (green passband).

The exposure time (section 3.9) also has to be kept constant. The characteris-
tic curve is then obtained in the same way as with procedure 1.

Both procedures were applied in this study and they yielded essentially the
same results. The characteristic curve was only used as a calibration curve. Ideal-
ly, for interpolation, the characteristic curve should be described by some kind
of mathematical function. It is not necessary for this latter function to be based
on physical (or photographic) variables, For this reason it was decided to investi-
gate whether a polynomial fit would be appropriate. Inherent to such a polyno-
mial function is the fact that the fit may be bad at very low densities and at
very high densities where the density of the characteristic curve is nearly constant
while exposure values change. These parts of the characteristic curve were always
avoided. Because of the S-shape of the characteristic curve, it was obvious that
at least a third degree polynomial fit should be used for obtaining a good fit.
A conventional F- or t-test can be used to compare a polynomial of degree n
with one of degree n+ 1. If the former is not significantly worse than the latter,
a polynomial of degree n-1 can be compared with one of degree n by an analo-
gous test. This procedure was followed and a fourth degree polynomial fit was
found to be optimal and was therefore used in this study. Figure 3.10 shows
an example of the results of fitting a characteristic curve with a polynomial of
degree four to the measurements.

The radiometric resolution of the photographic system is determined by the
shape of and relative position on the characteristic curve. In this study the smal-
lest discriminable difference in density output was 0.01. For the steepest part
of the characteristic curve (density 1.0 to 1.5) this coincided with a relative radio-
metric resolution of 1.6 %, for PX 2402 and 1,29 for IR 2424. At low densities
(about 0.3) or high densitics (about 2.0) the curve was less steep, resulting in
a relative radiometric resolution of about 2.2 %, for PX 2402 and [.9%; for IR
2424,
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3.8 LIGHT FALL-OFF

Light fall-off is caused by a geometrically based decrease in illumination at
the film plane with increasing distance from the centre of a photograph (called
off-axis distance). IT an exposure is taken of a homogeneous reflecting surface,
which covers an entire film frame, the density will reach a maximum value in
the centre of the frame and will decrease with increasing off-axis distance. The
various lactors determining this decrease in illumination have been described
e.g. by Lillesand & Kiefer (1979). Figure 3.11 shows the factors causing fall-off
for a film being exposed to a uniformly illuminated object. For an image point
on the optical axis, exposure (E) is proportional to the area of the lens aperture

Film
: E Eq

lens exit pupil \

FiG. 3.11 Factors causing light fall-off.
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(A) and inversely proportional to the square of the focal length of the lens (2).
For an image peint being exposed at an angle o off the optical axis, exposure
(E,) is reduced because:
1. the effective light-collecting area of the lens (entrance pupil} (A,) decreases:
A, = A.cosc.
2. the distance from the exit pupil of the lens to the focal plane (f.) increases:
f, = f/cosa.
As a result the exposure will be reduced proportionally to cos?.
3. the effective size of a film area element (dA,), projected perpendicular to the
beam, decreases according to: dA, = dA.cosa.
In summary, the overall reduction in exposure will theoretically be propor-
tional to cos*a:

E, = E: cos’a (3.2)

Some manufacturers of lenses try to correct for this fall-off by enlarging the
entrance pupil off-axis, so the effective fall-off may be smaller than the above
cos*o

E, = E-cos"a (3.3)
withn € 4

With large relative apertures the fall-off can be augmented because of vignet-
ting. Vignetting is the term used to describe an entrance or exit pupil rendered
partly ineffective because it is masked by the lens mounts and other aperture
surfaces within the lens.

A correction for light fall-off and vignetting should always be taken into ac-
count by normalizing all exposure values to the value they would have possessed
if they had been at the centre of the photograph. This normalizing procedure
has to be carried out for all lenses at the various aperture settings (diaphragm)
used.

One approach is to take several exposures of a diffuse reflecting object (under
constant illumination conditions) and, ¢ither by rotating the camera or by dis-
placing the camera, to obtain several positions of the object alonge.g. one diago-
nal of the frame. Because such a set-up means that variations in exposure time
will induce variations in exposure, in the present study we opted to photograph
an object of uniform brightness that filled a whole frame. The only concern
was to obtain an object that reflected radiation diffusely.

An experiment was carried out in which a photograph was taken of an over-
cast sky with a diffuser (opal glass) at the focus of the lens. In another experiment
a comparable configuration was used, but this time with a diffuse reflecting
target, artificially illuminated, as an object. Both experiments yielded essentially
the same results. Two different types of lenses were examined: a Planar 100
mm lens and a Distagon 50 mm lens. The former was used for recording under
normal conditions and the latter if recording had to be carried out with a com-
pletely overcast sky and with a low cloud base. All results showed a fall-off
symmetrical to the centre of the frame. Results for the various film/filter combi-
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FiG. 3.13 Light fall-off for a Distagon 50 mm lens. a: relative aperture 16. b: relative aperture 5.6.

nations shown in table 3.1 did not differ. This also applied to the light fall-off
results with different relative aperture settings for one lens type, except for the
larger relative apertures (5.6 and larger), where vignetting occurred at the
corners of the frame. This vignetting effect compounded the light fall-off effect,
but the former effect did depend upon diaphragm. For the 100 mm lens, n in
equation (3.3) equalled 4.0, where the angle « is calculated by using the focal
distance (not the exil pupil distance). So the theoretical fall-off of cos*a was
valid. This is illustrated in figure 3.12 for a relative aperture of 16 {(a) and for
a relative aperture of 5.6 (b) when there is also some vignetting. For the 50
mm lens, n in equation (3.3) equalled 3.0, Apparently, this lens had been cor-
rected for fall-off to some extent. The fall-off for a 50 mm lens is illustrated
in figure 3.13 for relative apertures of 16 (a) and 5.6 (b). In the present study
only relative apertures of 5.6 or smaller were used. This implies the necessity
of only correcting for light fall-off as long as at a relative aperture of 5.6 the
off-axis distance is less than 25 mm (figure 3.12 and 3.13). At relative apertures
smaller than 5.6 no discernable vignetting occurs.
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TaBLE 3.4 Values of mean exposure time (in milliseconds) and coefficient of variation (CV) of four
lenses (10 measurements per setting) for several nominal exposure times.

nominal exposure times (milliseconds)

2.00 4.00 8.00 16.7 333

mean CV mean CY mean CV mean CV mean CV

Planar
No. 6180478 347  0.008 541 0.010 [0.9  0.007 19.2 0006 377 0.003
Planar
No. 6181942 354 0008 566 0006 101 0005 165 0006 301 0.006
Distagon
No. 6366552 439 0004 531 0.005 10.0  0.005 173 0.005 300 0.007
Distagon
No. 6365486 3.1t 0,002 485 0.003 8.5 0.008 153 0.004 304 0.0

3.9 EXPOSURE TIME

The lenses used have sector shutters. We tested these for consistency because
if the shutter, or more preciscly, the exposure time, is not consistent, this will
induce varying exposure levels between successive frames. A special exposure
time tester was constructed. A light-sensitive cell in the middle of the image
frame of the camera triggered and stopped an electronic counter. The exposure
time was displayed, the last digit being in hundreds of milliseconds. The exposure
times were measured very frequently and the results are given in table 3.4. The
shutters were very consistent during one day (very small coefficient of variation),
and this was also true for a long time period (several months). However, the
results also show that there were large differences between different shutters.
The actual exposure times differed considerably from the nominal values. This
had to be taken into account if the films were to be correctly exposed. During
a mission one nominal exposure time only was always used.

3.10 RELATIVE APERTURE

The relative aperture of a lens is often indicated by N, which is defined as:
f

N=1 (3.4)

f = focal length of the lens
d = diameter of the entrance pupil.

The irradiance at an axial point in the image plane of a camera is (derived
from Slater, 1980):
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E| = image trradiance
L. = radiance incident over the exit pupil in a perfect system without reflec-
tance, absorption and scattering losses.

The image irradiance F; is inversily proportional to the square of the relative
aperture. In photography, different levels in exposure are normally established
in sequential multiples of two. Thus N varies as (\/2)“ with n = 1,2,... (1.4,
2,28, 4, 56,8, 11, 16, 22) and log exposure varies as multiples of log 2 =
0.30.

The relative aperture of a lens at a certain setting will be a constant value.
However, it is possible that after changing this setting into another value and
then going back to the original setting this new value will differ from the original
one. During one mission all objects were photographed with each film/filter
combination successively, without changing the settings for one combination,
An experiment was carried out to ascertain whether deviations could occur. It
was also investigated whether a nominal full stop in relative aperture corre-
sponds with the measured difference in exposure.

In the experiment, exposures were taken of a target containing five diffuse
reflectors of different levels of greyness (cf. section 3.7). At one constant setting
for the exposure time the relative aperture was varied in the order:
4-5.6-8-16-22 and back again to 4 (for distinguishing a possible difference be-
tween e.2. 4 — 5.6 and 8 — 5.6). This was repeated for all 4 lenses mentioned
in table 3.4. The characteristic curve was ascertained using a sensitometric strip,
Densities were measured and, subsequently, corresponding log exposure values
were ascertained at the various relative apertures.

An important result was that the log exposure or exposure value at a certain
relative aperture at a certain lens was very constant (taking differences resulting
from variations in exposure time and measurement inaccuracies into account).
It was immaterial whether a certain relative aperture value was approached from
a large or small setting. Secondly, the difference in exposure between relative
apertures 8, 11, 16 and 22 matched precisely (within 0.01 Alog exposure) multi-
ples of two each time (Alog exposure = 0.30). However, the difference between
5.6 and 8 was slightly less than a factor of two for all lenses {Alog exposure
was about 0.28, which corresponds to a factor 1.9). This discrepancy from a
factor 2.0 was still small enough to allow it to be ignored in establishing correct
exposure levels during missions. For all lenses the difference in exposure between
relative apertures 4 and 5.6 was much less than a factor of two. However, the
relative aperture 4 was never used during missions, because of the large influence
of vignetting at that (full) aperture.
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3.11 FOCAL SETTING

The focal length of an ordinary lens for infrared is greater than the focal length
for visible radiation (Manual of photography, 1978). An experiment was carried
out in order to ascertain which focus setting should be used with different lenses
for the various film/filter combinations. This was done by photographing var-
ious objects at large distance (infinity) with several distance settings of the lens,

It was found that for both the Planar 100 mm lens and the Distagon 50 mm
lens the focus setting should be, as expected, at infinity when exposing films
in the visibie region of the spectrum. In the near infrared region (700900 nm)
the Planar 100 mm lens should be set at 20 metres and the Distagon 50 mm
lens should be set at 7.5 metres.

3.12 RADIOMETRIC CALIBRATION AND REFERENCE TARGETS

In chapter 4 the process of reflectance and the influence of the atmosphere
are described mathematically up to the stage of radiance outside the sensor.
Photography registers the radiant energy reaching the film plane. Equation (3.5)
described in simple form the image irradiance in a system without losses, but
a more specific form is given in the following equation (after: Slater, 1980), in
which transmittance of the optical system, light fall-off, vignetting and camera
flare are also taken into account;

Kn{o) = vignetting factor
cos™e = light fall-off factor

L, = radiance measured outside the sensor
T, = transmittance of the optical system
E; = camera flare.

If one uses energy values the exposure time (t) also has to be included, and
equation (3.6) changes into;

Kn(@)-cos'a - Ly, t
Q = n®) co‘f-Nzn Wl 3.7

Q: = radiant energy detected at the image plane
Q: = radiant encrgy camera flare.

Combining equation (3.7} with equations (4.1) and {(4.3) (chaptet 4) for a spe-
cified object (o) results in (after: Slater, 1980):
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Kn(o) cos?o-1,-t
Q= KB oryr, 4 B + Q (338)
E, = irradiance incident on the object
ry = reflectance of the object
1, = atmospheric transmittance
E, = irradiance from the atmosphere.

When avoiding vignetting effects and after correction for light fall-off, equa-
tion (3.8) reduces to:

Tt
T 4-N?

QI : (Eo o Ta + Ea) + Qf (39)

Camera flare conditions are constant for identical camera systems and identi-
cal distributions of reflectance elements in the field of view. So, for a given mis-
sion with constant atmospheric conditions and camera setting for a specified
passband, all terms in equation (3.9) can be regarded as constants except
and rp, which depend on the object. This implies that equation (3.9) can be rewrit-
fen as:

Q=a+br, (3.10)
a and b being constants depending on passband.

In order to ascertain a and b for a specified passband, two types of reference
targets were set up in the field during missions: seven of coloured curtain cloth
(3.6 m x 3.6 m) and three grey Lambertian targets (5.0 m x 5.0 m} of aluminium,
each formed by eight plates coated with paint, especially selected by the TNO
Paint Research Institute (Jonkers, 1982). The reflectance characteristics of the
targets as measured with the field spectroradiometer (cf. section 2.4) are given
in figure 3.14. Only targets with a uniform reflectance in a relevant passband
were used in this study for calibration, because the boundaries of the passbands
were not very sharp. Moreover, reflectance values that were out of range (much
lower or higher than those of soil or vegetation) were not used. The reflectance
values in the passbands used with aerial photography for the targets used for
calibration are given in table 3.5,

During each mission the targets were recorded with the various film/filter
combinations at the same camera setting as the other objects (and under the
same atmospheric conditions). They were measured by using the same densito-
metric procedure as described previously. The inverse of equation (3.10) was
then used for obtaining calibrated reficctances for each object:

rh=A+B-Q a.11)
with constants A and B.
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FiG. 3.14 Retlectance characteristics of ten targets as measured with the field spectroradiometer
on 27 May 1982,

| = grey target 6 = 609 target
2 = blue targst 7 = white target
3 = green/blue target 8 = black target
4 = 10%, target 9 = red target

5 =25% target 10 = green larget

Targets 4, 5 and 6 are made of aluminium, the remaining ones of cloth.

TasLE 3.5 Reflectance values (%) of the targets used for calibrating the multispectral photography
recordings (in the specified passbands).

target PX 2402 PX 2402 IR 2424
W21 + WS7TA W70 W87C
green red infrared

[ grey - - 71.0
2 blue 3.03 3.55 -
3 green/blue - - -
410%, 10.2 9.9 9.6
525%, 279 26.9 24.3
6607, - - -
7 white - - 720
8 black 2.32 2.63 -
9red 8.47 - 609
10 green - - -

An example of the results of this calibration is given in figure 3.15. It is note-
worthy that the constant A always is negative, since Q; will be positive at reflec-
tance zero because of irradiance from the atmosphere.

3.13 CHECKING REFLECTANCE FACTORS OBTAINED WITH MSP

During the first part of the 1982 growing season, reflectance measurements
were carried out at the ir. A.P. Minderhoudhoeve in field trial 116 (cf. chapter
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Fi1G. 3.15 Camera calibration and atmospheric correction on 27 May 1982,
ar green passband irg=— 5.56+ 0.245(}
b: red passband rp=— 577+ 0173
c: infrared passband  :rg = —10.25 + 0.424 (4
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F16. 3.16 Comparison of the spectral passbands of the MSP system (—), field spectroradiometer
(---} and hand-held radiometer (-.-).

6), using the field spectroradiometer (FSM) (section 2.4). In order to simulate
the wider passbands used with multispectral aerial photography (figure 3.3) a
weighted average of some narrow passbands of the field spectroradiometer was
calculated for the green, red and infrared (figure 3.16). During the second part
of the season such measurements were taken using the hand-held radiometer
{HRM) (section 2.4). These measurements were compared with the reflectance
factors of the same plots, which had been ascertained by means of multispectral
photography (MSP). The passbands used with all three systems are illustrated
in figure 3.16. Results of the comparison for the green, red and infrared passband
are illustrated in figures 3.17 and 3.18 for the crops sown early and late, respec-
tively. Average reflectance factors are shown for ¢ach passband for the early-
and late-sown crops. These results show that the reflectance factors obtained
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F1G. 3.17 Comparison of reflectance factors ascertained by means of multispectral photography
(MSP) with those obtained by means of a hand-held radiometer (HRM) and a field spectroradi-
ometer (FSM)in field trial 116 in 1982 for the early-sown crop.

by multispectral aerial photography coincide with those obtained by means of
radiometers in the field.

Results obtained during the 1983 growing season in field trials 116 and 92
are illustrated in appendices 3 and 4, respectively.

On 13 July 1982 a multispectral scanning (MSS) mission was carried out at
the ir. A.P. Minderhoudhoeve. In ficld trial 116, reflectance factors per plot
were calculated for channels 3, 7 and 9. The reference targets were used for
converting radiances into reflectance factors (cf. section 4.2). On the same date
an MSP mission was also carried out and reflectance factors per plot were calcu-
lated for the green, red and infrared passbands.

Results of the comparison of MSP with MSS are shown in figure 3.19 for
the 36 plots in field trial 116 in 1982, Noteworthy is the different level of red
reflectance with MSS compared to that with MSP (results obtained by MSP
coincided with those obtained by means of the hand-held radiometer). With
MSS the reflectance in channel 7 was higher than that in channel 5, which is
contrary to the results with MSP. An explanation for this phenomenon may
be that the position of channel 7 in the specirum has shifted towards larger
wavelengths, incorporating part of the reflectance of vegetation in the infrared.
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FiG. 3.18 Comparison of reflectance factors ascertained by means of multispectral photography
(MSP) with those obtained by means of a hand-held radiometer (HRM) and a field spectroradi-
ometer (FSM) in field trial 116 in 1982 for the late-sown crop.
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FiG. 3.19 Comparison of multispectral photography {MSP) with multispectral scanning (MS8) in
field trial 116 on 13 July 1982.

Since the infrared reflectance was high, the integrated reflectance of the red and
part of the infrared (e.g. 650-730 nm instead of 650700 nm) will be relatively
high.
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It can be concluded that the procedure of MSP described in this chapter yields
calibrated reflectance factors with high spectral resolution. The reflectance fac-
tors coincide with those obtained with MSS (except in the red) and with those
obtained in the field by means of a hand-held radiometer and a field spectroradi-
omelter.

3.14 SUMMARY

Black and white multispectral aerial photography was carried out by taking
vertical photographs from a single-engine aircraft, equipped with Hasselblad
cameras with Planar 100 mm lenses (or in some cases Distagon 50 mm lenses),
at intervals of about two weeks, A Minolta photometer was used for correcting
the camera settings for differences in illumination between missions, and the
expected reflectance level of the obiects was also taken into account for obtaining
correct levels of exposure. During each mission reference targets were set up
in the field and these were photographed together with the field trials.

Missions were only carried out under nearly constant atmospheric conditions,
and during one mission camera settings (exposure time and relative aperture)
were not altered for a certain film/filter combination. Film (black and white)
and filters were selected in order to acquire exposures in green, red and infrared
passbands. The development of the films was standardized.

Densities were measured by means of an automatized Macbeth TD-504 den-
sitometer. After converting the densities to radiant energy values by means of
the characteristic curve, compensation for off-axis imagery was made for each
image point (only for light fall-off; vignetting was avoided). There is a linear
relationship between this corrected radiant energy value and the reflectance of
the object. The parameters were ascertained by means of calibrated reference
targets; subsequently, calibrated reflectances were calculated for each object.

Reflectance values ascertained in this way with multispectral aerial photogra-
phy appear to be well calibrated when compared with MSS and radiometers
in the field, offering information that is only influenced by the object. This allows
multitemporal comparison and analysis to be done.

!
|
|
!
60 Agric. Univ. Wageningen Papers 86-4 (1956)



4 REMOTE SENSING OF VEGETATION

4.1 INTRODUCTION

As the preceding chapters have shown, black and white multispectral aerial
photography appeats to be an appropriate remote sensing system for use in
agricultural field trials. Such a system ascertains reflectances in the optical region
of the electromagnetic spectrum. In this chapter first of all spectral reflectance
will be defined and its relation to the signal detected by the sensor at an aerial
platform will be given. Then the main crop characteristics that can be measured
will be described and the influence of the soil will be considered. Finally, several
indices {which are functions of the reflectances in the various passbands) and
models that may be used for estimating crop characteristics will be reviewed.

4.2 SPECTRAL REFLECTANCE

As stated in section 2.2, electromagnetic radiant power reaching the earth’s
surface will result in three interactions: transmission, absorption and reflection.
In remote sensing the latter is measured. However, the three of them are interre-
lated because of the principle of conservation of energy. The amounts of radiant
power involved in these interactions will be expressed as portions of the total
incident radiant power. For the reflected radiant power this portion is called
the spectral reflectance. Spectral hemispherical reflectance at wavelength incre-
ment (A,A+dn) is defined as the ratio of reflected to incoming radiant power
of wavelength increment (A,A+dA) per unit of surface arca (after; Bunnik &
Verhoef, 1974). Transmittance and absorptance are defined analogously. The
spectral reflectance is essentially a function of wavelength and of the properties
of the object. This means that spectral reflectance of different objects may be
almost equal at certain wavelengths, but may be clearly different at other wave-
lengths. This is important for discriminating between objects.

An object may reflect radiation uniformly in all directions (so-called ideal
diffuse or Lambertian reflector). Natural surfaces will not be Lambertian reflec-
tors, but they approximate this condition. For such a surface the reflected radi-
ance in the direction of the sensor is defined by the radiant power reflected per
unit of the reflecting area in the direction of observation, per unit of solid angle
and per unit of wavelength increment, and is given by (after: Bunnik, 1978):

Lo =Ty — (41)
L, = radiance reflected by the object in the direction of the sensor in

Wm-sr'um!
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r, = directional reflectance factor of the object
E, = hemispherical irradiance in Wm2pum™.

The constant & appears because it is the directional reflectance factor of an
object instead of the hemispherical reflectance that is ascertained by a remote
sensing system. This directional reflectance factor is defined as the radiance of
the object in a certain direction under certain irradiation conditions, relative
to the radiance of an ideal, white, diffusing surface, in the same direction and
under the same irradiation conditions (after: Verhoef & Bunnik, 1975). Instead
of ‘reflectance factor’ the term ‘reflectance’ is often used, although the former
is the correct term. Equation (4.1) can be rewritten as:

4.2)

Often, the surface radiance of an object and the radiance detected by the sensor
at a remote distance are unequal, because of the interference of the atmosphere.
Firstly, the atmosphere attenuates the radiance reflected by an object and, se-
condly, it adds a certain amount of radiance because of directional scattering
in the atmosphere (figure 4.1). This latter term is often called path radiance
(after: Slater, 1980).

Fic. 4.1 Spectral measurements with an airborne remote sensing system (for explanation of symbols
see text).
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Li=Lyt, +L, 4.3)

L. = radiance detected by the sensor
T, = atmospheric transmittance
L, = path radiance (atmosphere).

Combining equations (4.2) and (4.3) results in:

_ m(Ly—L,)
r, = ﬁ_ (4.4)
The radiance reaching the sensor then enters the sensor. The radiance may then
be transformed in some way before it is finally detected. In section 3.12 this
procedure was described for an acrial photography system.

All the terms in equation (4.1) to (4.4) will depend on wavelength.

4.3 MAIN CROP CHARACTERISTICS MEASURABLE WITH REMOTE SENSING

Figure 4.2 shows the spectral reflectance of some distinct objects. In the visible
region, vegetation absorbs much radiation and shows a refatively low reflec-
tance. This is especially true in the red region, because of the large absorption
of this radiation by the chlorophyll in the leaves. In the near infrared region
the opposite ocenrs. The spectral reflectance of leaves in this region is high.
The reflectance and transmittance of a green leaf are approximately equal (e.g.
Goudriaan, 1977; Youkhana, 1983). This is shown in figure 4.3.

Almost all scils show a continuous increase in reflectance from 400 nm up
to 1300 nm without sudden ups or downs (figure 4.2). Two dips appear at ap-
proximately 1450 nm and 1950 nm because water present in the soil absorbs
incoming radiation. There appears to be a ¢lear contrast in reflectance between
bare soil and vegetation in the visible (red and green) region and also in the
infrared region.
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FiG. 4.2 Spectral reflectance of a green wheat leaf compared with the reflectance of dry and moist
sandy loam soils (from: Bunnik, 1978}
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F1G. 4.3 Reflectance (p) and transmittance {T) of a single green leaf, used in canopy reflectance
simulations by Bunnik (1978).

In the visible region of the electromagnetic spectrum, reflectance and trans-
mittance of a green leaf are in the order of 109 or less. This means that absorp-
tance is at least 80%7. If 109 of the incoming radiation is reflected by the upper
leaf, the contribution to the measured reflectance of a second leaf underneath
this upper leaf would be only 19, of the reflectance of the upper leaf (figure
4.4), For a crop canopy this implies that in the visible region only the reflectance
of the upper layer of leaves determines the measured reflectance of that canopy.
So, the large contrast in reflectance between bare soil and vegetation in the visible
region will be most suitable for estimating soil cover, because this reflectance
will attain a minimum value (maximum absorption) at the moment of complete
soil cover.

Figure 4.5 shows an example of model simulations by Bunnik {1978) of the
spectral reflectance for vegetation, including soil background, with different
LAL In the visible region chlorophyll absorption causes a drop in reflectance
as LA increases. For high LAI values this drop is minor. In the infrared region
a noticeable increase in reflectance occurs as LAT increases (also at the larger
LAT values).

In the near infrared region of the electromagnetic spectrum, reflectance and
transmittance of a green leaf are cach about 509, and there is hardly any infra-
red absorptance by a green leaf. In this situation leaves or canopy layers under-
neath the upper layer (or soil underneath it) contribute significantly to the total
measured reflectance (figure 4.4). In the rather simple situation of the reflectance
and the transmittance both being 50 %, the contribution from a second leaf (or
layer) is about 15% of the incoming radiation, a value that is noticeable. The
contribution from subsequent leaves (or layers) decreases exponentially. This
muitiple reflectance suggests that the infrared reflectance may be a suitable esti-
mator of LAI
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Fi1G. 4.5 Spectral reflectance of vegetation with LAls of 0.5 (—}, 2.0 (---) and B.0(---) on a dry
sandy loam soil {from: Bunnik, 1978).

The above representations (figure 4.4) are an oversimplification of reality,
but they explain the general concepts.

In summary, it can be concluded that soil cover may best be estimated from
reflectance in the visible region and that LAl may best be estimated from infrared
reflectance.

4.4 ESTIMATION OF OTHER CROP CHARACTERISTICS

4.4.1 Leaf colowr

Colour refers to an aspect of visual experience. It describes a form of percep-
tion. Unfortunately, it is very difficult to obtain precise, quantitative measure-
ments of the magnitude of perceptions. On the other hand, it is less difficult
to obtain precise measurements of spectral characteristics of objects. The colour
of an observed object is determined by the spectral power distribution of the
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radiant source and the reflectance of the object. In this study the colour in terms
of the reflectance in distinct wavelength bands was of interest, since comparisons
per wavelength band were primarily made. So, leaf * colour refers to leaf reflec-
tance in a few passbands,

Leaf colour is important as an indicator of different phenomena. It may, for
instance, indicate a deficiency or a surplus of certain nutrients; it may also indi-
cate differences in plant structure or a certain disease or senescence of a crop.
Leaf colour may be measured as the reflectance in a green and red passband
{Bunnik, 1978).

At the beginning of the season, when soil cover is incomplete, it is difficult
to estimate leaf colour explicitly from remote sensing measurements unless one
knows the reflectance of the soil. At that stage, differences in leaf colour consti-
tute only a minor contribution to the measured reflectance in a visible passband.
Because leaf reflectance in a visible passband is at a low absolute level compared
to bare soil, possible differences in leaf colour are dominated by soil background.

At complete soil cover the measured reflectance is at a low absolute level and
small absolute differences in leaf reflectance in visible passbands should be de-
tectable. The cause of possible differences in leaf colour is usually not evident
from spectral reflectance values and is left to the interpreter.

At the end of the growing season, large increases in leaf reflectance in visible
passbands will occur because of natural leaf senescence. However, leaf senes-
cence may also be caused by disease.

4.4.2 Yield

Often one is interested in predicting yield. This yield may be expressed as
¢.g. grain yield, potato vield or sugar yield, depending on the plant part one
is going to harvest. Also, estimating dry matter weight at different periods during
the growing scason may be important.

During a large part of the growing season the LAI is clearly related to dry
matter weight. During the first part of the growing season LAl and dry matter
wetght will both increase and correlate strongly. After maximum LAI has been
reached, LAI will decrease because of senescence of feaves. However, total dry
matter weight will not decrease at all, or at most only to a small extent.

Reflectance, especially infrared reflectance, is primarily related to LAL Be-
cause LAI correlates strongly with dry matter weight during part of the growing
scason, reflectance measurements can also be useful for estimating dry matter
weight. The relationship, however, is only indirect. At the end of the season
the relationship between dry matter weight and reflectance values will disappear,
50 that it will be difficult to estimate dry matter weight from reflectances at
that moment. Only during that part of the scason in which LAI and dry matter
weight correlate clearly can dry matter weight be estimated via the relationship
between reflectance and LAIL

Yield at the end of the season, i.c. yield of the plant part (or organ) one is
interested in, is always the result of photosynthetic activity of the green leaves.
So not only the absolute value of LAI at a certain moment (or the maximum
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value of LAI) is important, but also the time period in which a certain LAI
value exists. In agriculture the integrated value of the green LAI over time is
often used to estimate the final yicld. Hence there will only be an indirect rela-
tionship between reflectances and final yield.

In general it may be stated that reflectance values should be used primarily
for estimating soil cover and LAI. They should not be used for directly estima-
ting vield or dry matter weight. However, reflectance values may be used indi-
rectly to estimate vield or dry matter weight if one knows the relationship of
LAI with yield or dry matter weight.

4.4.3 Diseases
It is not always possible to detect diseases or other stresses in crops directly

from reflectance values. Whether a disease {or stress) will be detected in an early

stage depends on how it occurs in the vegetation. The following four situations
may occur when disease is present in a crop:

1. A disease may be very difficult to detect at an early stage, e.g. fungi that
attack the roots of plants or the base of their stems, but do not at first cause
any reactionin the plant itself. Al some point the plant may collapse suddenly,
and this may then be detected by reflectance measurements—although it may
be too late to save the crop.

2. A disease may cause a slight difference in leaf colour, but no immediate slow-
ing down of growth. This may be detected by means of reflectance measure-
ments in visible passbands.

3. A disease may cause a slight slowing down of growth, but no apparent change
in leaf colour. This may be detected by means of reflectance measurements
in an infrared passband because the value of the LAI will be influenced.

4. A combination of 2. and 3. will often occur. In this situation it will be possible
to detect the effect of a disease by measuring in a visible passband and in
an infrared passband.

4.4.4 Lodging

Lodging may occur when the stems of cereals are too long or too weak to
bear the heavy ¢ar. They will bend and finally the stem may break. This can
happen as a result of an overdose of nitrogen. Discase attack of the roots or
the stem may also be a cause.

Lodging may cause the whole canopy structure to change. More stems and
fewer leaves will become visible from above. This will affect the reflectance in
a visible passband. At first, lodging will not influence the LAI but because the
leaves are stacked close to one another near the soil surface, the photosynthetic
activity will decrease considerably. This will induce a decreased yickl at the end
of the season. Because there will only be a minor decrease in LAI, there will
be little change in infrared reflectance.
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Fi6. 4.6 Reflectance as a function of soil moisture content for various wavelengths (from: Bowers
& Hanks, 1965).

relative reflectance
180 ary

404

50 T

@&

20

0 S
&0 500 800 00 400 500 L
hom

FiG. 4.7 Relative reflectance of moistened soil samples compared with a dry sample {(the reflectance
of the dry soil is taken to be 100 %) (from: Janse & Bunnik, 1974).

4.5 INFLUENCE OF SOIL MOISTURE ON SOIL REFLECTANCE

Soil reflectance has an important influence on the relationship between reflec-
tance and soil cover and on the relationship between reflectance and LAL At
low soil cover, soil reflectance contributes strongly to the measured reflectance
in the different passbands. For a given soil type, soil moisture will be the main
factor determining soil reflectance. It is important to know in which way soil
moisture influences soil reflectance and whether this influence depends on wave-
length in the range of the electromagnetic spectrum under consideration.

An increasing moisture content of the soil causes the reflectance to decrease
(Bowers & Hanks, 1965). However, the relative effect of soil moisture on the
reflectance at distinct wavelengths is similar (figure 4.6). Janse & Bunnik (1974)
noticed that reflectance decreases with increasing soil moisture content, but this
decrease is almost independent of wavelengths between 400 nm and 1000 nm
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for a sandy soil (figure 4.7). This means that the ratio of the reflectance in two
passbands in this interval is nearly independent of soil moisture content. Condit
(1970) classified all soil types into three main classes on the basis of their reflec-
tance pattern. The ratio of red and green reflectance, for instance, ranged from
1.5to 1.7 in class I, from 1.1 to 1.4 in class 11 and from 2.0 to 3.0 in class II1I.
For a specific soil type this ratio is independent of soil moisture content. Resuits
obtained by Stoner et al. (1980) confirm that the ratio of the reflectance in two
passbands is independent of the soil moisture content,

4.6 INDICES FOR ESTIMATING CROP CHARACTERISTICS

The green, red and infrared reflectances may be used as variables for estima-
ting crop characteristics such as soil cover, LAI or yield. The great variation
found in several studies on the relationship between reflectance and crop charac-
teristics is not only caused by differences in crop characteristics, but also by
differences in soil background or atmospheric conditions. This complication
is particularly prevalent when spatial and temporal analysis of reflectances is
performed. Much research has been aimed at establishing combinations of the
reflectances in different wavelength bands, to minimize these undesirable distur-
bances. Most of these investigations relate to Landsat bands 4 (MS854: 500-600
nm), 5 (MSS5: 600-700 nm), 6 (MSS6: 700-800 nm) and 7 (MSS7: 800-1100
nm). However, when using some combination of reflectances, one should be
careful not to lose sensitivity to variations in LAI or dry matter weight after
complete soil cover has been reached. This also means that the infrared reflec-
tance should play a dominant role in such a combination.

The earliest investigations involved the infrared/red ratio (e.g. Rouse et al.,
1973,1974):

MSS5

Rouse and his colleagues found that this ratio was especially useful for esti-
mating crop characteristics by correcting the radiances measured by earth-obser-
vation satellites (e.g. Landsat), for climinating seasonal sun angle differences
and for minimizing the effect of atmospheric attenuation. The same authors
also used the ‘vegetation index’ (V1) for this purpose. This index is defined as:

_ MSS7—MSS5

vi= MSS7 +MSS5

(4.6)

In order to avoid negative values a transformed vegetation index (TVI) was
also used:

TVI=/VI 1 0.5 @.7)
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FiG. 4.8 Ratio of infrared and red reflectance (P,{1)) as a function of (a) LAI (L) and (b) soil cover
(B) for 2 wheat crop with different leaf angles (8.) on a dry sandy loam soil (from: Bunnik, 1978).

These indices have also been used by many other investigators, €.g. Ahlrichs &
Bauer (1983), Asrar et al. (1984), Curran (1980, 1981, 1982a, 1982b), Hatfield
(1981), Hatfield et al. (1984), Holben et al. (1980), Pinter et al. (1981), Tucker
(1979, 1980).

The value of the infrared/red ratio at complete soil cover (large LAI) is highly
dependent on the contribution of the red reflectance, because this value will
be at a small absolute level. However, the discussions in section 4.3 indicate
that from complete soil cover onwards red reflectance will hardly be influenced
by a further increase in LAl So, it is very undesirable for red reflectance at
that stage to have a large influence on any index used for estimating LAI or
dry matter weight. E.g. in mid-June 1982 both the LAI and the infrared reflec-
tance for ficld trial 116 were hardly influenced by the sowing date. However,
in that year there was a significant difference in red reflectance for both sowing
dates (about 1 % as opposed to 2%,). This resulted in a large difference in infra-
red/red ratio.

Model simulations done by Bunnik (1978, 1981) confirm that these indices
may be useful for estimating soil cover, but are only slightly sensitive for varia-
tions in LAI or dry matter weight after complete soil cover has been reached
(figures 4.8 and 4.9). This is also confirmed by the results of ¢.g. Asrar ¢t al.
(1984), Hatfield et al. (1984), Holben et al. (1980).
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FiG. 4.9 The ‘vegetation index' (VI = P«7)) as a function of LAI (L) for a wheat crop with different
leaf angles (6 ) on a dry sandy loam soil (from: Bunnik, 1978).

In order to find an index independent of soil influence Richardson & Wiegand
{1977 introduced the ‘perpendicular vegetation index’ (PVI):

PVI = /(MSS5;— MSS5y)? + (MSS7s— MSS7y) (4.8)

with s = soil
v = vegetation.

MSS5 and MSS7 are the reflectance values in the red and the infrared Landsat
bands, respectively, expressed as digital counts. They found that MSS digital
data for bare soil followed a highly predictable linear relation (soil background
lineg) for MSS bands 5 and 7. Increasing vegetation development was associated
with displacement of MSS digital counts perpendicularly away from the soil
background line (hence ‘perpendicular’). Consequently, Richardson & Wiegand
applied the perpendicular distance of an MSS measurement from the soil back-
ground line as an index of plant development. The PVI has also been used by
e.g. Curran (1983), Jackson et al. (1983a).

However, in order to apply the PV the reflectance of the soil has to be known,
and often it is not. Furthermore, often no bare soil is visible within a recording
arca and the reflectance of the soil cannot be estimated.

A similar approach for suppressing variations in soil background was devel-
oped by Kauth & Thomas (1976). They applied a heuristic linear transformation
in the four-dimensional data space provided by Landsat MSS measurements
for different soils. They extracted a ‘soil brightness index’ and a ‘greenness index’
as the main uncorrelated compounds. The transformations for their original
set of data from Landsat-1 are:

Soil brightness = 0.43 MSS4 + 0.63 MSS5 + 0.59 MSS6 + 0.26 MSS7  (4.9)
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Greenness = -0.29 MS54-0.56 MSS5 + 0.60 MSS6 + 0.49 MSS7 (4.10)

Soil brightness varies strongly with soils; greenness is uncorrelated with soil
brightness and varies with different green vegetations. The concept of brightness
and greenness has been used by many other authors, e.g. Barnett & Thompson
(1983), Bauer et al. (1980, 1982), Hlavka et al. (1979), Jackson et al. (1983b),
Thompson & Wehmanen (1980).

The latter transformation cannot be directly applied to the three passbands
used in this report. However, since the literature shows that MSS4 and MSS5
(visible passbands) correlate strongly, as do MSS6 and MSS7 (infrared pass-
bands), the greenness index will be very similar to a weighted difference between
an infrared and a visible passband.

The concept of a difference between an infrared and a visible passband was
applied by Gray & McCrary (1981a, 1981b} using data from NOAA satellites.
These satellites only yield recordings in one passband in the visible and in one
passband in the near-infrared. Tucker (1979) also suggested using this index
to monitor green vegetation and this index in general yielded the best results
of all the indices he investigated. However, Tucker excluded the infrared-red
difference from further considerations because it will not compensate for differ-
ences in irradiation conditions.

If the spectral measurements can be corrected for differences in irradiation
in some other way (e.g. by directly measuring or by calculating reflectances},
the infrared-red difference will only slightly be influenced by red reflectance after
complete soil cover has been attained. So the infrared-red difference may be
a feasible estimator for LAI and dry matter weight inasmuch as it compensates
to a greater or lesser degree for the influence of soil reflectance (cf. greenness
index of Kauth & Thomas, 1976). In the next chapter it will be shown that the
infrared-red difference for some soil types can be reasonably satisfactorily used
to correct the influence of soil reflectance when used as an estimator of LAL
None of the authors who used this difference deduced this index from any physi-
cal reflectance model. Therefore, the mathematical description of the relation-
ship of such an index to crop characteristics such as LAl differs from author
to author, being derived in an empirical way. Moreover, researchers have never
laid much emphasis on this particular index as being a very powerful index for
monitoring vegetation.

Hence, a study of the literature did not reveal an index that is suitable at
complete soil cover for discriminating between large LAI values (up to LAI
8). Therefore, in the following section some more complicated models for esti-
mating crop characteristics will be reviewed.
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4.7 REFLECTANCE MODELS

4.7.1 Survey of literature

Canopy-modelling studies also enable relationships between reflectance val-
ues and crop characteristics to be studied. The main aim of physical reflectance
models suitable for agricultural crops is to obtain a better understanding of
the complex interaction between solar radiation and plant canopies. Such reflec-
tance models describe the radiation transfer within a canopy or within canopy
layers and finally give the total reflectance of a certain vegetation. Essentially,
there are two classes of physical reflectance models: numerical models and ana-
lytical models. Bunnik {1984) has reviewed several models.

An example of a numerical model has been described by Idso & De Wit (1970).
In this model, radiative transfer is determined by scattering and absorption for
discrete leaf layers. Scattering involves both the process of reflection and refrac-
tion of radiation at the interface of two media. Goudriaan (1977) improved and
extended this model by calculating a numerical solution for upward and down-
ward diffuse fluxes within nine sectors of each hemisphere for each discrete layer.

One of the earliest analytical models was described by Allen & Richardson
(1968). It was based on a theory of Kubelka & Munk (1931} which describes
the transfer of isotropic diffuse flux in perfectly diffusing media. In the analytical
model, upward and downward fluxes are expressed by differential equations.
Allen et al. (1969) extended this model in order to include scattering of direct
solar flux by using the Duntley equations (Duntley, 1942). The first analytical
model incorporating both illumination and observation geometry was devel-
oped by Suits (1972a) and is an extension of the model developed by Allen and
his colleagues. Suits’s model also incorporates plant canopy structural (with a
drastic simplification) and optical properties. Contrary to the numerical models,
the Suits model has been vigorously verified with practical reflectance measure-
ments taken under different circumstances (Chance, 1977; Chance & L.eMaster,
1977; Colwell, 1974; LeMaster, 1975; Suits, 1972a,b; Suits & Safir, 1972). Model
calculations have agreed satisfactorily with measured reflectances.

Since the physical relations between reflectance and crop characteristics can
better be understood with analytical expressions, and a drastic simplification
of canopy structure still results in a good correspondence with measured data,
an extension of the Suits model (namely the SAIL model, which was available
for comparison} will be used for comparing some new model derivations in
chapter 5. Therefore the Suits model will be described in more detail below.

4.7.2 Suits model

The Suits model is concerned with the interception of solar radiation by a
certain canopy and the subsequent scattering of the radiation towards a sensor,
with the canopy geometry playing an important role. Asis customary with many
models it is assumed that the canopy is infinitely extended horizontally and that
canopy components have a random uniform distribution within each homoge-
neous layer. The leaf distribution is described in terms of horizontal (H) and
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Fi1G. 4.10 The three orthogonal projections of a canopy component used in the Suits model (after:
Bunnik, 1978).

vertical (V) leaf projections, and it is assumed that the only canopy components
are small and flat leaves. The projections of a component on horizontal and
vertical planes define panel areas that intercept about the same amount of radi-
ant flux as does the original component (as an approximation). These projec-
tions are used for calculating the reflectance and extinction of radiant flux for
different canopy layers. In this context, extinction is defined as the amount of
radiance (or flux) that does not pass through a layer, relative to the amount
of radiance (or flux) incident on that layer,

The orthogonal projections of a leaf used by Suits are shown in figure 4.10.
For a canopy with a certain LAl the projections will be described as:

H = L-cos0, 4.11)
V = L-sinf, (4.12)
with
H = total horizontally projected leaf area per unit soil area
V = total vertically projected leaf area per unit soil area, defined as the sum

of the projections on the two vertical planes in figure 4.10
0, = effective canopy leaf inclination angle with the horizontal

and
L= (HZ + V2) (4]3)

L offers a good approximation of the actual LAI and the effective leaf angle
is a good approximation of the average leaf angle (Verhoef & Bunnik, 1975).

The horizontally projected area of vertical components in the direction of
the sun equals V.tgh (figure 4.11), 05 being the solar zenith angle.

The model assumes that the projections of leaf normals have a uniform distri-
bution in azimuth. The probability density function equals (with ¢ = azimuth
angle between leaf normal and sun): f(¢) = 1/n. Then the azimuthal average of
the fractional area of the vertical components equals:
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Fi1G. 4.11 The projection of a vertical component in the direction of the sun.
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The extinction coefficient k, referring to extinction of radiation coming from
the sun, is now defined as:

k=H+%V@& (4.15)

This means that only those elements are included that may intercept radiation
from the sun, Here one includes all horizontal elements (H) as well as the area
of vertical elements projected towards the sun (V.t1ghy), taking the uniform azi-
muthal distribution into account (factor 2/m). In the same way the extinction
coefficient K in the direction of the sensor is defined as:

K:H+%V@m (4.16)

with @, = zenith observation angle.

These two coefficients are the key coefficients in the Suits model in that they
determine the flux reaching the soil and the flux leaving the canopy in the direc-
tion of the sensor. Thus these coefficients are important for estimating soil cover
(chapter 5) and subsequently for estimating LAI

Bunnik (1978) described an approximation of the canopy reflectance in the
red for the one-layer case (the diffuse radiant flux is ignored):

—L-(2c089, +%sin9. (188, + (26.))

r~r, + (r,—r.)e (4.17)

r,, = reflectance of an infinitely thick canopy
r, = soil reflectance.
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F1G. 4.12 Crop {+ seil) reflectance in (a) the red at 670 nm and (b) the infrared at 870 nm as
a function of LAI (L) with different leaf angles (8, ) (from: Bunnik, 1978).

The exponential function in equation (4.17) describes the relative contribution
of the soil. As will be seen in chapter 5, this function coincides with the fraction
of the soil visible to the sensor as well as directly illuminated by the sun. This
exponential relationship between reflectance in a red passband and LAI is illus-
trated in figure 4.12. Because of the high transparency of the leaves in the near
infrared wavelength region, the relationship between infrared reflectance and
LAI is much more complicated (this relationship has also been described by
Bunnik (1978)). It is also illustrated in figure 4.12.

In agronomy, soil cover is defined as the relative vertical projection of all
plant elements. According to this definition, Bunnik (1978) defined soil cover
(B) in the following way:

B=l—gle (4.18)

Using this definition, Bunnik obtains relationships between reflectance and soil
cover, shown in figure 4.13 for a red and an infrared wavelength band.

Suits’s model was further extended by Verhoef & Bunnik (1976) to include
crop row effects.

Bunnik (1978) compared the Suits model with Goudriaan’s model and found
similar results.

When model simulations are carried out with varying view angle, Suits’s sim-
plifications appear to be too drastic (Verhoef & Bunnik, 1981). Therefore, Ver-
hoef (1984) extended the Suits model further by including scattering and extinc-
tion functions for canopy layers containing fractions of oblique leaves (inclined
leaves). He did not introduce the drastic simplification of canopy geometry to
exclusively horizontal and vertical components as used by Suits, but he used
a discretized set of frequencies at distinct leaf angles. The same assumptions
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FiG, 4.13 Crop (+ soil) reflectance in {a) the red at 670 nm and (b) the infrared at §70 nm as
a function of sail cover (B) with different leaf angles (8.} (from: Bunnik, 1978).

are used as with the Suits model, and it contains the Suits model as a special
case. This model is called the SAIL model (Scattering by Arbitrarily Inclined
Leaves).

All models discussed so far arc based on the assumption that the canopy is
infinitely extended in the horizontal plane. Kimes & Kirchner (1982) have devel-
oped a three-dimensional model, which describes the radiative transfer for heter-
ogeneous scenes by subdividing the scene into modules. Long computing times
are needed for calculations with this model.

4.8 SUMMARY

This chapter begins by giving definitions of reflection and spectral measure-
ments in general, the main spectral characteristic in the present study being the
reflectance (or reflectance factor).

Reflectance values in the visible region of the electromagnetic spectrum may
be most appropriate for estimating soil cover by vegetation, At complete cover
the visible reflectance may provide information about leaf colour. Reflectance
values in the infrared may be the most appropriate for estimating LAIL Other
plant characteristics, such as yield, diseases and lodging may be estimated indi-
rectly from reflectance values. Yield, for instance, often correlates strongly with
LAL The possibilities of making such estimations will be analysed in chapter
7, using measurements acquired by the remote sensing system described in
chapter 3,

At low soil cover, soil reflectance will contribute largely to the measured sig-
nal. Differences in soil moisture content will greatly influence soil reflectance.
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Thus, in ascertaining the relationship between reflectance and crop characteris-
tics, a correction for soil reflectance should be made, especially in a multitempo-
ral analysis (cf. chapter 3).

In published work, indices are often used for estimating crop characteristics,
in this case LA In this report, reflectances are always calculated and therefore
the infrared-red difference as an index may be a feasible estimator of LAI; this
will be shown in chapter 5. In other work often some ratio of reflectances is
preferred, because one is unable to calculate reflectances accurately and a ratio
will correct for differences in illumination to some extent. Also, more complica-
ted reflectance models may be used for predicting LAIL Such models usually
simulate reflectances for varying crop characteristics and incorporate simplified
structural and optical properties of the canopy. Although for practical applica-
tions a simple function of reflectances for estimating e.g. soil cover or LAI is
preferred, a physical basis is unavoidable in order to deduce the kind of relation-
ship between such a function and soil cover or LAI. Therefore, in the next
chapter a new model will be introduced that results in simple functions for esti-
mating soil cover and LLAI and incorporates a correction for soil background.
Mathematical relationships between these functions and crop characteristic are
described. These wili be verified by means of calculations with the SAIL model.
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5 SIMPLIFIED REFLECTANCE MODEL FOR
VEGETATION

5.1 INTRODUCTION

As discussed in the previous chapter, in the literature no index (which is a
simple function of reflectances) stands out as being particularly suitable for esti-
mating crop characteristics (such as LAT) in agricultural field trials. Many indi-
ces lose sensitivity, especially at large LAl values (above 3-4). Moreover, no
mathematical description of a physical relationship between indices and crop
characteristics has been found. On the other hand, published reflectance models
require many input parameters, some of which are difficult to ascertain (e.g.
leaf angle distribution). This reduces the usefulness of these models for the
agronomist. Since such models also calculate reflectances from crop characteris-
tics, they would have to be inverted so that they could be used to calculate crop
characteristics from reflectances. This is very difficult, if not impossible, for most
models.

Therefore, for the present study a simplified reflectance model for vegetation
had to be created. In this chapter such a model will be introduced. The main
requirements for such a model are:

1. it should be possible to estimate LAT (which is the main crop characteristic
currently used in agronomy);

2. it should describe the relationship between reflectance and LAI by more or
less physically defined parameters;

3. itshould correct for soil background in order to enable a multitemporal anal-
ysis to be done;

4. it should be as simple as possible (preferably resulting in some sort of index).

5.2 MODEL PRESENTATION

As described in chapter 4, soil cover is estimated best from reflectance values
in visible passbands, because the transmission of radiance through leaves is ai-
most negligible in these passbands. LA, however, is estimated best from reflec-
tance values in an infrared passband.

Conventionally, for a green canopy, soil cover is defined as the vertical projec-
tion of the canopy on the soil surface (figure 5.1). In practice, however, the
researcher will estimate the relative amount of soil visible to him. When one
looks vertically downwards at a well-developed wheat crop, for instance, some
shadows may be visible between the stems of the plants, and when looking from
a height of a few metres or more above the top of the canopy (a realistic situation
for remole sensing) one is unable to decide whether there are leaves present
in the shadows just above the soil. In a situation where no soil is actually visible
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FiG. 5.1 Schematic presentation to illustrate the conventional definition of soil cover.
C = covered soil
N = soil not covered

to the researcher, he will judge that soil cover is complete. However, this same
situation may be judged to be an incompletely covered soil if the original defini-
tion referring to the vertical projection of the canopy is strictly applied.

If a remote sensing technique is used in a visible passband while looking down-
wards from some distance, the sensor will also be unable to detect whether soil
in the shadows is obscured by leaves. For this reason the conventional definition
of soil cover is not satisfactory and therefore I propose to redefine soil cover,
giving a new definition more appropriate for remote sensing.

A prerequisite for ascertaining bare soil according to this new definition is
that the soil must clearly contrast with the vegetation. When the sun is shining
the soil should be directly illuminated by the sun (figure 5.2a). If the soil is not
directly illuminated, it will be impossible to say whether it is obscured by green
vegetation or by shadows. Both have a low reflectance value in the visible region
of the electromagnetic spectrum, with little contrast. Further, the soil must be
visible for the detector to be able to classify it as soil (figure 5.2b). The fraction
of soil that satisfies both conditions (i.e. soil that is iltuminated by the sun as
well as directly detectable by the sensor) will be classified as the fraction of soil
thatis not covered (figure 5.2¢). The complementary fraction will now be defined
as soil cover. In the special situation of the sensor looking vertically downwards
(as will be predominantly the case in the investigations in this monograph), this
definition of soil cover is equivalent to the relative vertical projection of green
vegetation, the relative area of the shadows included.

If there is only indirect sunlight (overcast sky), which is called skylight, there
will be a gradual iransition in detected signal from brighter soil at some distance
from the plants, to darker soil near the plants. Under such circumstances, soil
thatis not covered is not as clearly distinguishable as with direct sunlight. Never-
theless, the same approach may be applied for estimating an ‘apparent’ soil
cover. Such an esttmated soil cover may also be used for calculations in an infra-
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FiG. 5.2 Schematic presentation to illustrate aspects of the new definition of soil cover.
a: Soililluminated by the sun.

b: Soil visible to a sensor.

c: Illuminated soil visible to this sensor.

red passhand (cf. section 5.6), because shadow in the visible region will also
be detected as shadow in the infrared region (cf. Bunnik & Verhoef, 1974). Since
maost remote sensing recordings in the present study were obtained with direct
sunlight (clear sky), only this situation will be elaborated further.

A major problem in estimating soil cover from reflectances is soil moisture
content. In section 5.5 the ways that differences in soil moisture content can
be corrected for will be discussed.

We decided to estimate LAI in the agricuitural field trials from reflectance
values in an infrared passband, because transmission here is not negligible and
the underlying leaves contribute significantly to total reflectance. At the begin-
ning of the growing season, total reflectance will largely be determined by soil
reflectance. Soil reflectance, however, is not constant during the season, because
of changes in soil moisture content. Consequently, comparison of the infrared
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reflectances on different dates cannot be justified. Yellow and dead leaves be-
come more common towards the end of the growing season, and since we are
primarily interested in the reflectance of green leaves (cf. definition LAI), this
is another reason why comparison of infrared reflectances from different dates
isinadvisable. In order to ascertain whether there is a useful relationship between
infrared reflectance and LAIL, the former should be corrected for background
(soil, or yellow and dead leaves insofar as they are visible), because it may influ-
ence infrared reflectance independently of the LAIL The infrared reflectance is
then calculated for the situation of the visible background being completely
black and not reflecting any radiation. This corrected infrared reflectance value
is then used to estimate LAL

Let us consider the simple situation of a surface, partly covered with vegeta-
tion and partly bare (figure 5.3). The fraction of the surface covered with vegeta-
tion is called soil cover, B. If the reflectance of the soil is called r, and the reflec-
tance of the vegetation r,, then the total measured reflectance, r, will equal:

r=r1,B+r,-(1—B) (5.1

An analogous equation has been reported by other researchers, e.g. Badhwar
(1980), Goillot (1980), Jackson et al. (1979) and Rao et al. (1979).

A green passband will be denoted by the subscript g and equation (5.1.) is
then written as;

r, =1, B+ 1. (1-B) (5.2)

FiG. 5.3 Schematic presentation of a simplified reflectance model for vegetation and soil combined.
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The reflectance of vegetation in a green passband (r, ) may be regarded as being
independent of the number of leaflayers, because leaf transmittance in the green
is assumed to be negligible. Hence equation (5.2) describes the linear relationship
between the reflectance in a green passband and soil cover, if the soil reflectance
can be considered to be constant {constant soil moisture content).

Analogously, by attaching the subscript r to a red passband reflectance, we
have:

I, = rv,r'B + 1's.r'(l _B) (53)

Because r, . can also be regarded as being independent of the number of leaf
layers, this equation describes the linear relationship between red reflectance
and soil cover.

For an infrared passband the subscript ir will be used and equation (5.1) is
then written as:

I, = rv‘ir'B + rs.ir'(l _B) (54)

In this equation r,; is not independent of the number of leaf layers, so it may
not be regarded as a constant. It is composed of a single scattering component
and a multiple scattering component, The latter component is not a constant,
but depends {among other things) on the number of leaf layers. This means
that the reflectance measured int an infrared passband (r;;} is not a linear function
of soil cover. ’

In order to deduce the relationship between soil cover and LAI, the process
of extinction of radiation in a canopy should be considered. If a canopy has
a certain extinction coefficient (cf. section 4.7) per leaf layer as well as a certain
LAI {(abbreviated as L in the formulae), the product of both factors equals the
mean extinction of that canopy. The mean extinction consists of two compo-
nents:

1. extinction in the direction of the sensor, indicated by K.L, where K is the
extinction coefticient per leaf layer in the sensor direction;

2. extinction in the sun’s direction, indicated by k.L, where k is the extinction
coefficient per leaf layer in the sun’s direction.

Consider the process of extinction in a very small part (or element) of the canopy.

In the visible passbands, extinction in an element occurs when a leaf is hit by

radiation. The probability of hitting i elements among n independent elements

has a binomial distribution. If the number n of independent elements increases

to infinity while the probability of hitting a specific element decreases to zero,

the binomial distribution can be approximated by a Poisson distribution. The

Poisson distribution states:

e—-?\_ ?Li

P(x=i) = — i=0123... (5.3)

The random variable x is the number of independent elements of the canopy
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in which extinction occurs; A is the mean or expected number of elements in
which extinction occurs. The probability that no element is hit (i=0) equals:

P(x=0) = &* (5.6)

The probability of soil being visible in the direction of the sensor equals:

em-KAL‘

The probability of soil being illuminated by the sun equals:

e—k.L

If one assumes both events to be independent, the probability of sensing illu-
minated soil equals:

e—K.L * e—k.L = e—(K+k).L_

The complementary probability is equal to soil cover (new definition). This
means that soil cover may be described as:

B=]-gk+bl .7

For the special situation where the zenith and azimuth angles of sensor and
sun are equal (hot-spot situation) the probability of sensing illuminated soil
equals one. With nadir (vertical) observation the hot-spot situation is compara-
ble with the situation of the conventional definition of soil cover, tn which the
position of the sun isirrelevant. Then soil cover equals:

B=1 ekl (5.8)

For estimation of LAI the corrected reflectance r’, defined as r’ = r-r;- (1-B},
could be used. The corrected reflectance is the reflectance one would have ob-
tained with a black background. Because of equation (5.1) we have:

=1, B 5.9
Inserting equation (5.7) into (5.9) gives:
=1, (1 -¢®+0l (5.10)

So, in principle, it is possibie to estimate the LAI by means of reflectance measur-
ements in a visible passband. However, the corrected reflectance (1) already
tends to the asymptotic value (r,) when the LAI value is low, because K+k
are relatively large (Goudriaan, 1977).

In an infrared passband the corrected reflectance as a function of LAT ap-
proaches an asymptotic value much more slowly (section 4.7}, because r, in equa-
tion (5.10) is not a constant, but is a complicated function of, among other
things, the scattering properties of the canopy. Thus, the infrared reflectance
can be more suitable than the visible reflectance for estimating LATL

Bunnik (1978) has indicated that the relationship between infrared reflectance
and LAI can be described by means of a linear combination of several exponen-
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tial functions in which canopy structure as well as the scattering properties of
the canopy are incorporated. Let us investigate whether this relationship can
be described with only one exponential function. The relationship between LAI
and infrared reflectance (cf. figure 4.12) greatly resembles a “Mitscherlich curve’
(y = A-b.exp(-k.t)). Such a curve has 3 parameters. In the special sitvation of
such a curve running through the origin (A = b), the curve defined by vy =
A (1-exp(-k.t)) has only 2 parameters. For describing the relationship between
the corrected infrared reflectance and LAI (which runs through the origin) an
empirical equation similar to equation (5.10) could be used:

r’ir = r;o,ir ° (1 - erﬂ'L) (5 l l)

parameter r,;, being the asymptotic value for the infrared reflectance and para-
meter & acombination of extinction and scattering coefficients. This is the special
case of a Mitscherlich curve.

From equation (5.11) it follows that if LAT = O thenr’, = 0
and if LAl - oo thenr'y, = )

Finally the LAl is solved from equation (5,11);

L= —la-In(l —r'ifre.) (5.12)

5.3 RELATIONSHIP BETWEEN THE MODEL DEVELOPED ABOVE AND THE SUITS MODEL

Combining equations (4.11), (4.12), (4.15) and (4.16) from the Suits model
with equation (4.17), which Bunnik (1978) deduced from the Suits model for
directional reflectance with single scattering, results in the equation:

r=r, + (fg— ) e ™% =1 (1 -e¥¥% 4 rg-e®* (5.13)

where r_, 1s the asymptotic value of the reflectance factor of vegetation in a
visible passband. In Bunnik’s notation K (or k) is the product of the extinction
coefficient and the LAI, and therefore in the context of the present report K
{or k) should be replaced by K.L {or k.L).

1= 1, (1 - R0T) 4 pgoetkl (5.14)
In combination with equation (5.7) this gives:
r=roB+rs-(1-B)y=r;+ (r, —r5)'B (5.15)

For a visible passband this equation equals equation (5.1), because r,, equals
rv and is constant. For an infrared passband, equation (5.15) is only valid if
the contribution of the multiple scattering component is negligible. If this latter
term is of importance equation (5.4) should be used (r,j; # ry i)
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5.4 A DIGRESSION ABOUT INACCURACY

In much remote sensing research work in which reflectance values are used
for estimating crop characteristics, a function of two or more reflectance values
is used in order to correct for some kind of disturbance (section 4.6). This func-
tion is often simply the difference between, or ratio of, two passbands. The inac-
curacies involved in such a function are often ignored.

The inaccuracy can be indicated by the standard deviation (o) or by the coeffi-
cient of variation (CV = o/p with p = mean). Assume that reflectances in two
passbands are represented by x and y and that x and y are stochastically indepen-
dent and have the same CV.

If x and y are independent, the variance of the difference between x and y
equals the sum of the variances of x and y:

var(x —y) = var(x) + var(y).

For the difference between x and y, two situations may be distinguished:
1. xis much larger than y:
ifex » ey then e(x-y) = €x
and var(x-y) = var(x)
— CV(x-y) = CV(x), which is not extremely inaccurate compared with the
inaccuracy of x and y.

(E.g.: x = infrared reflectance of 50%; y = red reflectance of 29;. Assume
that both are ascertained independently, each with CV = 0.10. Then the differ-
ence is 48 %, and the CV = 0.10).

2. xand y are nearly equal:

ifex = ey thene(x-y) = 0

and var(x-y)=2.var(x)

— CV(x-y) will be very large, and the inaccuracy of the difference can be
extremely large.

(E.g.: x = red reflectance of 129; y = green reflectance of 11%,. Assume
that both are ascertained independently, each with CV = 0.10. Then the differ-
enceis 1%, and the CV = 1.63).

If x is independent of y, the square of the CV value of the ratio of x to ¥
is approximately the sum of the squares of the CV values of x and y:

cV? (%) ~ CVY(X) + CVA(y)

If the CV of x equals the CV of y then the CV value of the ratio is equal
to the square root of 2, times the CV value of x or y.

(E.g.:x = red reflectance of 129; y = green reflectance of 11 Y. Let us assume
that both x and y are ascertained independently, ¢ach with CV = 0.10. Then
the ratio is 1.09, and the CV = 0.14),
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When reflectances are measured from an airborne or spaceborne platform,
a relatively large CV value may occur in one passband if the expected value
is very small (e.g. red reflectance). This may be caused by a small signal-to-noise
ratio, If the reflectance of an object is very small, the influence of the atmosphere
on the detected signal will be large. As a result, inaccuracies in correcting for
these atmospheric effects will have a large effect on the resulting inaccuracy
of the derived reflectance of the object. (E.g.: the sensor detects a reflectance
of 79: 29 is the reflectance from the object and 59/ is the contribution of the
atmosphere. Assume that the values 7%, and 5 % are ascertained independently,
each with CV = 0.10. Then the difference, 2%, will be the reflectance of the
object and the CV will be 0.43). Then the ratio of two passbands may also result
n a very inaccurate value.

Thus, it can be concluded that one has to be careful in using a difference
or ratio of two passband measurements, as in section 4.6. A single passband
is often preferable, if its inaccuracy is not too large. If the values in two passbands
differ considerably, the difference between two passbands will be preferable,
If the values in two passbands are nearly the same, the ratio between the measure-
ments in two passbands will be preferable.

5.5 ESTIMATION OF $OIL COVER

As stated before (section 5.2) reflectance measurements in a visible passband
are very suitable for estimating soil cover. Equation (5.1) may be rewritten as:

I,—T
I,— I,

B = (5.16)

For a visible passband this equation describes the linear relationship between
soil cover and the measured reflectance. This equation may be applied to a green
passband or to a red passband. However, the reflectance of bare soil (rs) and
of vegetation (ry) should be known. Although it is quite often possible to ascer-
tain a good estimate for the reflectance of vegetation (complete cover), estima-
ting the reflectance of bare soil poses greater difficulties. The reflectance of a
soil may change very rapidly, according to soil moisture content. Also, very
large local differences in soil moisture content may occur. Soil moisture content
is an important factor in determining the relationship between reflectance and
soil cover, as is illustrated in figure 5.4, From figure 5.4 it is evident that if soil
moisture content is not known, huge errors may be made in estimating soil cover.
Three methods that may enable this problem to be overcome are described be-
low.

For many soil types, reflectance in the different passbands does not differ
very much (e.g. Condit, 1970); often there is a slight increase in reflectance with
increasing wavelength.
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FIG. 5.4 Model calculation of soil cover (B} as a function of reflectance (r} in a visible passband
foradry {(—; r, = 20.0) and a wet (---; ry= 10.0} soil, while r, = 3.0,

Let us assume that there is a known linear relationship between the reflectance
factors of soil in two passbands (e.g. green and red):

TIye =&+ b'rs,r (5]7)

where a and b are two parameters.
Combining equation (5.17) with equations (5.2) and (5.3) gives:

t,—br=(r,,—br,)B+a(l-B) (5.18)

METHOD 1I:
As stated before, many soil types have a constant ratio of green and red reflec-
tance of bare soil, which is independent of soil moisture content.

2= C, (5.19)

With regard to equation (5.18) this means a = 0 and b = C,. If we assume
that we are able to determine this constant C,, mercly by measuring both reflec-
tance values at the same soil moisture content, then equations (5.2), (5.3) and
(5.19) offer us 3 equations with 3 unknown variables: the reflectance of bare
soil in a green (r.,) and in a red (r,,) passband and soil cover (B). Combining
these three equations should give us a solution for estimating soil cover indepen-
dently of soil moisture content,

I'g*C]'I'r

B=_s_—1 7
rv‘g—Cl "o

{5.20)
The result of this equation is illustrated in figure 3.5. So, if there is a constant
known ratio between the green and red reflectance of bare soil it is possible
to estimate soil cover without knowing anything about soil moisture content
or the actual soil reflectances.
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F16. 5.5 Model calculation of soil cover (B) as a function of r, - Cy - 1, (method 1)} with Tyg=
50,1, = 2.0and C; = 1/1.1.

METHOD 2:

If the reflectance of bare soil in the green and red passbands does not differ
very much, as is the case for many soii types, the difference between green and
red reflectance will be nearly independent of soil moisture content. Combining
equations (5.2) and (5.3) gives:

- (rs, _rs,r) _ (l‘ ‘rr)
B = oty — st (5.21)

With regard to equaiion (5.18) this means a = 0 and ba 1. This means that
there is a linear relationship between soil cover and the difference between green
and red reflectance, and that this relationship is nearly independent of soil mois-
ture content (there is a distinct difference in reflectance between both passbands
at complete cover). This 1s illustrated in figure 5.6. So the difference between
green and red reflectance offers another opportunity for estimating soil cover

B )

2 3
rg-rl_ [£:3]

FiG. 5.6 Model calculation of soil cover (B) as a function of ry - 1y (method 2) for a dry (—; rg
= 20.0 and rg; = 22.0) and a wet (-—; 15, = 10.0 and 1, = 11.0} seil, with r, g and 1y, as in
figure 5.5,

Agric. Univ. Wageningen Papers 86-4  1986) 39



for certain soil types, without any knowledge about soil moisture content. How-
ever, as figure 5.6 clearly shows, inaccuracy may be considerable, especially at
low soil cover values, if the reflectances of bare soil are not identical.

In all cases the linear relationship between the reflectances in the two pass-
bands has to be tested and ascertained once for the soil type concerned. After-
wards this lincar relationship can be used to correct for an unknown change
in soil moisture content, in order to estimate soil cover.

When taking the difference between green and red reflectance, e.g. equations
(5.20) or (5.21), one has to remember the dangers of inaccuracy (see section
5.4). Generally, the values of green and red reflectance are similar and the differ-
ence will be small in absolute value. As seen in section 5.4 this may lead to
great inaccuracy.

METHOD 3:

if the ratio of the green and red reflectance of bare soil is independent of
soil moisture content, taking the ratio of green and red reflectance values may
improve the estimation of soil cover. Combining equations (5.2) and (5.3) gives:

- Tag—Lur Ty/T: 5.22
rgfrr'(r\f.rfrs,r)_(rv‘g—rs.g) ( 22)

This ratio is no longer a linear function of soil cover. More important, however,
is the conclusion that the influence of soil moisture content has not been com-
pletely eliminated (cf. Bunnik, 1978). This is illustrated in figure 5.7. However,
if one does not know the soil moisture content and the corresponding reflectance
of bare soil reasonably well, this ratio enables soil cover to be estimated more
accurately than when the information acquired in a single passband is used.
Unless the inaccuracy of the absolute reflectance values in the visible passbands
is small, a ratio function may also be more preferable for estimating soil cover
than a difference function.

B (x»
106

an
80
40+

20p

:1
(7] [ z 3
FyTe B

FiG. 5.7 Model calculation of soil cover (B} as a function of rg/r, for a dry (—) and a wet (---)
soil. Reflectances of soil and vegetation as in figure 5.6.
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5.6 ESTIMATION OF LAI

Reflectance measurements in an infrared passband are most suitable for esti-
mating LAI. LAI is estimated from equation (5.12), which is independent of
soil moisture content. However, equation {5.9) first has to be applied to the
infrared passband in order to obtain the corrected infrared reflectance:

r,ir = rir - I-s,ir ! (I - B) (523)

Differences in soil reflectance that result from differences in soil moisture con-
tent modify this relation in a manner similar to that encountered in estimating
soil cover (see section 5.5). This is illustrated in figure 5.8. At low soil cover
values this may cause large inaccuracy if neither the soil meisture content nor
the actua! reflectance of the soil are known. To obtain an accurate estimate
of LAI one either has to know or to measure the reflectance of the bare soil,
or one has to derive a relation that is less dependent on differences in soil mois-
ture content. Two methods that may enable the problem of not knowing soil
moisture content (unknown soil reflectances) to be overcome are described be-
low.

METHOD 1:

Theoretically, it is possible to calculate the corrected infrared reflectance (1)
accurately, without knowing the soil moisture content or soil reflectance for
each individual situation. The only assumption about soil characteristics one
has to make is that the ratio between the reflectances in two passbands is con-
stant. As stated in section 5.5, this assumption is valid for many different soil
types. This implies that not only equation (5.19) is valid but also:

L _ ¢, (5.24)

5.I

10 20 30 40 50 80
Fir [£3)

FiG. 5.8 Model calculation of LAI as a function of reflectance in an infrared passband (ry,) for
adry (—; rgjr = 24.2) and a wet (—; 13 = 12.1} s0il, with & = 0.3 and r;; = 60. Reflectances
of soil and vegetation in visible passbands as in figure 5.6.
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Analogously to the situation for estimating soil cover, where we had 3 equations
with 3 unknown variables, we are now able to solve the corrected infrared reflec-
tance from 5 equations with 5 unknown variables. These 5 equations are {5.2),
{5.3), (5.19), (5.23) and (5.24) and the 5 unknown variables are the corrected
infrared reflectance (1';.), soil cover (B) and the soil reflectance in the three pass-
bands (r,,, 1., and r,;). After solving these equations for the corrected infrared
reflectance we obtain:

rr_ = — CZ ' (rg ) rv,r —I rv.g)
ir ir CI Ty Ty

(5.25)

If the constant ratios C, and C,; are known, this equation indicates how the
corrected infrared reflectance can be calculated independently of soil moisture
content. In the situation of bare soil only, r,, 1, and r;, equal r,,, r,, and r,,
respectively, and equation (5.25) results in; ', = 0. In the situation of complete
soil cover, 1, and r, equal 1, and r,,, respectively, and equation (5.25) results
in: 1y, = 1y in other words no correction for soil background is applied if the
soil is not visible.

After correcting for soil background by means of equation (5.25), the LAI
is estimated by means of equation (5.12) {figure 5.9).

METHOD 2:
Combination of equations (5.16), applied e.g. to a red passband, and (5.23)
gives:

r,ir = Tir —Lgj” T Tur (526)

If the reflectance of bare soil in the red passband (r,,) is large compared with
the reflectance of the green vegetation (r, ), this latter reflectance, which is very

O~ {o =g 30 40 56 _ 60
F'I - (&4

Fi1G. 5.9 Model calenlation of LAI as a function of the corrected infrared reflectance {(r';,} according
to method 1, with a= 0.3 and r, j;= 62. Reflectances of soil and vegetation as in figure 5.8.
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small, could be omitted from the denominator. If the soil type under considera-
tton has a similar reflectance in the red and infrared passbands, equation (5.26)
may be approximated by equation (5.27):

1“'ir =Tp—I + I, (527)

In the situation of bare soil the term r,, should be omitted in order to get
the same result as in equation {5.26) (under the assumption r,; = r,;). In the
situation of high soil cover the term r,; is very small compared with (r,—r,), s0
it may be omitted. A crude approximation for estimating the corrected infrared
reflectance will result in the equation:

r,ir =TIi—I; (528)

To apply this equation for estimating LAI, the difference between the infrared
and red reflectance must be ascertained and then equation (5.12) must be used.
Inthis regard r.. ;, in equation (5.12) will be the asymptotic value of the difference
between infrared and red reflectance at very high LAL If in equation (5.25)
the measured reflectances in the green and red passband are assumed to be equal
(r, = r,), then this equation is equal to equation (5.28)} under the assumption
C; = C; = 1. This drastic approach will be tested in section 5.8 with a data
set calculated by means of Verhoef’s SAIL model {section 4.7), and provided
by him. Furthermore it will be verified with practical data (section 7.6).

When estimating LAI, the considerations raised in section 5.4 should also
be taken into account. In contrast to the situation of estimating soil cover, a
difference between infrared and visible passbands will give fewer problems. Any
such difference could only introduce large inaccuracy if the values in the two
passbands (e.g. infrared and red: equation 5.28) are nearly the same: this will
occur when soil cover values are low, However, from figure 5.9 it becomes evi-
dent that with low soil cover the slope of this curve is not steep; consequently,
large inaccuracy in reflectance measurements will introduce only a minor inaccu-
racy in LAI estimation.

5.7 LEAF SENESCENCE

At the end of the growing season, annual agricultural plants will show signs
of senescence. Leaves turn from green to yellow. This phenomenon starts when
the LAI is at its maximum value. In cereals all the leaves have appeared by
that moment and the ears are about to appear. Subsequently, both LAI and
photosynthetic activity decrease, because only the green parts will be photosyn-
thetically active. During this stage it is important to gain an impression of the
speed of senescence and to estimate LAL

Ascertaining LAT by harvesting plants is a very tedious procedure during se-
ngscence. One has to classify leaves as green or yellow: there is no scope for
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an intermediate category for leaves that are in a transitional stage. However,
the photosynthetic activity of a discolouring leaf will be somewhere between
the high activity of a green leaf and the zero activity of a dead,-yellow leaf.
Thus, measuring the LAI during senescence is a rather subjective, inaccurate
procedure.

The literature reveals little about the changes in reflectance that occur during
senescence. Because leaves change colour, the reflectance in the visible passbands
will increase. This means a return to a situation comparable with an increasing
contribution from bare soil. However, the ratio between green and red reflec-
tances from a senescing crop may be quite distinct from that from bare seil.
Abhlrichs & Bauer (1983) found that the spectral reflectances for a wheat canopy
at the seedling and mature stages were similar. After estimating the reflectance
of a yellow vegetation, il may be possible to estimate the relative amount of
yellow leaves visible from above by using equation (5.2) or (5.3), in which soil
reflectance is replaced by the estimated reflectance of yellow vegetation.

During senescence the infrared reflectance will decrease (in a manner compa-
rable with the influence of bare soil). This decrease in the infrared reflectance
of a discolouring leaf will be more gradual: there will be no abrupt distinction
between green or yellow leaves, as must be made when measuring LAI from
harvested plants. Because the decrease in photosynthetic activity is also gradual,
it is possible for the infrared reflectance to give a better estimate of the actual
{photosyntheticalty active} LAI than field measurements on harvested plants.
This is very difficult or nearly impossible to prove because one has to compare
the reflectance measurements with the (subjective) field measurements.

If it is assumed that the ratios of reflectance values in different passbands
for yellow vegetation can be estimated, it should be possible to use equation
{5.25) to correct the infrared reflectance for the background of vellow leaves
(the ratios now relate to yellow vegetation instead of to bare soil). When the
infrared reflectance of yellow vegetation is at a similar level to that of either
the green or the red reflectance of yellow vegetation or to both of these (compare
situation with bare soil) it may be possible to ascertain the corrected infrared
reflectance by using an eqguation analogous to (5.28). Finally, equation (5.12)
may be used to estimate LAI. However, we now need to ascertain whether the
two unknown parameters of this equation are the same as when the vegetation
is green.

At the end of the season senescence may have advanced so far that the leaves
shrivel and finally fall off. Then soil background will again be visible, providing
a background with yellow and dead leaves. This will again affect reflectance
in a manner that will be hard to describe. New experimental observations may
open the way to cstimating LAI from reflectance measurements.

5.8 COMPARING THE MODEL WITH THE SAIL MODEL

In this section the model derivations presented earlier in this chapter will be
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verified and compared by means of calculations with the SAIL model (section
4.7). Special attention will be paid to verifying the various methods of correcting
for s0il background in estimating soil cover and LAL

The following variables for the SAIL model have been used:

- three leaf angle distributions:
spherical, planophile and erectophile.
— two irradiance conditions:

direct sunlight only (85 = 45°) and diffuse skylight only (in reality many inter-

mediate situations will occur),
— three soil types:

dry soil (green reflectance = 20.0 %, red reflectance = 22.0%,

infrared reflectance = 24.2%);

wet soil (green reflectance = 10.0%, red reflectance = 11.0%;,

infrared reflectance = 12.1%);

black soil (green, red and infrared reflectance = 09%)).

— reflectance and transmittance of a single leaf were assumed to be equal; green

reflectance = 8%/, red reflectance = 49, and infrared reflectance = 459%,.

— the direction of observation was assumed to be vertically downwards (8, =
0°).

Model calculations were carried out using the following LA values: 0 (0.1)
1.0(0.2) 2.0 (0.5) 5.0 (1.0) 8.0.

The green, red and infrared reflectance factors were calculated according to
the SAIL model for each of the above situations. The model was also used to
calculate soil cover with the conventional definition (vertical projection) and
with the new definition introduced in section 5.2 for the situations with direct
sunlight. The results of all model simulations are given in appendix 3. In order
to limit the number of figures within this chapter, figures for the planophile
and erectophile leaf angle distributions are mainly given in appendices.

5.8.1 Estimating soil cover

The results obtained with the SAIL model (appendix 5) clearly show that
the relationship between soil cover, according to the conventional definition,
and green or red reflectance is non-linear (figure §.10). However, using the new
definition for soil cover, introduced in section 5.2, this relationship was nearly
perfectly linear for all situations studied. The resuits for a dry soil and direct
sunlight only are illustrated in figure 5.11 with a spherical leaf angle distribution,
and in appendix 6 with a planophile and erectophile leaf angle distribution. Leaf
angle distribution appeared to have only a minor influence on the reflectance
at complete soil cover (see appendix 5), which was especially small for the red
reflectance. Similar results were obtained for the situations with a wet soil.

These results support the validity of equations (5.2} and (5.3) and their useful-
ness for estimating soil cover if the new definition of soil cover that takes shadow
and vegetation together is used.
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FIG. 5.10 An example of the relationship between soil cover, according to the conventional defini-
tion, and green or red reflectances, respectively.

SOIL COVER (X) SGIL COVER (X>

SAlL MODEL SAIL MODEL
100 SPHERICAL 100 SPHERICAL

SUNL IGHT SUNL IGHT
ERY s0IL ORY SOIL

B0 B8Ot

B0 [1:]3

40! 4Dp

20 20

GD é 10 15 20 25 GD 5 10 15 20 25

GREEN REFL. <{X) RED REFL. (%)

F1G. 5.11 Soil cover (new definition} as a function of green and red reflectance, respectively, for
a spherical leaf angle distribution.
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5.8.2 Correction for soil background in estimating soil cover

In section 5.5 three methods were given for correcting the estimation of soil
cover for differences in soil moisture content, Theoretically, method 1 should
offer the best results (cf. section 5.5). This method (equation 5.20) takes the
actual ratio of green and red reflectance of bare soil (which is assumed to be
independent of soil moisture content) into account. Method 2 uses the difference
between green and red reflectance (equation 5.21). Method 3 uses the ratio of
green and red reflectance (equation 5.22). The latter two methods have only
limited potential for correcting for differences in soil moisture content. The re-
sults for a spherical ieaf angle distribution for dry and wet soil (direct sunlight
only) are illustrated in figures 5.12 a and b, respectively, and with a planophile
and an erectophile leaf angle distribution in appendix 7.

In all situations, method 3 gave the best fit to the data. However, up to about
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FiG. 5.12b Three methods for correcting for differences in soil moisture content in estimating soil
cover. Spherical leaf angle distribution, wet soil.

809 soil cover the ratio of green and red reflectance was nearly constant. This
implies that a small inaccuracy in this ratio would induce a large inaccuracy
in estimating soil cover. Accordingly, a small discrepancy between curves in-
duced by a difference in soil moisture content, as illustrated in figure 5.13, would
introduce a relatively large estimation error. Thus method 3 is less valuable for
correction.

Method 2 gave a worse fit to the data than method 3. However, with method
2 there was a linear relationship between soil cover and the difference beteen
green and red reflectance and it had a less steep slope than the slope at low
soil cover with method 3. This implics that with method 2 the estimation of
soil cover was less influenced by an inaccuracy in the ditference between green
and red reflectance than when the ratio between these two reflectances was used.
However, for the reasons discussed in section 5.4 the difference itself was ascer-
tained less accurately. Moreover, if the relationship between sott cover and re-
flectance is slightly non-linear (figure 5.11), this will severely influence the rela-
tionship between soil cover and the difference between reflectances. At low soil
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FiG. 5.13 Methed 3 for correcting for differences in soil moisture content in estimating soil cover
for a spherical leaf angle distribution.
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Fi1G. 5.14 Method 2 for correcting for differences in soil moisture content in estimating soil cover
for a spherical leaf angle distribution.

cover values the influence of soil moisture content can be considerable (figure
5.14).

The fit with method 1 was the worst of all. Again, this is primarily because
the difference between the reflectances was used. However, the position of the
theoretically straight curve was independent of soil moisture content (figure
5.15). This may imply that the overall estimation error inherent in method 1
could be smaller than in methods 2 or 3, if one has to estimate soil cover without
knowing soil moisture content or soil reflectance explicitly. When a mean soil
reflectance of 15.0% in the green and 16.5% in the red was assumed, then in
the case of the spherical leaf angle distribution the coefficient of variation with
method 3 was 0.071, with method 2 it was 0.093 and with method 1 it was 0.091.
For the planophile leaf angle distribution the smallest coefficient of variation,
namely 0.048, occurred with method 1. This coefficient was smaller than the
values obtained with methods 2 or 3, which were 0.061 and 0.052, respectively.
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FiG. 5.15 Method | for correcting for differences in soil moisture content in estimating soil cover
for a spherical leaf angle distribution,

3.8.3 Estimating LAI

In estimating LAI the infrared reflectance is corrected for soil background
and subsequently this correcied infrared reflectance is used for estimating LAL.
This latter step may be investigated by using the calculations with the SAIL
model for a black background. Then the infrared reflectance does not require
correction and the validity of equation (5.12) may be checked. The results, shown
in figure 5.16 and appendix 8, support the validity of this equation for describing
the relationship between ‘corrected’ infrared reflectance and LAI at constant
leaf angle distribution. The influences of the illumination conditions were only
minor. It is notable that distinct leaf angle distributions cause quite distinct
asymptotic values for the infrared reflectance, calculated from the SAIL model.

3.8.4 Correction for soil background in estimating LAI
A correction can be made for differences in soil moisture content by subtract-

LAY
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Fic. 5.16 LAl as a function of the infrared reflectance for a black soil with a spherical icaf angle
distribution.

xx : calculated points SAIL model

— : simplified reflectance model

(Rw is used [or T, j; and a is used for & in these and subsequent graphs).
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F1G. 5.17 Three methods for correcting for differences in soil moisture content in estimating LAL

Spherical leaf angle distribution.
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ing the contribution of the soil visible to the eye from the measured infrared
reflectance (equation 5.23). If soil reflectance is known, soil cover may be esti-
mated by applying equation (5.16) e.g. at the red reflectance. This method of
correcting the infrared reflectance will be called method 0 in this section (indica-
ting that it cannot be applied without knowing soil reflectances explicitly). Meth-
od 1 takes into account the constant ratios of soil reflectance between passbands
(equation 5.25). Method 2 ascertains the corrected infrared reflectance by taking
the difference between infrared and red reflectance (equaticn 5.28) — a drastic
simplification compared with method 1. Results for all three methods are given
in figure 5.17 and appendices 9 and 10.

All three methods gave essentially the same resulis. The drastic simplification
by method 2 yielded results that were, in general, not much worse than those
obtained with the other methods. Because the only correction made is for soil
visible to the eye and not for the soil underneath vegetation, some influence
of soil background will still remain. This is illustrated in figure 5.18. Even with
such a large range in soil reflectances, differences between curves were not very
large. In reality, fluctuations in soil moisture content underneath vegetation will
be less than those on bare soil. Finally, the small influence of the illumination
conditions is illustrated in figure 5.19.

LAl

SAIL MODEL
o SPHERJCAL
SUNL IGHT
—— DRY 501L
a - — WET S0T11
| - BLADK SOIL

a 10 20 D 40 50
LORR, INFRARED REFL. (X}

FiG. 5.18 Influence of soil background on the regression of LAI on corrected infrared reflectance.
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FiG. 5.19 Influence of the illumination conditions on the regression of LAI on corrected infrared
reflectance.
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5.9 SUMMARY

In this chapter a new definition of soil cover has been introduced. Only soil
that is illuminated by the sun as well as directly detectable by the sensor is classi-
fied as being not covered. Thus, if the sensor looks vertically downwards, soil
cover is now defined as the relative vertical projection of green vegetation, the
relative area of the shadows included.

A simplified reflectance model for vegetation has been introduced. 1t is based
on equation 5.1;

r=ryB+r15(1-B)

Since ry is regarded to be a constant for visible passbands, the relationship be-
tween the measured reflectance in a visible passband and soil cover (new defini-
tion) is linear according to this equation. This was confirmed by model calcula-
tions with the SAIL model.

For estimating LAI the infrared reflectance will be corrected for the reflec-
tance of the soil background. This corrected infrared reflectance has been de-
fined as:

Iy =1, -1 (1 B)

Subsequently this corrected infrared reflectance is used for estimating LAI ac-
cording to the following equation {equation 5.12):

L =-1o In(l —r'/ra)

where @ and r,,; are 2 parameters that have to be estimated empirically from
a training set. The applicability of this semi-empirical model for describing the
relationship between LAI and corrected infrared reflectance was supported by
model simulations with the SAIL model for a black background.

In order to estimate soil cover or LAI by using the above equations, the reflec-
tance of bare soil must be known. This reflectance is to a large extent determined
by soil moisture content. Often, the contribution of the soil to the measured
reflectance is not explicitly known. In correcting for soil background three meth-
ods have been derived for estimating soil cover and two methods have been
derived for estimating LLAI, The main assumption has been that there is a con-
stant ratio between the reflectances of bare soil in different passbands, indepen-
dent of soil moisture content (equations 5.19 and 5.24). This assumption is valid
for many soil types (cf. section 4.5), including the one used in this monograph
(chapter 6).

For estimating soil cover an equation has been derived by combining reflec-
tance measurements in a green and a red passband. This has been called method
1 (equation 5.20):

B = r,—Ci1;
I.\r.g_"(:l 'rv)r
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Here C, is the constant ratio between green and red reflectance factors of bare
soil. Method 2 is a special case of method 1, as C, is assumed to be nearly equal
to the value 1. With this method only the difference between green and red reflec-
tance measurements has been used for estimating soil cover (equation 5.21):

B = (Teg—1:0) — (r;— 1)
(rs.g — ) — (rv.g —Ty,)

Both methods have the disadvantage that the difference between nearly equal
reflectances in the green and red is used; this may result in the soil cover being
grossly over- or underestimated (cf. section 5.4), Model calculations with the
SAIL model indicated that a very small non-linearity of the relationship between
reflectance and soil cover may lead to large discrepancies between the estimated
soil cover with the SAIL model and the estimated soil cover using the above
equations based on some difference function. A ratio function does not have
this disadvantage (cf. section 5.4). Method 3 requires the ratio of green and
red reflectance measurements for estimating soil cover (equation 5.22):

- Fsg— rs,- rg/rr
l'g/’rr ' (rv.r - [igl’) - (r"'g_ rs,g)

However, method 3 is still influenced to some extent by reflectances of bare
soil. Its (non-linear) regression curve has a steep slope at low soil cover, which
is disadvantageous, Model calculations indicated that by assuming some mean
reflectances for bare soil (with methods 2 and 3) all 3 methods vield comparable
accuracies. Data from practice will have to show which method is best.

In order to estimate LA, an equation correcting the infrared reflectance by
combining reflectance measurecments in green, red and infrared passbands has
been derived. With method | the corrected infrared reflectance has been estima-
ted as (equation 5.25):

3 CZ'(rg.rv,rfrr'rv.g)

r.. =r. —
ir ir Cl _ rv,r — rv,g

Here C, and C, are the constant ratios between green and red reflectance and
between infrared and red reflectance, respectively, of bare soil. Assuming that
C, and C; are equal to 1, the corrected infrared reflectance can be approximated
by (equation 5.28):

Py =1

This has been called method 2. Neither method requires soil reflectance as input.
Model simulations with the SAIL model indicated that the accuracy obtained
with both models corresponds to the one obtained if soil reflectances are known.
Only the estimates of parameters o and r,, ;; in estimating LAI differed slightly.
The main conclusion of this chapter is that for soil types that have a fairly
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uniform reflectance in the red and the adjacent infrared part of the electromag-
netic spectrum, the difference between infrared and red reflectances provides
a correction for soil background and can subsequently be used for estimating
LAL This latter relationship is described by an equation in which only 2 para-
meters have to be ascertained empirically.

The above model derivations are derived for a vegetative canopy. It is assumed
that analogous derivations are valid for a generative canopy (cercals) with yel-
lowing leaves (cf. results chapter 7). Then a correction for yellow leaves can
be made. At the generative stage the relationship between corrected infrared
reflectance and LAT will be described by estimates of parameters other than
those used for the vegetative stage.

In chapter 7 the assumptions adopted in this chapter will be verified for one
specific soil type and the different methods for estimating soil cover and LAI
atagricultural field trials will be tested with real data. Moreover, it will be investi-
gated whether the leaf angle distribution varied strongly in a multitemporal anai-
ysis, thus disturbing the regression of LAI on corrected infrared reflectance (cf.
results SATL model). But first, the field trials analysed and the methodology
of data gathering and analysis will be described in chapter 6.
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6 DATA GATHERING AND ANALYSIS

6.1 INTRODUCTFION

This chapter begins by describing the field trials from which multispectral
aerial photographic (MSP) recordings were obtained. The methods used to
gather and analyse data will briefly be described. Finally, some general informa-
tion about the missions flown will be given.

6.2 AGRICULTURAL FIELD TRIALS USED IN THE PRESENT RESEARCH

The field trials used to verify the usefulness of the remote sensing techniques
detailed in preceding chapters were carried out on the ir. A.P. Minderhoud-
hoeve, experimental farm of the Wageningen Agricultural University (cf. section
1.4). These field trials are described below. Weeds were controlled in all trials.
Some data from the meteorological station of the experimental farm are given
in appendix 11.

6.2.1 Field trial 116 in 1982

In 1982 field trial 116 was designed in order to investigate the influence of
sowing date and nitrogen nutrition on the crop structure and the grain yteld
of barley. The trial was a split-plot design in three replicates with barley, cultivar
‘Trumpf’. Whole-plot treatments were 2 sowing dates: 26 March (Z1) and 22
April (Z2). Split-plot treatments were 6 randomized nitrogen levels (applied be-
fore sowing):

Nl = 0kgNperha
N2 = 20kgNperha
N3 = 40kgNperha
N4 = 60kgNperha
N5= 80kgNperha
N6 = 100 kg N per ha.
Each subplot was 6 m by 18 m and the row width was 13 cm.

On 12 dates during the growing season between May and the beginming of
August, development stage and dry matter weight were ascertained at a fre-
quency of approximately one week. Leaf arca index (LATI) was measured only
once fortnightly, resulting in six harvest dates. The sample size was 0.13 m?.
During flying missions the proportion of soil cover was estimated. On 17 Angust
the barley was harvested by combine (45 m? per plot).

6.2.2 Field trial 116 in 1983
In 1983 field trial 116 was designed in order to investigate the influence of
sowing date and nitrogen nutrition on the plant development and the grain vield
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FIG. 6.5 70-mm aerial photographs obtained at their. A. P. Minderhoudhoeve on 27 May 1982.

A Green passband; PX 2402 with W21 + W57A filters

B: Red passband; PX 2402 with W70 filter
C: Infrared passband; IR 2424 with WE7C filter.

Experimental design of field trials:

APM 116 BARLEY

. 1 ZINS 13 Z2N1 25 ZIN3
Sowing dates:
Z1 = 26 March 1982 2 ZIN2 14 Z2N2 26 ZIN4
Z2 =22 April 1982 3 ZIN3 15 Z2NS§ 27 ZINI
. 16 Z2N6 28 ZIN6
Nitrogen leveis (kg N per ha): 4 ZIN6 22
Nl= 0 5 ZIN4 17 Z2N4 29 ZINS
N2 = 20 6 ZIN1 18 Z2N3 30 ZIN2
N3= 40
Nd = 60 7 Z2N2 19 Z1N4 31 Z2N¢6
NS = 80 8 Z2Né 20 ZIN2 32 Z2N1
N6 = 100 9 Z2N5 21 ZIN3 33 Z2N3
10 Z2N3 22 ZINI 34 Z2NS5
11 Z2N1 23 ZINé 35 Z2N4
12 Z2N4 24 ZINS 36 Z2N2
APM 87 Rotation trial with POTATOES
Rotation
| 2 3 4
A =a-a a = polatoes
B =a-z z = spring wheat
C =a-s s = sugar beet
D =a-z-s5-h h = oats
Nematicide
(O = untreated
+ = treated
1 C2+ 2 D40 3 A2x 4 Al+ SBIO
6 A20 7 B20O 8 D20 9 Ci+ 10 D1+
11 D4+ 12 C20 13 D3O 4 DIO 15 D3+
16 B2+ 17 D2+ 18 CLO 19 Bl1+ 20 AIO
21 A1Q 22 C10 23 Bl1+ 24 D4+ 25 A2+
26 D3+ 27 D3O 22 DIO 29 C2+ 30 B2+
31 BI1O 32C1+ 33 D2+ 4 D20 35 D40
36 D1+ 37 Al+ 38 B2C 39 A28 40 C320
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of barley. The trial was a split-plot design in four replicates with barley, cultivar
‘Trumpf’. Whole-plot treatments were 2 sowing dates: 7 March (Z1) and 21
April (Z2). Split-plot treatments were 5 randomized nitrogen levels, applied as
split dressing (in kg N per ha):

Before sowing  Feekesstage7  Total

N1 0 0 0
N2 20 0 20
N3 20 20 40
N4 20 40 60
NS5 20 60 80

Each subplot was 6 m by 20 m and the row width was 12.5 cmn.

Development stage and dry matier weight were ascertained on 9 dates during
the growing season and LAI was ascertained on 5 dates. The sample size was
0.125 m2. Soil cover was estimated during flying missions. On 12 August the
barley was harvested by combine (51 m? per plot).

6.2.3 Field trial 100 in 1983

Field trial 100 in 1983 was designed to investigate whether it ts possible to
use a few plots for ascertaining the regression of LAT on reflectance and then
to use this regression curve for estimating LAl from reflectance measurements
of the complete field trial. Some of the same treatments applied in field trial
116 were also applied in field trial 100. These treatments were N1 and N4 for
both sowing dates (see section 6.2,2), The treatments were randomized within
2 complete replicates. Each subplot was 12 m by 20 m in order to allow larger
samples to be harvested. Since it is easier to adjust days of field sampling to
days of flying missions (the latter strongly depend on weather conditions), sam-
ples were obtained on 8 dates on which missions were flown. During the first
two missions early in the season no samples were gathered because there was
hardly any plant development. The sample size was 1.0 m?.

6.2.4 Field trial 92 in 1982

In 1982 field trial 92 was designed in order to investigate the influence of
plant density, nitrogen nutrition and fungicide treatment on development, grain
filling and yield in spring wheat. The trial was a split-plot design in three repli-
cates with spring wheat, cultivar ‘Bastion’ (sowing date: 26 March 1982). Whole-
plot treatments were 2 fungicide treatments: no fungicides at all (F0) and 4 kg
Bavistin M per ha at Feekes stage 5 combined with 0.5 1 Bayleton per ha at
stage 10.4 (F1). Split-plot treatments were 2 plant densities and 4 nitrogen levels,
which were completely randomized within the whole plots. The sowing densities
were: 150 seeds per m? (§1) and 300 seeds per m? (82). The nitrogen levels were
(in kg N per ha):
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Before sowing  Feekesstage8  Total

N1 20 20 40
N2 20 4Q : 60
N3 20 60 20
N4 20 80 100

Each subplot was 6 m by 20 m and the row width was 13 cm.

Dry matter weight and LAI were ascertained on 7 dates during the growing
scason. The sample size was 0.13 m?. On 18 August the spring wheat was har-
vested by combine (51 m? per plot).

6.2.5 Field trial 92 in 1983

In 1983 field trial 92 was designed in order to investigate the influence of
plant density, nitrogen nutrition and fungicide treatment on ear development
and grain vield in winter wheat. The trial was a split-plot design in three repli-
cates with winter wheat, cultivar ‘Arminda’ (sowing date: 25 October 1982),
Whole-plot treatments were 2 fungicide treatments: no fungicides at all (FQ)
and 3 kg Bavistin M per ha al Feekes stage 5 combined with 2 kg Bayleton
CF per ha at stage 10.4 (F1). Split-plot treatments were 3 plant deasities and
4 nitrogen levels, which were completely randomized within the whole plots.
The sowing densities were: 150 seeds per m? (S81), 300 seeds per m? (S2) and
600 sceds per m? (83). The nitrogen levels were (in kg N per ha):

Feekesstage8  Total

NI 80 80
N2 120 120
N3 160 160
N4 200 200

Each subplot was 6 m by 20 m and the row width was 12.5cm.

Few data were obtained in the field. Dry matter weight and LAT were ascer-
tained in the F1 plots on 12 April and 10 May, and in the S2 plots on 31 May,
28 June and 26 July. The sample size was 0.125 m® On 9 August winter wheat
was harvested by combine (51 m? per plot).

6.2.6 Field trial 93 in 1983

In 1983 field trial 95 was designed in order to investigate the influence of
plant density, plant protection and nitrogen nutrition on tiller quality before
flowering and on grain yield with winter wheat (cf. ficld trial 92 in 1982). The
trial was a split-plot design in three replicates with winter wheat, cultivar ‘Okapi’
{sowing date: 25 October 1982). Whole-plot treatments were 2 fungicide treat-
ments: no fungicides at all (F0) and 3 kg Bavistin M per ha at Feckes stage
5combined with 2 kg Bayleton CF per ha at stage 10.4 (F1). Split-plot treatments
were 3 plant densities and 4 nitrogen levels, which were completely randomized
within the whole plots. The sowing densities were: 100 seeds per m? (81), 200

Agric. Univ. Wageningen Papers 86-4 (1986) 109



seeds per m? (S2) and 400 seeds per m’ (83). The nitrogen levels were (in kg
N per ha):

Feckesstage 3  Feekesstage8  Total

N1 20 100 120
N2 40 100 140
N3 60 100 160
N4 80 100 180

Each subplot was 6 m by 20 m and the row width was 12.5cm.

Very few data on this trial were obtained in the field. LAI was ascertained
in the F1 plots on 12 April and in the S2 plots on 31 May and 28 June. The
sample size was 0.125 m?. On 9 August winter wheat was harvested by combine
(51 m? per plot).

6.2.7 Field trial 85 in 1982

Field trial 85 was designed in order to investigate the nitrogen utilization of
crop systems with forage and arable crops. The trial was a split-plot design in
4 replicates. Whole-plot treatments were 9 different rotations with either grass,
lucerne or maize. Split-plot treatments were 4 randomized nitrogen levels (in
kg N per ha):

grass, lucerne maize

N1 0 0
N2 150 75
N3 300 150
N4 450 225

Each subplot was 12 m by 13 m.

On 18 May 1982 the rotations with grass were sampled (sample size 15 m?).
These were 3 rotations with grass lasting one (R1), two (R2) and three (R3)
years, respectively. Fresh weight, dry matter weight and nitrogen yield were as-
certained, as well as dry matter and nitrogen content.

6.2.8 Field trial 87 in 1982

Field trial 87 was designed in order to investigate the level and cause of damage
to potatoes in various crop rotations, It was anticipated that yield would be
constderably lower in narrow rotations with potatoes, because of nematodes.
The trial was a completely randomized block design in two replicates. Potatoes,
cultivar ‘Hertha’, were planted on 16 April 1982, Treatments were crop rotation
and nematicide application (nematicide treatment ( +) or none (0)). 4 different
rotations were applied:
rotation A: potatoes only
rotation B: potatoes alternated with spring wheat
rotation C: potatoes alternated with sugar beet
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rotation D: potatoes in a rotation with spring wheat, sugar beet and oats.
Each plot was 6 m by 40 m.

Field measurements were very limited. On 21 June 1982, 6 plants per plot
(potatoes) were harvested in order to ascertain the weight of foliage and tubers.
On 20 September 1982 total yield (tubers) was ascertained.

6.3 METHOD OF GATHERING DATA

The development stage of the crop in each field trial was recorded in the Feekes
scale (appendix 1). Soil cover was estimated by taking vertical photographs from
a height of 3-4 metres, overlaying the photographs with a grid and counting
hits of soil per grid crossing. Dry matter weight and LAI were ascertained by
harvesting all the plants within a 1.0 metre long section of row (0.13 m? or
0.125m’, depending on row width). After ascertaining fresh weight and tiller
number of the whole sample, a subsample was separated into leaf blades (green
and yellow), stems and ears. Each component was weighed, dried at 80 degrees
Celsius and again weighed. Before drying, the area of the green leaf blades was
measured with an optically scanning area meter, All the results were converted
to give a value per square metre.

6.4 DATA ANALYSIS

A very important analysis of field measurements from agricultural field trials
is an analysis of variance in order to investigate whether treatment effects are
significant and whether interactions occur. Analogously with field measure-
ments, an analysis of variance can be carried out on reflectance measurements
in the various passbands (chapter 3) for investigating whether the latter variables
can be ascertained with relatively smaller variance and whether treatment effects
can be ascertained with larger power than by means of conventional field mea-
surements. Some concise remarks about the analysis of variance will be given
in section 6.4.1,

The second main field of interest of this monograph is to investigate the possi-
bilities of estimating crop characteristics by remote sensing. This particularly
refers to the estimation of LAI by some corrected infrared reflectance factor
{chapter 3).

One of the complications of sampling agricultural field trials is that this proce-
dure is often destructive. To keep the plots fairly intact, only small samples are
taken. The resulting variability of such data will be relatively large. These distur-
bances (‘nois¢’) may be decreased by data smoothing (section 6.4.2). In the pre-
sent study, the means per treatment were smoothed. An important aspect of
this smoothing is that it also involved an interpolation technique; thus, it was
possible to estimate the LAI on every date during the growing season.

The smoothed estimated LAIs for the dates of flying missions were then rela-
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ted to reflectance measurements. Subsequently, the relationship between LAI
(field measurements) and reilectance was used as a regression curve for estima-
ting LAI per plot from the reflectance measurements. Finally, an analysis of
variance was performed on these estimated LAT values. The results of this latter
analysis are more comparable with the analysis of variance done on the original
LAI measurements, since they involve the same variable.

6.4.1 Analysis of variance
In field trials the aim is mostly to test whether there are treatment effects.

As an example, consider a simple field trial with only one treatment (e.g. nitrogen

nutrition). Any observed value (e.g. yield) is assumed to be the sum of three

terms: (1) an overall mean, (2) a treatment deviation, and (3) a random ¢lement

(residual effect) which is assumed to be a random sample from a normally distri-

buted population. Accordingly, the analysis of variance partitions the sum of

squares of the observations into three sums of squares, one attributable to the
overall mean, one to the treatment effects, and one which is the residual sum
of squares. In the analysis of variance the null hypothesis that no differences
exist between the effects of the treatment is tested. This is done by calculating
the ratio between the mean square of treatment effects and the residual mean
square and subsequently testing this ratio, which is isomorous with an F statistic
if the null hypothesis holds, with an F test at a certain level of significance (the

5% level is often used). In any statistical test the critical level (often called P-

value) is often also given; this is the smallest level of significance at which the

observed result would just lead to rejection of the null hypothesis (figure 6.1).

In general, the analysis of variance exerts two functions:

1. Ttis an elegant way of computing the pooled error variance (s%) (= residual
mean square). In comparing different procedures the coefticient of variation
(cf. section 2.5.1) could be used.

2. It provides an F test of the null hypothesis that the population means are
identical {absence of treatment effects) and indicates, by means of the critical
level, the extent to which one should doubt the validity of the null hypothesis
(the smaller the critical level, the stronger the evidence against the null hy-
pothesis and therefore the more in favour of the presence of treatment ef-
fects).

FF>c ) Ho)

a

&

F1G. 6.1 Example of the distribution of the F-statistic. P(F > c/Ho) is the critical level for F = c.
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The probability that the null hypothesis will be rejected at a certain level of
significance depends on the configuration of the true treatment effects and is
called the power of the procedure. If of two procedures applied to the same
data one procedure will lead to critical levels that are systematically smaller
than those with the other procedure, then the former procedure has larger power.

The above example may be extended to more factors (e.g. plant density, sow-
ing date), whereby interaction effects between factors can also be investigated
{meaning that the effects of one factor are dependent on the levels of another
factor, so that they are not merely additive).

A special experimental design must be used when it is necessary or convenient
to test one factor (treatment) with experimental units of one size and to test
a second factor with units of smaller size within the previous ones. This is called
a split-plot design. The main factor may demand large areas for each level, e.g.
irrigation. In an irrigation trial the trial area can be subdivided into main plots,
some of which will be irrigated while others will not. These main plots may
be subdivided into subplots for the application of other treatments, e.g. different
levels of nitrogen nutrition, these levels being randomized within each main plot.
The essential feature of such a design is that there are two (at [cast) types and
sizes of experimental unit, resulting in two residual mean squares (corresponding
to inter-plot and intra-plot variance): one attributable to whole-plot (or inter-
plot) error and one to sub-plot (or intra-plot) error. The latter tends to be consi-
derably smaller than the former. The main treatments are not compared as pre-
cisely as the subtreatments, for two reasons: (1) for main treatments less replica-
tion is provided and (2) subtreatment differences are not subject to whole-plot
error. Hence, any subtreatment effect and the interactions with main treatments
will be estimated more accurately. The split-plot design is especially suitable
if one is mainly interested in the subfactor and the interaction, and less in the
main factor.

For a more elaborate description of the analysis of variance, the reader is
referred to books on statistics or experimental design {e.g. Cochran & Cox, 1950;
Cox, 1958; Snedecor & Cochran, 1980).

6.4.2 Smoothing agronomic data

Yield data can be smoothed by using a flexible family of growth curves. Be-
cause we observed an increasing standard deviation of disturbances with increas-
ing growth of the crop, we adjusted growth curves to the logarithm of data,
applying ordinary least squares.

A very flexible growth model is given by Schnute (1981). He describes the
following solution for a general model with four parameters:

1_e—a‘(tft| /b
y= [y? + (yE—y?)-l—_T.“zq))] (6.1)

witha # Q0andb # 0.
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The four parameters are y,, ¥2, a and b. The variable y is the yield or size attained
at time t; the parameter y, is the yield attained at time t, and y, that at time
t,. Time t, is designated to be somewhere at the beginning of the growing season,
t; somewhere at the end. Schnute’s family includes the Richards growth curves.
Schnute’s growth model (equation 6.1) is based on the differential equation:

%: —(a+br (6.2)
wherer = y_d%f (6.3)

Equation (6.3) defines the relative or specific growth rate. Equation (6.2) reflects
the assumption that the relative growth rate of r 1s a linear function of r.

Because LAT may be regarded as being proportional to the derivative of the
growth curve with respect to time (growth rate), the derivative of equation (6.1)
may be used for smoothing LAT measurements.

Results of smoothing LAI data in this way indicated that parameter b was
always small in the present study. Schnute has shown that for the limiting sitva-
tion b =0 equation (6.1) specializes into:

lg_e*a‘(t—‘il) ¥,
[m'lﬂ(ﬁ] (6.4)
Yy=vi¢

If a>0 this submodel is equivalent to Gompertz growth {Schnute, 1981). The
derivative of equation (6.4) with respect to time will be used for smoothing the
LAI data according to the least squares method. These results are essentially
the same as those with the four-parameter model (figure 6.2).

LEAF AREA JNDEX

3 3 PARAMETERS

A PARANETERS

D S0 100
DAYS AFTER SOWING

Fi. 6.2 Comparison of smoothing LAT data with a model with 3 and 4 parameters. Field trial
116in 1982, treatment Z2N6.
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FiG. 6.3 Smoothing data on dry matter weight from field trial 116 in 1982.
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Fic. 6.3 continued.

Results of smoothing dry matter weight data according to equation (6.1) are
illustrated in figure 6.3 for each of the 12 treatment combinations in field trial
1161in 1982, the least squares method being used for the logarithm of dry matter
weight. Results of smoothing LAI data according to equation (6.4) are iliustra-
ted in figure 6.4 for the same 12 {reatment combinations,

6.5 GENERAL INFORMATION AROUT FLIGHTS

In this monograph, the results of multispectral aerial photography (MSP)
during two growing seasons are analysed (chapter 7). The 1982 growing season
being the first, some teething troubles were expected, for example because the
crew had to become thoroughly acquainted with carrying out the missions, and
also because of the problem of selecting the best weather conditions (cf. section
3.2). Also, exposing the film-material to the optimal density level offered some
problems during this season, resulting in some overexposed recordings and thus
to a loss in contrast (which did not, however, render the exposures useless).
All these problems were solved before the 1983 growing season; thus, that season
can be regarded as the first operational season.
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FiG. 6.4 Smocthing data on LAI from field trial 116 in 1982.
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Some information about the missions flown at the experimental farm during
the 1982 and 1983 growing seasons is given in tables 6.1 and 6.2. On all dates
exposures were obtained in the green, red and infrared passbands, except on
30 April 1983, when no exposures in the green passband could be obtained,
because of the appearance of cumulus clouds. On 30 May 1983, illumination

TaBLE 6.] General information about the missions flown during the 1982 growing season.

date time cloud lens remarks
(GMT)y* conditions type

28 April 09.30-10.30 overcast sky 50mm
17 May 09.00-10.00 nearly cloudless S0mm
27 May 09.00-10.00 nearly cloudless 100 mm some cumulus clouds
16 June 14.00-15.00 clondless 100 mm very high cirrus
17 June 11.00-12.00 overcast sky S0mm

1 July 08.00-09.00 overcast sky 50 mm
13 July 08.00-09.00 cloudless 100 mm also MSS mission
29 July 08.30-09.30 cloudless 100 mm
11 August 09.00-10.00 cloudless 100 mm

*GMT = Greenwich Mean Time
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TABLE 6.2 General information about the missions flown during the 1983 growing season.

date time cloud lens remarks
(GMT) conditions type
16 April 08.30-09.30 cloudless 100 mm
30 April 08.30-09.00 cloudless 100 mm after 09.00 cumulus
6 May 08.30-09.30 high cirrus 100 mm constant illumination
30 May 09.00-10.00 overcast sky 50 mm slightly changing ill.
7 June 08.00-09.00 cloudless 100 mm
21 June 08.00-09.00 cloudless 100 mm
5 July 08.00-09.00 cloudless 100 mm
12 July 08.00-09.00 cloudless 100 mm
22 July 08.00-09.00 cloudless 100 mm
8 August 10.30-11.30 cloudless 100 mm

could only be regarded as being constant for a couple of minutes, Since there
was a time lag of about 10 minutes between taking exposures of field trials 92
and 95 and of the reference targets, this date was not incorporated into the analy-
sis of both field trials. On that date the time lag between taking exposures of
field trials 100 and 116 and the reference targets was only a few seconds, More
meteorological information for both growing seasons is given in appendix 11
(days of missions are indicated by arrows). An example of multispectral acrial
photography is offered in figure 6.5. (see page 106).

6.6 SUMMARY

In this chapter the design of eight agricultural field trials (1982 and 1983 grow-
ing scasons) has been described. In chapter 7 these trials will be used for analy-
sing field measurements and spectral reflectance measurements and for ascer-
taining their relationship.

For comparing the conventional variables measured in the field and the vari-
ables measured by remote sensing techniques, coefficients of variation may be
used as a measure of inaccuracy, and critical levels may be given for indicating
the power with which treatment effects can be ascertained. Both result from
analyses of variance.

For relating reflectance factors to LAI, the LAI data may be smoothed by
using a growth model given by Schnute (1981). This smoothing reduces the varia-
bility within the LAT data and it allows the LAI to be estimated for the dates
of flying missions from field measurements on intermediate dates.

Both the analysis of variance and the smoothing method will be applied to
the results, as presented in chapter 7.
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7 RESULTS

7.1 INTRODUCTION

In this chapter the results obtained from the multispectral aerial photography
(MSP) described in chapter 3, are presented for several field trials. The results
obtained for field trials with barley (field trial 116 in 1982 and field trials 100
and 116 in 1983) are described in detail. For field trials with wheat (field trial
92 in 1982 and field trials 92 and 95 in 1983) only the main results are described
in detail and general results are presented in appendices, with references to these
appendices in the main text.

Firstly, some attention 1s paid to the reflectance of bare soil (section 7.2) in
order to verify the main assurnption (as stated in chapter 5) that the ratio between
the reflectances of bare soil in two passbands is constant.

In section 7.3 results are presented in terms of soil cover and LAI as ascer-
tained by field measurements. In section 7.4 results are presented of reflectance
factors in the green, red and infrared passbands. Interrclationships are de-
scribed. Also, measures of inaccuracy (in terms of coefficients of variation) and
critical levels in testing the effects of treatments are compared by carrying out
analyses of variance on the various variables.

In section 7.5 the possibilities for estimating soil cover (as defined in section
5.2) with aerial photography are investigated by using the methods derived in
section 5.5,

In section 7.6 the possibilities for estimating LAI (the main crop characteris-
tic) with aerial photography are investigated by using the methods derived in
section 5.6. A regression curve is calculated by using smoothed LAl data and
reflectance data for dates of missions. Using this regression curve the LAI per
plot is estimated from reflectance values, By applying an analysis of variance
to the latter LAI values obtained from remote sensing, the power (cf. section
6.4.1) of these estimations of expected LAl is compared with that obtained from
field measurements of LAL Finally, the possibilities of using only a limited
number of plots (a training set) for ascertaining the regression curve of LAI
on reflectance, and subsequently estimating LAI for an entire field trial, are
also investigated.

Field trials 85 and 87 are described separately at the end of this chapter (sec-
tions 7.7 and 7.8, respectively).

Field measurements for field trial 85 were obtained by research workers from
the Centre for Agrobiological Research in Wageningen. Field measurements
for all other field trials used were obtained by research workers from the Depart-
ment of Field Crops and Grassland Science of the Agricultural University, MSP
recordings were made by personnel of the Department of Landsurveying and
Remote Sensing of the Agricultural University. Personnel from the Ir. A.P. Min-
derhoudhocve assisted in all the field trials.
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FiG. 7.1 Reflectance of bare soil as measured by means of the field spectroradiometer on two dates
during the 1982 growing season.

—wel soil (28 April 1982)

-—:dry soil (10 June 1982)

7.2 REFLECTANCE OF BARE SOIL

The main assumption introduced in chapter 5 is that there is a constant ratio
between the reflectance factors of bare soil in two passbands, which is indepen-
dent of soil moisture content for the soil type used in this research.

During the 1982 growing season, reflectance measurements of bare soil were
obtained with the field spectroradiometer. Results are illustrated in figure 7.1
for a wet soil and a dry soil. Estimated reflectances for the (simulated) passbands
used with MSP are listed in table 7.1,

Some results of reflectance measurements of bare soil obtained by means of
the hand-held radiometer during the 1983 growing scason are listed in table
7.2. Spring 1983 was too wet for carrying oul measurements with the field spec-
troradiometer.,

The results obtained from both the field spectroradiometer and the hand-held
radiometer confirm the validity of the assumption that the ratio between the
reflectance in any pair of the green, red and infrared passbands is constant.

TaBrE 7.1 Estimated reflectances of a wet soil and a dry soil for the MSP passbands, ascertained
by means of the field spectroradiometer.

reflectance (%)

green red infrared green/red infrared/red
28 April 1982 12.4 13.6 15.0 0.91
10 June 1982 20.5 237 263 0.86
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TabLE 7.2 Reflectance measurements of bare soil obtained with the hand-held radiometer (see sec-
tion 2.4 for a description of the passbands).

reflectance {3)

green red infrared green/red infrared/red
30 March 1983 7.0 8.3 9.2 0.84 1.11
5 April 1983 16.5 17.4 19.3 0.95 1.1l
15 April 1983 11.1 12.3 14.9 0.90 1.21
19 April 1983 14.3 15.9 17.6 0.90 1.11
22 April 1983 7.3 8.3 8.8 0.88 1.06
30 April 1983 9.0 10.3 12.1 0.87 1.17
6 May 1983 20.8 22,0 23.2 0.95 1.05

7.3.1 Sail cover

Dwuring missions, soil cover (new definition as described in section 5.2) was
ascertained at nitrogen levels N1, N3 and N6 of field trial 116 in 1982 and in
all treatments of field trials 116 and 100 in 1983. Estimates of soil cover were
made in one replicate per trial until complete soil cover was reached. In the
other field trials soil cover was nol ascertained (see section 6.2). The results of
these estimates for field trials 116 in 1982, 116 in 1983 and 100 in 1983 arc given
in tables 7.3, 7.4 and 7.5, respectively.

7.3 GROWTH VARIABLES

TasLE 7.3 Estimates of percentage of soil cover for field trial 116 in 1982 with barley, cultivar

Trumpf.

date ZINIL ZIN3 ZING Z2N1 Z2N3 ZINé
17 May 70 80 90 20 20 25
27 May 90 100 100 50 40 50
10 June complete cover 85 95 100
[7 June complete cover

TaBLE 7.4 Estimates of soil cover (37) for field trial 116 in 1983 with barley, cultivar Trumpf.

date yA Z2
NI N2 N3 N4 NS5 N1 N2 N3 N4 N3
14 April 5 5 5 5 5 0 0 0 0 0
30 April 20 25 25 25 25 g 0 ¢ 0 0
6 May 25 30 30 30 3s 2 2 2 2 2
30 May 75 80 90 90 90 40 40 40 40 40
7 June 90 95 100 100 100 60 70 70 75 70
21 June complete cover 95 90 95 95 &0
5 July complete cover
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LAl

TabLE 7.5 Estimates of soil cover (%) for field trial 100in 1983 with barley, cultivar Trumpf.

date ZIN1 ZIN4 Z2N| Z2N4
[4 April 5 10 ¢ 0
30 April 25 30 0 0
6 May 35 50 2 2
30 May 70 85 40 40
7 June 85 90 60 70
21 June complete cover S0 95
5 July complete cover

7.3.2 Leafarea index

Leaf area index (LAI) was only ascertained on 6 dates in the growing season
in field trial 116in 1982. Figure 7.2 presents the effects of the different treatments
on each date. Only at the beginning of the season did the LAT of the early-sown
crop (Z1) exceed that of the late-sown crop (Z2). In the middle of the secason
the late-sown crop made rapid progress and overtook the early-sown crop in
July. At that stage the early-sown crop had already started to yellow. A positive
nitrogen effect was most pronounced for the early-sown crop. Figure 7.3 pre-
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FiG. 7.3 Smoothed curves of LAI for the early-sown (a)} and the late-sown (b) crop. Field trial
116in 1982.

sents the smoothed LAI per sowing date. Intersections between these curves,
especially in the early-sown crop, may be the result of inaccurate sampling. Nev-
ertheless, the beneficial effect of increasingly large doses of nitrogen is clear for
both crops, atthough in the late-sown crop N4 and N5 changed places. This
may again be the result of inaccurate sampling.

In field trial 116in 1983 LAI was ascertained on 5 dates in the growing season.
Figure 7.4 presents the effects of the different treatments per date. At the begin-
ning of the season the LAI of the early-sown crop was larger than the LAI of
the late-sown crop, as expected. At the beginning of June the late-sown crop
caught up with the early-sown crop, resulting in the larger LAT for the late-sown
crop at the end of the season. Figure 7.4 shows clearly the effect of nitrogen
nufrition before sowing on LAT (N1 as apposed to N2, N3, N4 and NS5). During
the second half of the season there is some effect of nitrogen given later in the
season (at F7). Figure 7.5 presents the smoothed LAIT data for each sowing date.
It is noteworthy how many intersections occur, even after smoothing.

Results of LAI measurements of spring wheat in field trial 92 in 1982 and
of winter wheat in fictd trials 92 and 95 in 1983 arc given in appendices 12,
13 and 14, respectively.

Table 7.6 lists the means (x), estimated coefficients of variation (CV) of residu-
als (s/x) and the critical levels in testing for treatment effects, for the LAT in
field trial 116 in 1982. The variance was determined by means of appropriate
pooling of inter-plot and intra-plot variances. On 19 May the interaction effect
between sowing date and nitrogen nutrition was significant at the 5% level. The
sowing date effect was significant at the end of the scason (from 2 July onwards),
and the nitrogen nutrition effect was significant during the middle of the growing
season (17 June up to 15 July). Coefficients of variation were quite large,
especially the one on the last sampling date (27 July). This was caused by the
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FiG. 7.5 Smoothed curves of LAJ for the early-sown (2} and the late-sown (b} crop. Field trial
116in 1983.

measurement of LAI becoming increasingly inaccurate as senescence proceeded
(as stated in section 1.1).

Table 7.7 lists the means, the estimated CVs and the critical levels in testing
for treatment effects, for the LAI in field trial 116 in 1983. Again, CV values
for LAI were quite large.
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TaBLE 7.6 LAI: means, CVs and critical levels in testing for treatment effects, obtained on cansecu-
tive sampling dates. Field trial 116 in 1982 (36 plots).

date mean Ccv critical level in testing:
inter- sowing nitrogen
action dates nutrition
19 May 0.99 215 0.030 0.003 0.011
3 June 3.67 0.363 0.474 0.092 6.277
17 June 5.27 0.256 0.920 0.123 0.004
2 July 4.13 0.221 0.150 0.044 0.002
15 July 2.45 0.248 0.738 0.020 0.012
27 July 0.41 1.301 0.457 0.017 0.445

TapLE 7.7 LAT; means, CVs and critical levels in testing for treatment effects, obtained on consecu-
tive sampling dates. Ficld trial 116 in 1983 (40 plots).

date mean CcvV critical level in testing:
inter- sowing nitrogen
action dates nutrition
10 May 0.54 0.420 0.283 0.003 0.208
31 May 191 0.353 0.010 0.030 .00
6 June 1.96 0.288 0.008 0.356 0.002
28 June 2,18 0.272 0.980 0.018 0.007
12 July 1.09 0.338 0.788 0.001 0.007

TarLE 7.8 LAL means, CVs and critical levels in testing for treatment effects, obtained on consecu-
tive sampling dates. Field trial 92 in 1982 (48 plots).

A = fungicide treatment

B = sowing density

C = nitrogen nutrition

ABC, AB, AC, BC = interactions

date mean CV critical level in testing;
ABC AB AC BC A B C

18 May 123 0209 0057 0837 0122 0392 0473 0000 0.644

1 June 2.69 0279 0615 0984 03564 0162 0.301 0.014 0787
15 June 3.63 0.212 0152 0630 0.114 0151 0204 0.004 0.278
30 June 3.78 0204 0.132 095 0.023  0.131 0.071 0.001 0.576
13 July 301 0.267 0568 0.617 0405 0080 0.087 0.083 0473
27 July 0.44 0.530 0266 0421 0599 0310  0.024 0442  0.028
10 August 0.00 - - - - - - - -
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TaeLE 7.9 LAIL means, CVs and critical levels in testing for treatment effects, obtained on consecu-
tive sampling dates. Field trial 92 in 1983 (total of 72 plots). (For explanation of A, B, C etc. sce
table 7.8)

date treat- mean CV critical level in testing:

ments

harvested AB AC BC A B C
12 April Fl 0.69 0263 - - 0.052 - 0.000 0.564
10 May F1 1.68 0230 - - 0.381 - 0.133  0.189
31 May 82 228 0.266 - 0.763 - 0.663 - 0.247
28 June S2 279 0.148 - ¢.100 - 0415 - 0.086
26 July 52 0.19 0.794 - 0.168 - 0.010 - 0.168

TaBLE7.10 LAI: means, CVs and critical levels in testing for treatment effects, obtained on consecu-
tive sampling dates. Field trial 95 in 1983 (total of 72 plots). (For explanation of A, B, C etc. sce
table 7.8)

date treat- mean CV critical level in testing:

ments

harvested AB AC BC A B C
12 Apnil Fl1 0.69 0240 - - 0.959 - 0000  0.559
31 May S2 2.98 0176 - 0.999 - 0.857 - 0.764
28 June 82 231 0.260 - 0.740 - 0.020 - 0.618

Results of the analysis of variance for LAT measurements in field trial 92
in 1982 are listed in table 7.8. Few LAI measurements were gathered in field
trials 92 and 95 in 1983 (see section 6.2.5 and 6.2.6). The results of the analysis
of variance for the LAI data obtained are listed in tables 7.9 and 7.10 for field
trials 92 and 95, respectively.

7.3.3 Dry matter weight

Reflectance measurements do not correlate directly with dry matter weight,
although they do correlate directly with soil cover and LAI Nevertheless, the
results of dry matter weight for field trials 116 in 1982 and 1983 are presented
in appendix 15. The CV values are again large, but not as large as for LAI,
especially at the end of the season. Because of the large CV values, the signifi-
cance of treatment effects was not stable throughout the season.

7.3.4 Other observations during the growing season

In field trial 116 in 1982 some lodging occurred in the plots of the early-sown
crop receiving the two highest levels of nitrogen. This caused some decrease
in dry matter weight (appendix 15), but showed no distinct influence on LAIL
In no other field trial lodging occurred.

From appendix 11 it can be concluded that during the 1982 season the soil
was quite dry during missions up to mid-June (complete soil cover with barley),
because there was little rainfall on days prior to the missions. At the beginning
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of the 1983 growing season, at low soil cover values with barley, considerable
differences in soil moisture content occurred between missions, On 16 April and
6 May the soil surface was dry, on 30 April and 30 May the soil surface was
wet because of rainfall on the preceding days.

In appendix 16 the time of occurrence of some development stages (recorded
in the Feekes scale) are given for field trial 116 in 1982 and in 1983, respectively.
The time of occurrence of some development stages for field triai 92 in 1982
and field trials 92 and 95 in 1983 are given in appendix 17.

7.4 REFLECTANCE FACTORS

For one field trial (trial 116 in 1982) results are presented in detail in the
main text by means of figures and tables. Since LAI is the main plant characteris-
tic to be estimated within this menograph and, as will be shown later in this
section (see also chapter 4), the infrared reflectance is the reflectance that relates
best to LAI, only figures and tables of the infrared reflectance will be presented
in the main text of this section for field trial 116 in 1983, which was irivestigated
in detail for estimating soil cover and LAl The results of the green and red
reflectances are given in appendices. The results of reflectance measurements
for the field trials with wheat are also presented in appendices in order to limit
the number of figures and tables within the main text.

In field trial 116 in 1982 reflectance factors were ascertained on 9 dates in
the growing season by means of multispectral aerial photography in green, red
and infrared passbands, as described in chapter 3. The effects of different treat-
ments per date are illustrated in figure 7.6 for all three passbands.

The patterns of green and red refleciances were simitar. In the first part of
the season, reflectance in the visible passbands was lower for the early-sown
crop because soil cover was higher than for the late-sown crop. At complete
soil cover the colour of the vegetation was darker for the early-sown crop than
for the late-sown crop. However, in the early-sown crop senescence also started
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earlier, resulting in higher reflectances in the visible passbands at the end of
the season. Sowing date effects were evident nearly throughout the season, ex-
cept at the beginning of July, where intersections occurred {tables 7.11 and 7.12).
There were also significant (negative) nitrogen effects on reflectances in the visi-
ble passbands, but the diffcrences were small. In the early-sown crop in particu-
lar there was a negative effect of nitrogen at the beginning of the season. Later,
this effect became positive at the highest nitrogen levels, because of lodging.

At the beginning of the growing season infrared reflectance was, of course,
higher for the early-sown crop. During the first half of June the late-sown crop
caught up. These observations agree with the results obtained for LAT (figure
7.2). There was a positive effect of nitrogen on infrared reflectance in both crops
throughout the season. This is also in agreement with the LAI results. It is also
noteworthy that no influence of lodging was observed on the reflectance data
in the infrared passband, except perhaps at the end of the season, when vegeta-
tion was dead. The same phenomenon was also noticed for the LAL

Finally, in figure 7.7 the reflectances per sowing date in the three passbands
are given as a function of time (days after sowing). The same features as noticed
before are apparent from these figures.

In ficld trial 116 in 1983 reflectances were ascertained on 10 dates during the
growing season. Treatment effects per date are illustrated in figure 7.8 for the
infrared passband and in appendix 18 for the green and red passbands.

In the first part of the scason, reflectances in the visible passbands were lower
for the early-sown crop. In the second part of the season the sowing date effect
reversed. The intersection occurred somewhere at the very beginning of July.
On most dates there was a negative nitrogen effect in the visible passbands (most-
ly small in absolute value).

Infrared reflectances were highest for the early-sown crop during the begin-
ning of the season. This effect reversed in the first half of June. The moment
of this reversal agrees with the results of the LAI (figure 7.4). Throughout the
season there was also a positive nitrogen effect on infrared reflectance in crops
belonging to both sowing dates. This is also in agreement with the results for
the LAL, During the first part of the growing season the nitrogen effect consisted
of the reflectance of N2, N3, N4 and N5 being higher than that of NI. After
the supplemental nutrition was applied at Feekes stage 7, there was a positive
effect of nitrogen at all levels in the early-sown crop. In this crop the small differ-
ence between the two highest levels (N4 and NS) was notable. In the late-sown
crop the nitrogen effect was less pronounced than in the ¢arly-sown crop. Until
the beginning of July, N3 and N5 were exceeded by N2 and N4. Then N3 and
N5 caunght up with N2 because of the supplemental nutrition in June, However,
NS5 never caught up completely with N4, The change in these differences was
very slow during the season.

The nitrogen effects described before are illustrated in figure 7.9 for the infra-
red passband and in appendix 19 for the green and red passbands, respectively,
per sowing date as a function of time. In addition to these eftects, the influence
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of soil moisture content at the beginning of the season is important. The influ-
ence of soil moisture content on reflectance was the same for all three passbands.

Reflectances were relatively small at high
30 May) and large at low soil moisture con

Finally, the decrease in reflectance towards the end of the growing season
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for the green and red passbands in the early-sown crop should be mentioned.
This occurred for both the green and red reflectances with the same treatments,
which almost rules out inaccuracies in measurement as the sole explanation.
Moreover, the same phenomenon could be observed in field trial 116 in 1982
(figure 7.7). Probably an increased influence of soil background because of the
wilting and even the dropping of dead leaves at the end of the growing season
was responsible for this decrease in reflectance.

Treatment effects per date are illustrated in appendix 20 for 9 recording dates
in field trial 92 in 1982. Results of reflectance measurements for 9 recording
dates in field trials 92 and 95 in 1983 are illustrated in appendices 21 and 22,
respectively.

For field trial 116in 1982 the means, estimated coefficients of pooled variation
and critical levels in testing for treatment effects are listed for the green, red
and infrared passbands, respectively, in tables 7.11, 7.12 and 7.13.

TaBLE 7.11 Green reflectance (%) means, CVs and critical levels in testing for treatment effects,
obtained on consecutive missions. Field trial 116 in 1982 {36 plots).

date mean Cv critical Ievel in testing:
inter- sowing nitrogen
action dates nutrition
28 April 13.7 0.018 0.298 0.013 0.572
17 May 8.78 0.046 0.000 0.007 0.000
27 May 6.82 0.060 0.138 0.015 0.008
10 June 4.41 (4.040 (.548 0.001 0215
17 June 5.30 0.036 0.088 0.001 0.003
1 July 3.84 0.075 0.130 0.124 0.059
13 July 7.39 0.062 0.021 0.003 0.153
29 July 12.4 0.036 0.107 0.012 0.319
11 August 12.5 0.087 0.004 0.009 0.002

134 Agric. Univ. Wageningen Papers 86-4 (1986

RTZTZT




TABLE 7.12 Red reflectance (5): means, CVs and critical levels in testing for treatment effects, ob-
tained on consecutive missions. Field trial 1161in 1982 (36 plots).

date mean Cv critical level in testing:
inter- sowing nitrogen
action dates nutrition
28 April 13.2 0.022 0.286 0.602 0.884
17 May 7.84 0.059 0.002 0.004 0.007
27 May 5.03 0.088 0.321 0.003 0.007
10 June 2,12 0.053 0.051 0.010 0.002
17 June 1.10 0113 (.038 0.001 0.001
1 July 1.27 0.121 0.039 0.135 0.020
13 July 5.27 0.072 0.018 0.005 0.010
29 July 15.0 0.055 0.976 0.000 0.180
11 August 16.0 0.185 0.233 0.722 0.244

TapLk 7.13 Infrared reflectance (%;): means, CVs and critical levels in testing for treatment effects,
obtained on consecutive missions. Field trial 116 in 1982 (36 plots).

date mean Cv critical level in testing:
inter- sowing nitrogen
action dates nutrition
28 April 13.3 0.056 0.587 0.012 0.883
17 May 15.4 0.021 0.003 0.001 0.001
27 May 336 0.034 0.000 0.001 0.000
10 June 47.9 0.071 0.864 0.465 0.001
17 June 53.0 0.033 0.565 0.013 0.000
1 July 50.2 0.033 0.361 0.011 0.000
13 July 482 0.050 0.832 0.926 0.000
29 July 39.3 0.042 0.507 0.006 0.001
Il August 258 0.098 0.016 0.004 0.003

On most dates, critical levels in testing for treatment effects by means of reflec-
tance measurements were smaller than those obtained by means of LAl measure-
ments (table 7.6). This was especially true for the infrared reflectance, with the
exception of large critical levels for sowing date effect on 10 June and 13 July,
which resulted from a reversal. Thus treatment effects could be ascertained with
larger power with reflectance measurements than with LAI determination in
the field, This is the main reason for preferring reflectance measurements over
sampling in field trials. This conclusion is also confirmed by the magnitude of
the coefficients of variation. CV values in all three passbands were smaller than
CV values for dry matter weight (appendix 15) and considerably smaller than
CV values for LAI {table 7.6). Thus, spectral reflectance measurements obtained
by means of multispectral aerial photography showed much smaller variability
than field measurements (LAI and dry matter weight). This smaller variability
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probably occurred because large samples were used.

CV values were relatively large for the red passband in the middle of the grow-
ing season. During that period, red reflectances of the treatments were very low,
resulting in measurements with relatively large variance (also, the atmosphere
had a relatively large influence). The CV values of reflectance measurements
of the mature crop (11 August) were relatively large too.

For the infrared passband in field trial 116 in 1983 the means, estimated CVs
and critical levelsin testing for treatment effects are listed in table 7.14. In appen-
dix 23 the corresponding values for the green and red passbands are given. In
this field trial, critical levels in testing for treatment effects by means of reflec-
tance measurements, especially infrared reflectance (lable 7.14), were again
smaller than those obtained from field measurements of LAI (table 7.7). Also
the variability (CV values) of reflectance measurements was much smaller than
variability of field measurements (LAl and dry matter weight). The variability
of the infrared reflectance was especially low. The significant sowing date effect
on the carliest recording day (16 April) in the visible passbands when there was
hardly any plant development is remarkable. It was primarily caused by a differ-
ence in soil tillage (the soil of the ¢arly-sown crop had been tilled, that of the
late-sown crop had not). The significant nitrogen ¢ffect on the same day was,
although significant, only small in absolute value and it primarily occurred in
the earty-sown crop (significant interaction effect).

The results of the analysis of variance for reflectance measurements of field
trial 92 in 1982 and field trials 92 and 95 in 1983 are listed in appendices 24,
25 and 26, respectively. In these trials the same general conclusions can be drawn
from comparing the results of reflectance measurements with those of LAI mea-
surements as with field trials 116 in 1982 and 1983.

TaBLE 7.14 Infrared reflectance (%): means, CVs and critical levels in testing for treatment effects,
obtained on consecutive missions. Field trial 116 in 1983 (40 plots).

date mean Cv critical level in testing:
inter- sowing nitrogen
action dates nutrition
16 April 18.1 0.050 0.464 0.356 0.209
30 April 12.2 0.048 0.073 0.000 0.002
6 May 21.6 0.041 0.024 0.000 0.002
30 May 299 0.065 0.178 0.002 0.000
T June 433 0.044 0.453 0.001 0.004
21 June 429 0.042 0.005 0.021 0.000
5 July 41,2 0.049 04.000 0.193 4.000
12 July 39.9 0.046 ’ 0.049 0.150 0.000
22 July 434 0.029 0.048 0.002 0.000
§ August 24.1 0.047 0.000 0.803 0.000
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7.5 ESTIMATING SOIL COVER

Soil cover in field trial 116 was ascertained on 4 dates in 1982 up to about
the moment of complete cover (table 7.3). As noticed before there were no great
differences in soil moisture content between those dates. Hence the reflectance
value for bare soil in each passband could be considered as being approximately
constant. Figure 7.1 shows the results of a measurement on bare soil with the
field spectroradiometer (section 2.4) on the first recording date (28 April 1982).
From these results the reflectance values of bare soil in the passbands used for
multispectral photography can be estimated for this specific soil type. These
estimates are: 12.49, in the green passband, 13.6% in the red passband, and
15.0% in the infrared passband (table 7.1).

The usefulness of different functions described in section 5.5 for estimating
soil cover was checked and compared with the results for single passbands. These
functions may be better estimators for soil cover than a single passband if soil
moisture content varies strongly between dates with little soil cover. Because
soil moisture content was similar on the early recording datesin 1982, any visible
passband was expected to be superior in estimating soil cover than some function
of differences or ratios of passbands.

As well as the reflectance of bare soil, the reflectance of vegetation in the
different passbands has to be known if soil cover is to be estimated. The reflec-
tance of vegetation may vary slightly because of differences in leaf colour, but
the mean value (averaged over different dates and treatments) was used for each
passband. Figure 7.7 and radiometer measurements (section 3.13) indicate that
the reflectance of the barley crop in the green passband was approximately 4-5 %
and in the red passband approximately 2%, By using the inverse function of
equation (5.16) for estimating the reflectance of bare soil and vegetation in the
green and red passbands separately, the data from field trial 116 yielded the
following estimates of the various reflectanices (s = soil; v = vegetation; g =
green; r = red):

Le= 12.4,1,,= 50,

Tee= 13.5,r,,= 2.0.

These values agrec very well with the values given earlier in this section. The
values above were used as physical constants for checking the usefulness of dif-
ferent functions.

Table 7.15 presents a summary of the results of estimating soil cover with
the single passbands and with the estimators discussed in section 5.5. For the
ratio of red and green reflectance of bare soil on the experimental farm a value
of 1.1 was found to be valid; this was indicated by the measurements with the
ficld spectroradiometer (figure 7.1) as well as with aerial photography. The in-
verse value was used in equation (5.20). '

As expected, the reflectance in a single passband was superior for estimating
soil cover if no major differences in soil reflectance occurred. The red passband
was preferable to the green passband.
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TapLg 7.15 Results of different methods for estimating soil cover in field trial 116 in 1982.

method equation s0il cover CV of figure
number estimator residuals
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F1G. 7.10 Relationship between green reflectance and soil cover. Field trial 116in 1982.
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F1G. 7.11 Relationship between red reflectance and soil cover. Field trial 116 in 1982.

In field trials 116 and 100 in 1983, soil cover was ascertained on é dates until
complete cover (tables 7.4 and 7.5) at all treatments. On 30 April no reflectances
in the green passband were obtained; so results for this date had to be discarded.
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Results from field trial 100 were used for verifying relationships derived in sec-
tion 5.5 or obtained in the first part of this section. Results of reflectance measu-
rements of field trial 100 are listed in appendix 27.

Since large differences in soil moisture content at the beginning of the growing
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season caused large, but unknown differences in the reflectance of bare soil,
a single passband was insufficient for estimating soil cover. This can be inferred
from figure 7.15 for the green and red passbands in field trial 100. When the
ratio of red to green reflectance of bare soil in this trial was calculated, it seemed
to approximate a value of 1.2 instead of 1.1. For the reflectance of vegetation
in the green and red passbands and for the reflectance of bare soil in the green
passband the estimates obtained in ficld trial 116 in 1982 were used. For the
reflectance of bare soil in the red passband a value of 14.9 (red/green ratio of
1.2) instead of 13.5 was used for estimating soil cover in field trial 116 in 1983
(resulting from the measurements in field trial 100). The resulls are presented
in table 7.16 for the 3 methods described previously.

Theoretically, the best solution in correcting for differences in soil moisture
content is provided by equation (5.20), since with equations (5.21} and (5.22)
special assumptions were included for simplification (see section 5.5). However,
as discussed in section 5.4, the inaceuracy may still be very large (CV = 0.525).
Table 7.16 shows that the estimate based on the ratio of green and red reflectance

TaBLE 7.16 Results of different methods for estimating soil cover in field trial 116 in 1983 (r, ,
= 124andr,, = 14.9).

method equation soil cover : CVol figure
number estimator residuals
1 5.20 _rg_:C_|i
' Tvg— C- Tvr 0.525 -
(rs —TI r) — (l‘ ’rr)
2 5.24 - £
{rs,g_rs,r) - (rv,g’rv,r} 0436 -
P A L ¢
3 5.22 LML S
fo/t (Ter— 50} — (T g —Ts ) 0.317 7.16
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F1G. 7.16 Relationship between the green/red ratio and soil cover (for a red/green ratio of bare
soil of 1.2), Field trial 116 in 1983.

gave the best results (CV = 0.317). This is illustrated in figure 7.16. This figure
also shows how the steep slope of the curve could cause huge errors in estimating
soil cover when soil cover is low. Thus, this ratio is only moderately suitable
for estimating soil cover,

It should be noted that the poor results in estimating soil cover may partly
be caused by inaccuracy in the method of ascertaining soil cover in the field.
Since soil cover was not ascertained for replicates, no yardstick for this inaccu-
racy is available. However, results also indicate that inaccuracies in ascertaining
the reflectances in visible passbands may considerably influence the result of
any difference or ratio of visible passbands, as already discussed in section 5.4.
Morecover, as explained in chapter S, a definition of soil cover that differs from
the one used in agronomy has to be applied in remote sensing studies. Therefore,
it can be concluded that remote sensing techniques should primarily be used
for estimating LAIT rather than soil cover. In the next section it will be shown
that the results of using remote sensing to estimate LAI, which is the more impor-
tant crop characteristic in agronomy, were much better than those of estimating
soil cover.

7.6 ESTIMATING LEAF AREA INDEX

Because of the large variability within the LAI data, it was decided to use
the smoothed LAI data wherever possible for studying the relationship with
reflectance measurements. The dates of the flights and of the field sampling did
not coincide and therefore this smoothing also offered the possibility of interpo-
lating the LAI values for the dates of flight missions.

No smoothing was carried out in field trial 100 in 1983, because a larger sam-
ple size was used and also the sampling dates coincided well with the dates on
which reflectances were ascertained. In appendix 27 the results of LAI measure-
ments in this field trial are listed together with the results of reflectance measure-
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ments. For sampling dates 12 and 22 July no LAI data were available for the
early-sown crop.

In field trials 92 and 95 in 1983 too few LAI data were gathered in the field
to enable smoothing to be done. Too few LAI data on the generative stage were
available for ascertaining a regression curve of LAI on reflectance factors. Thus
in these two trials only the vegetative siage was analysed, using data from mis-
sions flown near the harvesting dates.

7.6.1 Vegetative stage

Let us first consider the vegetative canopy only. The vegetative stage of cereals
ends after the appearance of the last leaf; at this point the ear is about to appear
and senescence will soon begin. This moment also coincides with maximum LAI
Appendix 16 and figure 7.2 indicate that for field trial 116 in 1982 this moment
occurred on about 15 June for the early-sown crop and on about 25 June for
the late-sown crop. For this reason, 17 June was designated as the last date
on which the vegetative stage was recorded in this trial.

LAl VEGETATIVE STAGE
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Fi6. 7.17 Relationship between green reflectance and LAIL Field trial 116 in 1982.
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FiG. 7.18 Relationship between red reflectance and LAIL Field trial 116in 1982,
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The LAT is plotted against the green reflectance in figure 7.17. The reflectance
decreased very rapidly with increasing LAI until LAI was about 2.0 (complete
soil cover). At complete soil cover the reflectance was primarily determined by
leaf colour and gave little information about LAl The data were rather scat-
tered. For the plot of LAI against the red reflectance a similar phenomenon
was observed and this is illustrated in figure 7.18.

The LAI is plotted against the infrared reflectance n figure 7.19. Here, the
reflectance increased with increasing LAT and this continued to be so at relatively
large LA levels.

After soil cover had been calculated by means of equation (5.16), using the
red reflectance (section 7.5), the corrected infrared reflectance was calculated
(equation 5.23 or 5.26). Finally, equation (5.12) was used for estimating LAI
The results of this estimation procedure are given in table 7.17.

Because soil moisture content was fairly constant between the carly recording
dates, the estimates for the reflectance of bare soil and vegetation given in section
7.5 were used. This also implies that the ratio g;./r;, (C; in equation 5.25) was
1.1.
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F1G. 7.19 Relationship between infrared reflectance and LAL Field trial 116 in 1982.

TasLE 7.17 Results of different methods for correcting the infrared reflectance and subsequently
estimating LAL Field trial 116 in 1982.

method equation  estimator of corrected & | CVvof figure
number infrared reflectance residuals
I {21
0 5.26 AL 0255 7121 0217 7.20
Co(rg 'ty —rpory g}
o g lvr r'lvg
! 525 fir CiTvr—Tvg 0.228 7570 0.230 7.21
2 5.28 | PR o 3.252 68.57 0.214 7122
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FiG. 7.20 Relationship between corrected infrared reflectance and LAI and the best fit according
to method 0. Field trial 116, vegetative stage, 1982.
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F16. 7.21 Relationship between corrected infrared reflectance and LAT and the best fit according
to method 1. Field trial 116, vegetative stage, 1982.
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FiG. 7.22 Relationship between corrected infrared reflectance and LAT and the best fii according
to method 2. Field trial 116, vegetative stage, 1982.
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Since the ratio of infrared refiectance to red reflectance of the soil at the expeni-
mental farm did not differ greatly from the valoe 1.0, equation (5.28) may give
a good approximation of the corrected infrared reflectance (method 2 of section
5.6). A more accurate method of correcting the infrared reflectance for back-
ground, by using the actual ratios of bare soil reflectance in the various pass-
bands, is given by equation (5.25) (method 1 of section 5.6). These latter two
methods (1 and 2) may be superior to the first one if soil reflectance cannot
be regarded as remaining constant between the recording dates, because neither
of these methods explicitly require the reflectance values of soil.

Table 7.17 shows that both methods 0 and 2 gave similar results. This indicates
that method 2 may be very useful if soil reflectance is not similar on different
dates. The conclusion that the simplifications induced by method 2 did not yield
worse results than methods 0 or | was caused by the fact that the estimation
of LAl is empirical, so that the cstimates of parameters are not identical. For
example, f. is the asymptotic value of the corrected infrared refectance, and
it 1s estimated from the measurements. For most data sets, T, is an extrapola-
tion of the data, and this results in considerable variation in estimated r,,, ;, values,
but with an optimal fit to the data. The results obtained from method | were
shightly worse than those of methods 0 and 2 (larger CV value). This may be
because the green passband correlated strongly with the red passband.

Since in 1983 soil reflectance was not constant between different days on which
missions were flown, method 1 or 2 should be applied to correct for soil back-
ground. The results obtained in field trials 100 and 116 in 1983 are summarized
intable 7.18. Results obtained by using method 1 were worse than those obtained
by method 2, whether or not a value of 1.2 was used instead of 1.1 for either
1/C, or C, or both. Hence, it was decided to concentrate on method 2.

In field trial 92 in 1982 the results obtained for the vegetative stage by using
method 2 are illustrated in figure 7.25. The estimates for the two parameters
were; & = 0,286 and t;, = 58.75. The CV was 0.271.

LAl data for fieid trials 92 and 95 in 1983 were not smoothed and harvesting
dates were related to the nearest flying dates, in order to get some idea of the
shape of the curve. Results for field trial 92 in 1983 are illustrated in figure

TaBLE 7.18 Results of different methods for correcting the infrared reflectance and subsequently
estimating LAT in field trials 100 and 116 in 1983.

method field equation estimator of corrected a Foir CVof figure
trial mnumber infrared reflectance residuals
1 100 5.25 0.321 69.06 0.213 -
o CZ'(rg'rv,r_rr'rv 2
N Cr- Ty r—Tlyg
l 116 5.25 0.311 7591 0.370 -
100 528 ) 0.335 64.66 0.198 7.23
2 16 528 fir —Ir 0.328 7066 0344 7.4
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F16. 7.23 Regression of LAI on corrected infrared reflectance (method 2). Field trial 100, vegetative
stage, 1983,
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F16.7.24 Regression of LAI on corrected infrared reflectance (method 2). Field trial 116, vegetative
stage, 1983,
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FiG. 7.25 Regression of LAI on corrected infrared reflectance (method 2). Field trial 92, vegetative
stage, 1982.
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7.26, with estimates & =.0.393, f,;, = 44.31, and CV = 0.197. Results for field
trial 95 in 1983 are illustrated in figure 7.27, with estimates & = 0.402, ., =
48.20, and CV = 0,122,

The curves for both field trials 100 and 116 in 1983 (figures 7.23 and 7.24)
correspond very well with one another. A conventional F test was applied to
the two sets of data combined to test whether resulting curves differ significantly.
The result of such a test for field trials 100 and 116 in 1983 at the vegetative
stage was that the two curves were not significantly different. In that instance
the data were from the same crop during the same growing season. The curve
for field trial 100 in 1983 was just not significantly different at the 5%, level
from the curve obtained at field trial 116 in 1982, However, the curves for field
trials 116 in 1982 and 1983 were significantly different. Resulis are plotted in
figure 7.28. At this stage we have to conclude that regression curves for the
same crop cannot be applied directly to different growing seasons, but that re-

LAI

OD 20 40 -]
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F1G. 7.26 Regression of LAI on corrected infrared reflectance {method 2). Field trial 92, vegetative
stage, 1983,
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FiG. 7.27 Regression of LAI on correcled infrared reflectance (method 2). Field trial 95, vegetative
stage, 1983.
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FiG. 7.28 Regression of LAI on corrected infrared reflectance (vegetative stage). Comparison of
resulis from field trials 116in 1982, 100 and 116 in 1983.
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F1G. 7.29 Regression of LAI on corrected infrared reflectance (vegetative stage). Comparison of
results from field trials 92 in 1982, 92 and 951in 1983.

gression curves must be ascertained for different seasons separately, yielding
different estimates of the parameters.

The curves for spring wheat in field trial 92 in 1982 and for winter wheat
in field trials 92 and 95 in 1983 were significantly different from the curves for
barley. The three curves for wheat at the vegetative stage were not significantly
different at the 5% level (figure 7.29). However, it should be noted that the
amount of data available on the trials with wheat in 1983 was small.

7.6.2 Generative stage

As stated in section 7.4, senescence at the end of the season caused an increase
of the reflectance in the visible passbands and a decrease of the reflectance in
the infrared passband in field trial 116 in 1983. At the end of the season, green
reflectance returned to the level it had been at the beginning of the season with
bare soil (about 15%) (figure 7.7). Red reflectance increased at the end of the
season 1o a level that was higher than that of bare soil at the beginning of the
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season (about 209, at the end of the season). Infrared reflectance decreased
at the end of the season to a value similar to the red reflectance, and was also
higher than the infrared reflectance of bare soil. Results obtained by Ahlrichs
& Bauer (1983) illustrate that the red and infrared reflectances of a wheat crop
at maturity are very similar to those of bare soil.

In estimating LAI the measured infrared reflectance should be correcied for
the background of vellow and dead leaves. For the situation with only bare
soil and green vegetation, the difference between infrared and red reflectance
(equation 5.28) appeared to be & good approximation for this corrected infrared
refiectance (section 7.6.1). This presumably occurred because the reflectance of
bare soil in the red passband did not differ greatly from that in the infrared
passband. Because both reflectances also appeared to be nearly equal at the
end of the season, the same equation may be used for correcting the infrared
reflectance in this period. Then this equation would also be valid in the situation
of some bare soil being visible within the canopy at the end of the season. Equa-

o 20 40 an
CORRECTED INFRARED REFL. (X2

F1G. 7.30 Regression of LAI on corrected infrared reflectance (method 2). Field trial 116, generative
stage, 1982.

LAL
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Fia, 7.31 Regression of LAI on corrected infrared reflectance (method 2). Field trial 100, generative
stage, 1983,
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tion (5.12) was again wsed for estimating the LAI from the corrected infrared
reflectance. Because the crop structure at the generative stage will be different
from that at the vegetative stage (at the penerative stage ears will be present
at the top of the canopy, while bare soil background will be replaced by veliow
and dead leaves), the estimates of the two parameters will be different.

For the generative stage the regression of LAI on corrected infrared reflec-
tance (by using equation 5.28) is illustrated in figure 7.30 for field triat 116 in
1982. The two parameters in equation (5.12) were estimated as: & = 0.530 and
P = 57.89. The CV was 0.217, which is similar to the CV for the vegetative
stage. As expected, the estimates of the parameters differed from those at the
vegetative stage,

The regression of LAI on corrected infrared reflectance (using equation 5.28)
is illustrated for field trial 100 in 1983 in figure 7.31. The estimates of the two
parameters in equation ¢5.12) were: & = 0.441 and 7, = 56.27. The CV was
0.248.

The results for the generative stage of field trial 116 in 1983 are illustrated
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F16. 7.32 Regression of LAI on corrected infrared reflectance (method 2). Field trial 116, generative
stage, 1983.
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F1G. 7.33 Regression of LAT on corrected infrared reflectance (method 2). Field trial 92, generative
stage, 1982,
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in figure 7.32; the estimates were: & = 0.763 and ?,,;;= 59.49. The CV was 0.394.

Results for the generalive stage in field trial 92 in 1982 are illustrated in figure
7.33, with estimates & = 0.074, t,,, = 223.7, and CV = 0.228. The extreme
values for & and T, ;. illustrate the empirical nature of these parameters (the
data in figure 7.33 did not show any asymptote, so the parameter describing
the asymptotic value for the corrected infrared reflectance will have been esti-
mated inaccurately. However, this does not influence the fit of the curve).

No regression curve was ascertained for field trials 92 and 95 in 1983 at the
generalive stage.

The regression curve for field trial 100 in 1983 resembles the one found for
field trial 116in 1982, although an F test shows that the two curves differ signifi-
cantly. The curve for field trial 116 in 1983 is very different, because shortly
after senescence started relatively low LAI values were measured. The latter
may result from [arge subjectivity in classifying leaves as green or yellow (see
section 1.2).

7.6.3 Comparison of estimated LAI with measured LAI

In section 7.4 the results of the analysis of variance for reflectance factors
were compared with those for LAI (section 7.4.2). One has to keep in mind
that the characteristics are different and therefore one should be careful when
comparing these results.

With the results of section 7.6.1 and 7.6.2 it is possible to estimate the LAT
per plot for the various field trials and subsequently to do an analysis of variance
on these LAI estimates.

The means, CVs and critical levels of the estimated LAI in testing for treat-
ment effects in field trial 116 in 1982 arc listed in table 7.19. Results for 28 April
1982 are not listed, because bare soil predominated on that date. Similarly to
the results for the infrared reflectance, the critical levels in testing for ireatment

TasLE 7.19 LAI estimated by reflectance measurements: means, CVs and critical levels in testing
for treatment effects, obtained on consecutive missions. Field trial 116in 1982,

date mean cv critical level in testing:
interaction sowing nitrogen
dates nutrition
17 May 0.48 0.099 0.000 0.002 0.000
27 May 242 0.075 0.000 0.001 0.000
10 June 4.47 0.152 0.906 0.814 0.002
17 June 370 0.073 0.279 0.110 0.000
1 July 3.86 0.113 0.028 0.023 0.000
13 July 2.63 0.101 0.809 0.138 0.000
29 July 1.15 0.132 0.562 0.004 0.001
11 August 0.36 0.402 0.122 G.189 0.022
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effects in LAI estimates were again smaller than those in the LAI measurements
(table 7.6) on most dates. Thus, treatment effects on LAI could be ascertained
with larger power by reflectance measurements than by taking samples in the
field. This was confirmed by the smaller CV values for the estimates of LAL
However, these latter CV values were larger than those for infrared reflectance.

Similar conclusions could be drawn for the other field trials. Results of the
analysis of variance for field trial 116 in 1983 are listed in table 7.20. Those
for field tnial 92 in 1982 are listed in table 7.21. For field trials 92 and 95 in
1983 an analysis of variance was done on only some of the LAl estimates, corre-
sponding to the LAI data available (tables 7.9 and 7.10). These results are listed
in tables 7.22 and 7.23, respectively.

TasLe 7.20 LAI estimated by reflectance measurements: means, CVs and critical levels in testing
for treatment effects, obtained on consecutive missions, Field trial 116 in 1983.

date mean Ccv critical level in testing:
interaction sowing nitrogen
dates nutrition
6 May 0.47 0.056 0.000 0.000 0.000
30 May 1.43 0.120 0.110 0.002 0.001
7 June 2.54 0.086 0.231 0.000 0.002
21 June 2.13 0.090 0.030 0.001 0.000
5 July 1.46 0.109 0.001 0.944 0.000
12 July 1.2t 0.089 0.284 0.010 0.000
22 July 1.01 0.080 0.156 0.000 0.000
8 August 0.16 0.113 0.051 0,022 ¢.000

TanLE 7.21 LAI estimated by reflectance measurements: means, CVs and critical levels in testing
for treatment effects, obtained on consecutive missions. Field trial 92 in 1982,
(Forexplanation of A, B, C etc. see table 7.8)

date mean CV critical level in testing:
ABC AB AC BC A B C

28 April 0.39 0,086 0.443 4305 0964  0.521 0.574  0.000 0.375
17 May 0.60 4.0% 0586 0.022  0.19f 0.912 0.142  0.000  0.145
27 May 247 0.075  0.689 0.022  0.804 0.705 0.695 0.000 0.548
10 June 3.13 0.063 0078 0.112 0324 0319 0030 0000 0281
17 June 4.21 0.048 0.949 0.529  0.232  0.051 0,976 0000 0.033

1 July 3.09 0.041 0.800 0.136 0211 G120 0315 0000 0940
13 July 2.54 0.041 0510 0227 0220 0.124 0011 0.720  0.128
29 July 1.02 0057 0038 0612 0159 0319 0.000 0000 0.000

11 August 0.14 0.252 0363 008 0691 0917 0.025 0022 0.000

152 Agric. Univ. Wageningen Papers 86-4 (1986)




TasLE 7.22 LAI estimated by reflectance measurements: means, CVs and critical levels in testing
for treatment effects, obtained on consecutive missions. Field trial 92 in 1983,
(For explanation of A, B, C etc. see table 7.8)

date treat- mean CV critical level in testing:
ments
considered AB AC BC A B C
16 April Fl1 1.02 0103 - - 0.208 - 0.000  0.258
30 April FI 1.90 0.068 - - 0.868 - 0.000  0.622
6 May F1 1.65 0.075 - - 0.819 - 04606 0.720
7 June 82 206 0.09% - 0.094 - 0.019 - 0.122
21 June s2 2.90 019 — 0.348 - 0.179 - 0.958

TagLE 7.23 LAI estimated by reflectance measurements: means, CVs and critical levels in testing
for treatment effects, obtained on consecutive missions. Field trial 95 in 1983,
(Forexplanation of A, B, C etc. see table 7.8)

date treat- mean CV critical level in testing:
mernts
considered AB AC BC A B C
16 April F1 0.73 0166 - - 0.237 - 0.000 0.524
30 April F1 1.65 0.097 - - 0.503 - 0000 0.747
6 May Fl i.66 0.094 - ~ 0.363 - 0.000 0.534
7 June 82 293 0187 - 0.375 - 0.293 - 0.774
21 June 82 2.37 0.098 - 0.306 - 0.604 - 0.158

7.6.4 Using the results from field trial 100 for estimating LAI in field trial 116
in 1983

The objective of field trial 100 in 1983 was to ascertain the regression of LAI
on reflectance, and subsequently to apply this regression for estimating 1.Al
in field trial 116. As noted in sections 7.6.1 and 7.6.2, this procedure may give
satisfactory results at the vegetative stage, but will give large discrepancies at
the generative stage. This is illustrated in figure 7.34. The LAI in field trials
100 and 116 was measured by different persons with slightly different instru-
ments. Deciding which leaf is still green and which is not is very subjective,
especially during senescence. This may result in such large systematic discrepan-
cies that direct comparison between LAI values predicted by reflectance measu-
rements and those measured in the conventional manner becomes highly sus-
pect.

An analysis of variance was also carried out on the LAT values that had been
estimated by using the regression curves per stage (vegetative and generative)
obtained in field trial 100. Results of this analysis are listed in table 7.24. The
conclusions concerning critical levels and CV values are similar to those obtained
by the analysis of variance for LAI values that had been estimated by using
the regression curves of field trial 1161in 1983 themselves (see table 7.20). Howev-
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TasLe 7.24 LAI in field trial 116 in 1983 estimated by means of regression curves ascertained in
field trial 100in 1983: means, CVs and critical levels in testing for treatment effects.
A calibration per stage {(vegetative - generative)}

date mean Ccv critical level in testing:
of
mission interaction sowing nitrogen
dates nutrition
6 May 0.51 0.057 0.000 0.000 0.000
30 May 1.58 0.126 0.099 0.002 0.001
7 June 2.88 0.095 0.202 (.000 0.002
21 June 3.01 0.096 0.004 0.090 0.000
5 July 2.81 0.123 0.001 0.791 0.000
12 July 2.31 0.094 0.373 0.010 0.000
22 July 1.94 0.084 0.136 0.000 0.000
8 August 0.30 113 0.050 0.022 0.000
B. calibration per mission date (and stage)
date mean Cv critical level in testing:
of
mission nteraction sowing nitrogen
dates nutrition
6 May 0.83 0.057 0.000 0.000 0.000
30 May 1.68 0122 0.103 0.002 0.001
7 June 2.80 0.090 0.219 0.000 0.002
21 June 3.08 0.092 0.001 0.182 0.000
5 July 2.95 0115 £.001 0.879 0.000
12 July 247 0.091 0.320 0.010 0.000
22 July 1.30 0.081 0.150 0.000 0.000
8 August 0.00 - - - -
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er, the new estimates of LAI were systematically different to the previous ones
for the generative stage, possibly because different procedures were used to mea-
sure LAI (see above).

As well-as ascertaining a regression curve per stage, regression curves were
ascertained per recording date, in particular for field trial 100in 1983. An analy-
sis per recording date will result in fewer data points and a smaller section of
the regression curve being covered than with an analysis per stage. The previous-
ly used multitemporal procedure (per stage) could be disturbed e.g. by (1) errors
in atmospheric correction (see section 3.12), (2) variation in irradiation between
film frames, (3) variation in leaf angle distribution between dates and (4) varia-
tion in sun elevation between dates. By using the curves of field trial 100, LAI
was estimated in field trial 116 per plot and per date. Results are also listed
in table 7.24. Since the results given in table 7.24B and in table 7.24A are similar,
it may be concluded that the multitemporal analysis and the ascertainment of
regression curves per stage was successful and that the disturbances enumerated
before were negligible.

7.7 FIELD TRIAL 85

As described in section 6.2.7, ficld measurements of & grass canopy were avail-
able for 18 May 1982. On 17 May 1982 aerial photographs were taken of this
canopy in the green, red and infrared passbands. Since the dates were so close,
the data may be compared with one another.

Treatment effects are illustrated in figure 7.35 for fresh weight, dry matter
content, dry matter weight, nitrogen content and nitrogen weight, respectively.
It was evident that nitrogen had a positive effect on fresh weight, dry matter
weight and nitrogen weight, and on nitrogen content. The nitrogen effect on
dry matter content was negative. Fresh and dry matter weights were best in
rotation R3 and worst in rotation R2.

Treatment effects on reflectance measurements are illustrated in figure 7.36.
The nitrogen effect on reflectances was as expected, namely negative in the green
and red passbands and positive in the infrared passband. For the infrared reflec-
tance, the rotation effect was similar to the effect on the weight variables. For
the red and green reflectances it was opposite.

Results of an analysis of variance on all variables are listed in table 7.25.
For nearly all variables there was a significant interaction effect (at the 5 ¢ level).
This was most significant for the infrared reflectance and for the dry matter
and nitrogen content. The small CV values for these variables are the rcason
why the significance of effects differs from that of the weight variables. The
latter still have large CV values, in spite of the relatively large sample sizes (15
m?).

The theory applied to cereals cannot be applied unmodified to grasses. With
cereals the starting point is bare soil with zero crop weight. However, with
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TabLE 7.25 Reflectance in green, red and infrared passbands; fresh weight; dry matter content;
dry matter weight; nitrogen content and nitrogen weight: means, CVs and critical levels in testing
for treatment effects.

Field trial 85, 17/18 May 1982.

meai Ccv critical level in testing:

interaction rotation nitrogen

nutrition
green reflectance (%) 513 0.038 0.154 0.002 0.000
red reflectance () in 0.076 0.049 0.008 0.000
infrared reflectance (%) 31.4 0.055 0.000 0.023 0.000
fresh weight (kg/ha) 7500 0.186 0.016 0.000 0.000
dry matter content (%)) 232 0.042 0,000 0.004 0.000
dry matter weight (kg/ha) © 1740 0.147 0.040 0.000 0.000
nitrogen content (%;) 2.1 0.059 0.000 0.001 0.000
nitrogen weight {kg/ha) 36.4 0.173 0.042 0.002 0.000

grasses the starting point is generally a stubble of mown or grazed grass, which
is considered as being equivalent to zero crop weight. The crop weight is the
weight of the harvested crop; some parts of the plant remain after harvesting,
Since this stubble may partly consist of green plant material, the reflectance
of this stubble in e.g. the red and infrared passbands will not be the same. This
resulted in a shift of the abscissa of the regression curve at zero crop weight.
It could not be tested whether the contribution of the stubble is constant in
time, because data on this field trial were only available for one date and there-
fore no procedure could be developed to correct for background. Since all the
measurements concerned a vegetative crop at about the same growth stage, it
was possible to study a weight component instead of the LAI. An equation ana-
logous to equation (5.12}, but using the infrared reflectance instead of the cor-
rected infrared reflectance and incorporating the zero shift, was used for estima-
ting e.g. dry matter weight (DM) (in 1000 kg/ha):

DM = [jaIn(l — Jr—Toir (7.1)

ao,ic Fstir

with f. ;.- the asymptotic value for the infrared reflectance, and
tq.r: the infrared reflectance of the stubble.

Fresh, dry matter and nitrogen weights yielded essentially similar results, al-
though the best fit was for dry matter weight, The result for dry matter weight
is illustrated in figure 7.37. The estimates of the parameters in equation (7.1)
were: & = 0172, §,;,= 7277 and £, = 18.37. The CV was 0.236.
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F1G. 7.37 Regression curve of dry matter weight on infrared reflectance. Field trial 85 on 17/18
May 1982

7.8 FIELD TRIAL 87

As described in section 6.2.8, in this field trial with potatoes few field measure-
ments were taken during the growing season. On 21 June 1982, 6 plants per
plot were harvested for ascertaining the weight of foliage and tubers at that
moment. These results were compared with aerial photography of the same field
trial obtained on 17 June 1982. However, given the small number of plants har-
vested per plot, the accuracy of the field measurements was expected to be limit-
ed. The whole plots were harvested on 20 September and tuber yield was ascer-
tained. This yield was the resultant of the crop growth during the whole growing
season. An attempt was made to relate differences in tuber yield to differences
in reflectance during the growing season, e¢specially those in the infrared pass-
band.

First of all, the results of field measurements taken on 21 June and aerial
photography done on 17 June were compared. The potato crop predominantly
consisted of green foliage at that time. Results for treatment effects are illustra-
ted in figure 7.38. Resulis of an analysis of variance for field measurements

TaBLE 7.26 Foliage and tuber weight on 21 June 1982, and tuber yield, fresh and dry, at the end
of the growing season: means, CVs and critical levels in testing for treatment effects. Field trial
§7in 1982,

mean Cy critical level in testing:
(g/m?)
interaction nematicide rotation
foliage weight 1577 0.141 0.218 0.315 0.354
tuber weight 387 0.253 0.901 0.044 0.378
tuber yield (fresh) 4132 0.053 0.149 0.684 0.001
tuber yield (dry) 1051 0.053 0.247 0.509 0.002
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FiG. 7.38 Foliage and tuber weight (in kg/ha) on 21 June 1982, and green, red and infrared reflec-
tances on 17 June 1982. Field trial 87 ({or explanation of symbols see section 6.2.8).

(foliage and tuber weight) are listed in table 7.26 and for infrared reflectance
are given in table 7.27. From the figures the rclatively bad performance of the
very narrow rotation {A) s evident. A negative effect of the nematicide treatment

TabLE 7.27 Reflectance (/) in the infrared passband on consecutive missions: means, CVs and
critical levels in testing for treatment effects. Field trial 87 in 1982.

date mean cv critical level in testing:
interaction nematicide rotation

28 April It 0.056 .0.384 0.061 0.601
17 May 2.6 0.080 0.424 0.867 0.792
27 May 15.5 0.066 0.997 0.963 0.457
10 June 41.0 0.045 0.035 0.024 0.086
17 June 470 0.028 0.004 0.007 0.013

1 July 70.1 0.023 0.008 0.904 0.017
13 July 59.9 0.027 0.493 0.937 0.037
29 July 48.5 0.065 0.542 0.124 0.035
11 August 349 0.06% 0.091 0.323 0.000
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Fi1G. 7.39 Tuber yield (fresh and dry) in kg/ha in field trial 87 in 1982.

on tuber weight on 21 June is also apparent, Nematicide treatment also had
a negative effect on foliage weight, except in rotation B, which exhibited a posi-
tive effect. This surprising result must be attributed to a phytotoxic action of
the nematicide used (‘Mocap”), at least at the beginning of the growing season.
The effects on foliage weight are substantiated by the reflectance measurements,
particularly by the infrared reflectance, which reveals a significant effect. Results
for the green reflectance are less concurrent with the other results (figure 7.38).

A more accurate field measurement was the total yield of tubers at the end
of the growing season. Results of treatment effects are illustrated in figure 7.39.
Results of an analysis of variance on tuber yield are also listed in table 7.26.
The relatively poor performance of rotation A is still evident. Contrary to the
samples of 21 June, rotation D yielded the best results, whereas rotations B
and C did not differ greatly. A slightly positive effect of the nematicide treatment
on tuber yield appeared for rotations A, B and C. The effect for rotation D
was still negative. Apparently, in the narrow rotations (A, B and C) the phyto-
toxic action of the nematicide used was overruled by the nematode-killing activi-
ty. Only for the ‘healthy’ rotation (D) was the nematode-killing activity minor,
resulting in an overall negative effect.

The green, red and infrared reflectances are illustrated in figure 7.40 as a fune-
tion of time. Since the infrared reflectance was expected to offer the most signifi-
cant information about crop growth, only this reflectance was studied. A more
explicit comparison of the two nematicide treatments per rotation is illustrated
in figure 7.41 for the infrared reflectance. For rotation A, up to mid-July the
infrared reflectance was lower in the plots with nematicide treatment than in
those without nematicide treatment: thereafter this effect was reversed. For rota-
tions C and D the nematicide effect seemed to be negative up to about mid-July
and thereafter there was no clear nematicide effect. For rotation B the nemati-
cide effect was positive throughout the season. The growing season could be
roughly subdivided into two periods. Up to about mid-July most rotations exhi-
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F1G. 7.40 Green, red and infrared reflectances as a function of time. Field trial 87 in 1982.

120
DAYS AFTER PLANTING

bited a negative nematicide effect. At the end of the growing season this negative
effect was overruled or at least compensated for by a positive effect of the nemati-
cide treatment. The latter period determined the speed at which the potato crop

died off.

From figure 7.40 it is evident that the infrared reflectance was lowest for rota-
tion A on nearly all dates. Thus, when differences in infrared reflectance were
translated into differences in foliage weight or LLAI and indirectly into differ-
ences in potential yield or tuber yield as such, the results indicated that the smal-
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FiG. 7.41 Infrared reflectance as a function of time per rotation. Field trial 87 in 1982,

lest tuber yield would be found in rotation A. Actual tuber vicld confirmed this
{figure 7.39). The overall effect of the nematicide on tuber yield was positive,
which means that the nematode-killing activity, expressed as a prolongation
of the green crop, predominated. This agreed with the higher infrared reflectance
at the end of the growing season for rotation A with nematicide treatment.

The positive effect of the nematicide treatment for rotation B during the whole
growing season was also seen in the tuber yield at the end of the growing season.
The infrared reflectance of the treatments without nematicide treatment in rota-
tion B was only slightly higher than that for both treatments in rotation A during
most of the growing season, but the decrease at the end of the growing season
was slower. The plots in rotation B with nematicide treatment had a relatively
high infrared reflectance during most of the growing season.

For rotation C the nematicide effect was more or less negative throughout
the season. This was not seen in the tuber yield at the end of the season, although
the nematicide effect on the latter variable was only minor. The level of infrared
reflectance was intermediate between the two treatments of rotation B; this rank-
ing coincided with the ranking according to tuber yield.

For rotation D the nematicide effect was negative during the first period of
the growing season. During the second period the decrease in infrared reflectance

i62 Agric. Univ. Wageningen Papers 86-4 { 1986 )




was similar for both treatments. This coincided with the negative nematicide
effect on tuber yield for this rotation. During the first part of the growing season
the infrared reflectances for rotation D without nematicide and rotation B with
nematicide were similar. However, the decrease in infrared reflectance at the
end of the growing scason for the treatments of rotation D was much slower
than that in the other rotations, and therefore rotation D had the highest tuber
yield and displayed a negative nematicide effect.

Although the relationship between amount of foliage (above-ground) and
tuber yield (underground) is not straightforward, for the field trial described
it was reasonably possible to explain differences in tuber yield by differences
in infrared reflectance measured during the growing season.

7.9 SUMMARY

For both sowing dates of field trial 116 in 1982 the crops showed a positive
nitrogen effect on LAI on most sampling dates. During the first half of the sea-
son, LAI was larger in the early-sown crop than in the late-sown crop because
of this difference in sowing date. Because senescence started earlier in the early-
sown crop, LAl was largest in the late-sown crop during the second half of
the season. At the highest nitrogen levels of the early-sown crop, some effect
of lodging was noticeable. The nitrogen effect on green and red reflectances
was opposite Lo that on LAT, because of the large absorption of visible radiation
by green vegetation. The same applied for these reflectances as a function of
time. With complete soil cover the reflectance in the visible passbands was very
low and there was no clear nitrogen effect. At that stage there were differences
in reflectance between the treatments of the two sowing dates, because of a differ-
ence in leaf colour. The nitrogen effects on infrared reflectance resembled those
on LAI, which also applied to the infrared reflectance and LAI as a function
of time. Results for reflectance factors were more stable in time than those for
LAI Similar results were found for the other field trials studied.

Critical levels in testing for treatment effects were systematically smaller for
the infrared reflectance than for the LAI in all field trials. This leads to the
conclusion that treatment effects were ascertained with [arger power by means
of reflectance measurements than by means of measurements in the field. The
coefficients of variation of residuals for dry matter weight and LAI, especially
the latter, were much larger than those for the reflectance values. The measure-
ments of the infrared reflectance had particularly small CV values.

Results in estimating soil cover were poor because the ratio of reflectances
or difference between reflectances in visible passbands were inaccurately ascer-
tained.

For estimating LAI the growing season was subdivided into two stages: vege-
tative and generative. First, the corrected infrared reflectance was calculated
by taking the difference between infrared and red reflectance. Then the LAI
was estimated from the corrected infrared reflectance. For this latter regression
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two parameters had to be estimated (equation 5.12), which are different in the
two stages. For the vegetative and the generative stages the regression of LAI
on corrected infrared reflectance was described reasonably in all field trials by
using this equation. Both stages were analysed separately. At the vegetative
stage, some of the curves for the trials with barley were significantly different,
some were not. The curves for the trials with wheat at the vegetative stage were
not significantly different. At the generative stage, considerable discrepancics
occurred, since LAI had been measured by different persons with slightly differ-
ent instruments resulting in such large systematic discrepancies that direct com-
parison between LAI values predicted by reflectance measurements and those
measured in the conventional manner becomes highly suspect. The best way
to obtain LAI at the moment is to ascertain regression curves of LAl on cor-
rected infrared reflectance for each situation and not to use regression curves
from previous seasons. An imporiant conclusion is that leaf angle distribution
did not vary to such an extent that it disturbed the regression.

By using the regression curves for estimating LAI in the various field trials
it was concluded that treatment effects were ascertained with larger power and
that CV values were smaller for the LAT estimated by means of reflectance men-
surcments than for the LAI measured in the field.

Ascertaining the regression curves for the vegetative and generative stages
in ounly a few additional plots (field trial 100 in 1983), instead of using the trial
itself (116 in 1983) for ascertaining the regression curves, gave approximately
the same results,

Results for two other crops, grass and potatoes, indicated that the same theory
and methodology could be applied to crops other than cereals.
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8 FINAL REMARKS AND RECOMMENDATIONS

This chapter begins with a discussion about the plant characteristic that is
most useful in agronomy and that may be estimated by remote sensing, then
some pros and cons are given for multispectral aerial photography (MSP) vis-a-
vis conventional field sampling. Next, sensor, calibration and dependence on
weather are discussed and some restrictions applied in this study are enumerated.
The chapter concludes with recommendations for further research,

8.1 WHAT PLANT CHARACTERISTIC IS MOST USEFUL IN AGRONOMY?

One aspect that needs further study in the near future is whether one should
try to estimate LAI by means of reflectance measurements or whether one should
look for some other plant characieristic in order 1o obtain information about
crop growth or condition. Remote measurements of reflectances do not concern
leaves only. Stems and ears, for instance, will also contribute to the measured
reflectance. It is true that in most crops the leaves contribute the most to the
measured reflectance. But the agronomist is not primarily interested in the LAI
He is more interested in the photosynthetic activity or light interception and
its result; the final yield of some plant part. For pinpeinting the cause of differ-
ences in yield he may also need information about the crop during the growing
season. Photosynthetic activity is difficult to measure in the laboratory and it
takes too much time and effort to measure it for plots in a field trial. The same
applies to light interception. Therefore the agronomist has usually resorted to
the LAI (since photosynthesis takes place primarily in the green leaves), or to
dry matter weight. Remote sensing techniques offer new sorts of information
about crops, and therefore in future agronomists may decide to use new plant
characteristics that are more important than those currently used today.

If one is interested in plant characteristics other than LAI, such as dry matter
content, the content of some nutrient (chemical analysis) or the mutual propor-
tions of different plant parts, none of which can be ascertained directly by means
of remote sensing techniques, one has to take samples in the field. However,
the variability per plant of, e.g., some chemical component, is much smaller
than the variability of LAI or dry matter weight per plant (see section 7.7). It
is possible to ascertain the content of such a component with great accuracy
by harvesting only a few plants. However, if one wishes to ascertain the total
amount of some nutrient in the plants, one has to incorporate total fresh or
dry matter weight into the calculations. These characteristics show a much larger
variability within a plot (from plant to plant), If total fresh or dry matter weight
correlate well with LAT, they may be ascertained more accurately, even though
more indirectly, by means of reflectance measurements.

The best procedure if one is interested in this more detailed information will
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be to estimate LAI and fresh or dry matter weight by means of reflectance mea-
surements and subsequently to ascertain plant composition by harvesting a few
plants at random.

8.2 PROS AND CONS OF MSP COMPARED WITH CONVENTIONAL FIELD SAMPLING

In the present study it was shown that reflectance values obtained by MSP
improved the power of testing for treatment effects in field trials. These measure-
ments do provide quantitative information obtained instantaneously. More-
over, the information is obtained in a non-destructive way and, very important-
ly, is objective. The speed of availability of results, the labour intensity, the cali-
bration of MSP and its dependence on the weather need to be discussed further
(next sections).

In this study the system for MSP was only tested for utility. The costs of
MSP were not compared with those of conventional field sampling techniques,
because insufficient information was available for this comparison. Firstly, the
costs of MSP largely depend on the extent to which the equipment is used (be-
cause investment is high and exploitation costs are low). Secondly, it is difficult
to express in cash terms the improvement in accuracy obtained by using MSP
rather than conventional field sampling. Therefore, no comparison was at-
tempted.

8.2.1 Speed of availability of resuits, and labour intensity

Multispectral aerial photography not only improves the power and accuracy
of the testing for treatment effects (chapter 7), it can also be quicker to implement
and requires less labour than conventional field sampling techniques.

With conventional field sampling techniques (chapter 6), plants have to be
harvested in every plot. This is very labour intensive. The plant material then
has to bc analysed as soon as possible in the laboratory, because it is living.
This leads to very large peaks of labour. Dry matter weight rather than fresh
weight is usually ascertained, because ficld sampling takes time (at least several
hours) and plants cut first often cannot be weighed immediately and will lose
more water than the freshly cut plants: thus a comparison based on fresh weight
is very unreliable.

Harvesting, weighing, ascertaining LAI, drying and reweighing the samples
takes much time. If many field trials or a single large trial are to be analysed,
sufficient assistance from experienced persons must be available, because all
the operations are so labour intensive. In general, a researcher is only able to
handle a very small number of field trials of restricted size. Nevertheless, it is
a few days up to about a week before the results are available.

For obtaining aerial photographs (chapter 3) the labour intensity is lower.
Within a few hours, many field trials can be recorded. For recording, a pilot,
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navigator and photographer are needed. One person can develop the film and
analyse the images. A few days after recording, the results can be available;
this means that the resuits are available as quickly as these from conventional
field sampling.

Another aspect is that the chances of making mistakes with conventional
measurements, €.g. by mixing up samples or by writing down the wrong weight
readings, are large, unless all instruments are directly connected to a computer
{which mostly will not be the case).

When measuring densities, all data are directly stored in a computer, which
can immediately analyse them. This reduces the chance of introducing errors.
On the other hand, it is also possible to postpone the analysis of the photographs
to a much later date, if one is not immediately interested in the results. This
means that the only time needed immediately is for obtaining the recordings,
and maybe for developing the film; the other operations can be postponed until
a more suitable time.

8.2.2 Remarks about sensor and calibration

Reflectance measurements cannot be analysed multitemporally unless the re-
flectances are well calibrated. It is not easy to calibrate a photographic system.
Such a system first stores spectral information in analogue form and this subse-
quently has to be digitized in some way in order to obtain quantitative informa-
tion. In the present study it was shown that it is possible to calibrate a photo-
graphic system satisfactorily in order to obtain calibrated reflectances relatively
inexpensively (section 3.13). Aspects such as characteristic curve, light fall-off,
lens and filter transmittance, relative aperture, exposure time and atmospheric
influence were taken into account during the calibration. Most of these can be
corrected for by using reference targets of known reflectance in the field. With
multispectral aerial photography targets of about 3 m by 5 m will be usuable
at a smallest scale of approximately 1:10 000 when the images are digitized by
means of a densitometer with an aperture of 0.25 mm as used in this research.
This wiil also be the minimum size of target that can be used with aerial multi-
spectral scanning (spatial resolution worse than one square metre). However,
in aerial photography, smaller targets can be used for measurements at scales
larger than 1:10000. For instance, at scale 1:3 000 the dimensions of the refer-
ence targets can be about 1.50 m by 1.50 m. Targets of such dimensions can
remain in the field, if they are protected between missions.

It is not always possible or convenient to position reference targets near the
recording site. Moreover, sometimes it is impossible to find a suitable location
for setting up the targets. Another option may be the use of alternative targets
that are permanently present in the area, such as roofs or roads. These will be
almost constant over time in their reflectance characteristics. A body of water
may be used in a similar way. The reflectances of such targets have to be mea-
sured once in the various passbands, ¢.g. with a radiometer. Homogeneous natu-
ral objects whose reflectance characteristics are not constant over time may also
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be used as calibration targets. For example, bare soil, & poorly developed crop
and a well developed crop could be used. However, one has to take steps to
avoid such targets introducing a random source of error. When using such ob-
jects the reflectance characteristics have to be measured with a radiometer during
each mission, which costs additional effort. No such special prerequisites are
needed for conventional field sampling.

8.2.3 Dependence on weather

One of the main disadvantages of many remote sensing techniques in the opti-
cal region is their dependence on the weather. During recording, irradiation
conditions have to be constant if a frame-to-frame comparison is to be valid.
Also, wind and visibility may be limiting factors.

In this research we aimed for a recording frequency of once fortnightly during
the growing season. This coincided with the sampling frequency applied in the
field trials at the ir. A.P. Minderhoudhocve, where this research was carried
out. The 1982 and 1983 growing seasons indicated that it was possible to achieve
a sampling frequency of two weeks.

The fact that information cannot be obtlained at every desirable moment dur-
ing the growing season can be a serious disadvantage of acrial photography
compared with conventional techniques.

8.3 RESTRICTIONS APPLIED IN THE PRESENT STUDY

8.3.1 Onecrop

In this monograph the data are almost all on cereals (more specifically, barley
and wheat). In section 7.7 some results were given for grasses. Both crops belong
to the family of Graminaceae, and are similar during the vegetative stage. Exira-
polating our results to grasses will not meet great difficulties. Grasses are usually
mown or grazed before they attain the generative stage. Thus, data on grass
crops obtained by remote sensing do not have to be separated according to
whether they relate to the vegetative or generative stage. In estimating a charac-
teristic of grasses (e.g. dry matter weight) by remote sensing it may be necessary
to incorporate a correction for the stubble that is left after mowing or grazing.

In principle, no great problems are anticipated in extrapolating the methodo-
logy tested in this research to other arable crops such as potatoes (see section
7.8) or sugar beet. In the same way as described in this monograph is should
be possible to correct for background and to use remote sensing to estimate
LAl and (above-ground) dry matter weight indirectly for these crops. It is merely
a question of using other regression curves. However, a problem may arise if
the agronomist is mainly interested in information about the plant part to be
harvested at the end of the season. With potatoes and sugar beet these parts
are in the soil. Often there is a clear correlation between a characteristic that
can be estimated by remote sensing and one that the agronomaist is interested
in, e.g. LAl and the underground plant part, but this is by no means universal,
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Remote sensing provides the agronomist with primary information about
above-ground crop characteristics, but he has to know how to transform this
information into information about underground plant parts.

More research should be focussed on ascertaining regression curves of LAI
on corrected infrared reflectance for crops other than those investigated in this
research. The relationship between LAT and dry matter weight (or fresh weight)
for a vegetative crop means that regression curves of dry matter weight on cor-
rected infrared reflectance must also be ascertained.

8.3.2 One soil type

In this monograph a procedure for correcting reflectances for soil background
if soil moisture content or soil reflectance are not known explicitly was described
(sections 5.5 and 5.6). This procedure requires soil types whose reflectance in
any two passbands is linearly related, independent of soil moisture content, Al-
though this will be a good approximatien for many soil types, it will not be
universal. For soil types whose reflectance in any two passbands is not linearly
related, one has to investigate whether there is any relationship between reflec-
tances in two passbands that is independent of soil moisture content. Otherwise,
soil reflectances in various passbands have to be measured individually if the
s50il moisture content varies considerably during the investigation.

8.3.3 No weeds

One phenomenon that was not mentioned earlier, but which may disturb the
relationship between measured reflectance and some crop characteristic, is the
occurrence of weeds. In the field trials analysed in this study there were few
weeds, so their influence could be ignored. However, in some cases weeds may
be abundant. This not only applies to field trials, but even more to larger areas
under normal farm management. Weeds may be so abundant that they contrib-
ute significantly to the measured reflectance. It will be very difficult to separate
the contribution resulting from weeds from that resulting from the arable crops.
Weeds may considerably disrupt the expected relationship between reflectance
and some crop characteristic. For instance, at the end of the growing scason
more green weeds may occur in a badly developed wheat crop (e.g. low nitrogen
level) than in a well developed crop (high nitrogen level). This may result in
a higher infrared reflectance for the badly developed crop, which is opposite
to what one would expect if no weeds were present.

8.4 RECOMMENDATIONS

Some ways in which the system could be improved and points for further
research are given in this section.
[. The configuration of densitometer, digitizer and computer (described in sec-
tion 3.6) was a protolype, which could be improved in the future. For exam-
ple, the system could be made more fully automatized by driving the stepping

Agric. Univ. Wageningen Papers 86-4 { 1986) 169



motors directly by a computer, allowing for more rapid positioning and a
faster measuring speed.

. [f many field trials have to be recorded frequently during the growing season,
the aeroplane should be quickly available at the recording site. For instance,
at the experimental farm of the Wageningen Agricultural University an aer-
oplane should be stationed permanently in order to be flexible in fulfilling
requests for aerial photographic recordings of field trials made by research
workers. The aeroplane could be a microlight (see section 3.2) and personnel
from the farm could fly it.

. The positioning of reference targets near the recording site before each mis-
sion takes time and labour, and they cannot be set up at every location. There-
fore, the possibilities of using objects such as roofs, roads, water bodies and
vegetation as reference have to be studied. With low altitude aerial photogra-
phy the possibilities of using small reference targets, which remain in the
field between missions, should be investigated.

. Animportant aspect that needs further study is which is the best plant charac-
teristic on which information should be obtained by remote sensing. In this
research LA was used as an intermediale characteristic, because it could
be measured conventionally as well as estimated via remote sensing, and it
provides information about photosynthetic activity. In future, emphasis
should be put on the possibilities of estimating plant characteristics, e.g. pho-
tosynthetic activity or light interception, directly from reflectances and on
the possibility of using reflectances as plant characteristics in their own right.

. The possibilities of extrapolating the results of the present study to other
crops, other soil types and other plant parts also need to be studied further.
Crop characteristics that correlate strongly with LAI may, in particular, yield
good results. Also, possibilities of disease detection (in an early stage) with
remote sensing need to be studied (see section 4.4.3). Results given in chapter
7 show the potential of remote sensing.

. The possibitity of applying the regression curve of LAI on reflectance for
a specific crop or cuttivar to other seasons and to other field trials with the
same crop or cultivar, also has to be investigated further. The LAT measure-
ments with the conventional sampling technigues in the present study showed
large systematic discrepancies between field trials, due to the partly subjective
measurement procedure, and therefore there is insufficient evidence to con-
clude that the regression curves of different crops or cultivars can be inter-
changed easily or applied in subsequent seasons.

. Finally, in this rescarch some aspects whose influence was deemed to be mi-
nor, were ignored. One such aspect is the adjacency effect. This effect may
occur if two objects with distinctively different reflectances in a certain pass-
band are adjacent. Then, an amount of radiant energy from the object with
a high reflectance may be scaticred by the atmosphere in the direction of
the sensor and may finally be sensed as if it came from the object with a
low reflectance.

Another aspect that has not been taken into account is angle-dependent reflec-
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tance. The view angle was always very close to the vertical downward (nadir).
The recording was carried out as much as possible at about the same time of
the day in order to minimize influences of the position of the sun.

By comparing reflectances ascertained by means of aerial photography with
those obtained by means of radiometers, and by comparing the reflectances ob-
tained by means of aerial photography in a multitemporal way, no large discre-
pancies were found that could be attributed to adjacency effects or angle-depen-
dent reflectance.

Still, these aspects will need further attention and study in future research

programmes.
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9 MAIN CONCLUSIONS

Black and white multispectral aerial photography (MSP) was found to be
the most appropriate technique for the frequent acquirement of remotely
sensed data in field trials at the ir. A.P. Minderhoudhoeve experimental
farm of the Wageningen Agricultural University, inasmuch as it offered
characteristic spectral information about vegetation in the visible and infra-
red regions of the electromagnetic spectrum (chapters 2 and 3). By using
cameras with 70-mm aerial films, mounted in an aeroplane, it was possible
to obtain recordings at frequent intervals (high temporai resolution) cheap-
ly. Film and filters were chosen carefully so that a high spectral resolution
could be obtained (25-60 nm). The spatial resolution of the photographic
material was sufficient for this application; spatial resolution was primarily
limited by the densitometric processing system (conclusion 2). A complete
tield trial could be recorded instantaneously with one exposure.

. By using a densitometer with an adequate aperture (0.25 mm) for obtaining

quantitative measurements, a high spatial resolution was obtained (spot of
2 metres diameter at a recording scale of 1:8000). By interfacing this densi-
tometer and a digitizing tablet with a compuler, the film frame could be
located easily with respect to the aperture of the densitometer (0.05 mm
accuracy), and the recordings could be analysed quickly (1-2 hours per frame
with the prototype used).

. Reflectances in the green, red and infrared region of the clectromagnetic

spectrum ascertained with black and white multispectral aerial photography
were well calibrated (section 3.13), offering specific information about an
object (e.g. the crop). In this way quantitative information about extensive
field trials was obtained instantaneously and non-destructively.

. Information about crop reflectance obtained from the literature suggested

that in the present study, reflectances in the visible region would be most
suitable for estimating soil cover. For estimating LAT the reflectance in an
infrared passband was expected to be more suitable than the reflectance
in a visible passband because the penetration of infrared radiation into vege-
tation is larger than that of visible radiation (chapter 4).

. If soil cover is redefined as the vertical projection of green vegetation and

the relative area of the shadows included, perceived by a sensor pointing
vertically downwards, relative to the total area, then the reflectance in a
visible passband decreases linearly with increasing soil cover (section 5.2).
Although a combination of green and red reflectances (section 5.5) could,
theoretically, be used for correcting for the influence of soil background
in estimating soil cover (a characteristic that is only of minor importance
compared with LAT), results were poor because of the small differences be-
tween green and red reflectances. This conclusion is of no direct importance
to the next conclusion.
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10.

11.

It was shown to be possible to get around the problem of an unknown soil
moisture content (and so an unknown soil reflectance) in estimating LAI
(section 5.6}, and thereby to obtain good results for the field trials analysed
in the present study {chapter 7). Under the assumption that there was a
constant ratio between the reflectance factors of bare soil in different pass-
bands, independent of soil moisture content, a combination of green, red
and infrared was applied for correcting the infrared reflectance for soil back-
ground (equation 5.25). This assumption holds for many soil types. For
the special case that soil reflectance in the red and infrared were in the same
order of magnitude, the infrared reflectance was corrected for soil back-
ground by calculating the difference between infrared and red reflectances
(equation 5.28).

. At the vegetative stage of cereals, the inverse of a special case of the Mit-

scherlich function, namely the one passing the origin (equation 5.12}, was
used for describing the regression function of LAT on the infrared reflectance
corrected for background. This corrected infrared reflectance increases with
increasing LAI, up to large LAI values (LAI 6-8, cf. conclusion 10).

. A similar approach as in conclusion 7 was applied at the generative stage

of cereals, by correcting the infrared reflectance for the background of yel-
low and dead leaves in ascertaining the difference between infrared and red
reflectances (section 5.7).

When reflectance values obtained by MSP were compared with field mea-
surements, in particular with LAI information about treatment effects was
acquired with larger power and with greater accuracy (smaller coefficients
of variation = CV). Results for reflectances were also more stable in time
than those for LAI {chapter 7). The reflectance values in an infrared pass-
band were particularly outstanding (CV resulting from an analysis of var-
iance for infrared reflectance ranged from 0.02-0.10 and CV for measured
LAl ranged from 0.15-1.30 in the field trials analysed).

If LAI was estimated by reflectance values, by using a regression curve of
LAI on corrected infrared reflectance, the critical levels in testing for treat-
ment differences were in general smaller than for the measured LAI of sam-
ples. This also applied to the coefficients of vanation (CV for estimated
LAl ranged from 0.04-0.40 in the field trials analysed). Even at large LAI
values (LAI 6-8) significant treatment cffects could be distinguished by
means of multispectral aerial photegraphy, showing that the radiometric
resolution of MSP was sufficient (relative radiometric resolution of 1.2%;
to about 2.2%).

In one field trial, the regression function of LAT on corrected infrared reflec-
tance was ascertained by analysing a few additional plots (a training set).
For these plots both LAI and reflectances were ascertained. The results show
that to ascertain LAT in practice, no samples need to be gathered in the
original field trial; this means that plots can be smaller than in the conven-
tional situation, in which part of all the plots is used for sampling. To date
there is insufficient evidence that the regression curves of different crops
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or cultivars are easily transferable, or that the curve of one growing season
can be applied in the following season, although the results pointed in that
direction. This means that remote sensing can improve conventional field
measurements, but cannot replace them. Conventional field measurements
are still needed.

The LATI measured in the conventional manner appears to be a most unsat-
isfactory crop characteristic, because it is so hard to ascertain it objectively
and accurately. Photosynthetic activity, for instance, may be better estima-
ted by reflectance values. As a result, the application of remote sensing tech-
niques may require a new definition of crop characteristics.
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SUMMARY

Remote sensing techniques enable quantitative information about a field trial
to be obtained instantaneously and non-destructively. The aim of this study
was to identify a method that can reduce inaccuracies in field trial analysis, and
to identify how remote sensing can support and/or replace conventional field
measurements in field trials.

In the literature there is a certain consensus that the best bands from which
characteristic spectral information about vegetation can be extracted are those
in the visible (green and red) and infrared regions of the electromagnetic spec-
trum. This was confirmed in the present siudy by an analysis of multispectral
scanner data (‘Daedalus scanner’) from field trials with cereals. The optimal
bands that were thereby selected for explaining grain yield mostly contained
the channels 5 (350-600 nm), 7 (650-700 nm} and 9 (300-890 nm).

Multispectral aerial photography was found to be most appropriate for re-
cording extensive field trials in a short period. In the present study, recordings
were carried out with a single-engine aircraft, using two Hasselblad cameras
for obtaining vertical photographs on black and white 70-mm aerial films. In
this way, costs stayed within acceptable limits. The recording scale chosen, given
the dimensions of the trials at the experimental farm of the Wageningen Agricul-
tural University, where the research was carried out, was 1:8 000. Photographs
were taken approximately fortnightly to keep in step with conventional fieid
sampling. The film/filter combinations selected for obtaining a high spectral
resolution and for matching bands 5, 7 and 9 of the Daedalus scanner, resulted
in the following passbands:

green + 555-580 nm:;

red : 665-700 nim;

infrared : 840-900 nm.

The densities of the objects on the film were measured by means of an au-
tomated Macbeth TD-504 densitometer. An aperture with a diameter of .25
mm was sclected for the densitometer, in order (o obtain a high spatial resolution
at the scale of 1:8000, applicable to field trials with plots 3 metres wide. The
measured densities were converted into exposure values, corrected for light fall-
off, and then a linear function was applied to convert them into reflectance fac-
tors. In this linear function the exposure time, relative aperture, transmittance
of the optical system, irradiance, path radiance and atmospheric attenuation
were incorporated. Reference targets with known reflectance characteristics
were set up in the field during missions and recorded at the same camera setting
and under the same atmospheric conditions as the field trials, in order to ascer-
tain the parameters of the linear function.

Information about crop reflectance obtained from the Literature suggested
that reflectances in the visible region of the eleciromagnetic spectrum (green
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or red) would be most suitable for estimating soil cover, whereas reflectances
in the infrared might be most suitable for estimating leaf area index (LAI). Other
plant characteristics, such as dry matter weight or yield, may be estimated indi-
rectly from reflectances. Field trials with cereals analysed during the present
study showed that treatment effects shown by green and red reflectances tended
to be opposite to those shown by LAI Treatment effects shown by infrared
reflectance tended to be similar to those shown by LA even at large LAI (6-8).
The treatment effects manifest in reflectances were more stable in time than
those for LAI Coefficients of variation of residuals resulting from analyses of
variance were systematicaily smaller for reflectances than for the LAI in all ex-
periments: those for the infrared reflectance were particularly small. In general,
critical levels in testing for treatment effects were smaller for the infrared reflec-
tance than for the LAI, which indicates that the power for infrared reflectance
was larger than for LA

Soil moisture content is not constant during the growing season and differ-
ences in soil moisture content greatly influence soil reflectance. Since a multitem-
poral analysis of remolte sensing data was required, a correction had to be made
for soil background when ascertaining the relationship between reflectances and
crop characteristics. In the literature no index or reflectance model stood out
as being suitable for estimating crop characteristics in agricultural field trials.
Thus, in this monograph an appropriate simplified reflectance model is pre-
sented for estimating soil cover and LAI for green vegetation. First of all, soil
cover is redefined as: the vertical projection of green vegetation and the relative
area of shadows included, seen by a sensor pointing vertically downwards, rela-
tive to the total soil area (in this definition soil cover depends on the position
of the sun). Then, the simplified reflectance model is based on the expression
of the measured reflectance as a composite reflectance of plants and soil: the
measured reflectance in the various passbands is a lincar combination of soil
cover and its complement, with the reflectances of the plants and of the soil
as coefficients, respectively.

By using this model, it should, theoretically, be possible to correct for soil
background when estimating soil cover by combination of measurements in the
green and red passbands. In practice, however, all the procedures derived yielded
poor resulis because the difference between green and red reflectances was so
small. Thus, attention was focussed on estimating LLAL

For estimating LAI a corrected infrared reflectance was calculated by sub-
tracting the contribution of the soil from the measured reflectance. Theoreti-
cally, combining the reflectance measurements obtained in the green, red and
infrared passbands, enables the corrected infrared reflectance to be calculated,
without knowing soil reflectances. The main assumption was that there is a con-
stant ratio between the reflectances of bare soil in different passbands, indepen-
dent of soil moisture content: this assumption is valid for many soil types. For
the soil type at the experimental farm of the Agricultural University, the cor-
rected infrared reflectance can be approximated by the difference between total
measured infrared and red reflectances. Subsequently this corrected infrared re-
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flectance was used for estimating LAI according to the inverse of a special case
of the Mitscherlich function. This function contains two parameters that have
to be ascertained empirically. Model simulations with the SAIL model (intro-
duced by Verhoef, 1984) confirmed the potential of this simplified, semi-empiri-
cal, reflectance model for estimating LAIL

Analogous derivations were applied for a generative canopy (cereals) with
yellowing leaves.

The estimation of LAI by reflectances yielded good results for the field trials
with cereals analysed in this study. The presence of treatment effects counld be
shown with larger power and the coefficients of variation were smaller for this
estimated LAI than for the one measured in the ficld. Regression curves of LA
on corrected infrared reflectance differed significantly in different trials with
the same crop, particularly for the generative stage. This may have been caused
by large systematic discrepancies between LA measurements obtained with the
conventional sampling techniques for two field trials, because of subjectivity
in separating green from yellow leaves. To date, the best approach is to ascertain
regression curves of LAl on cotrected infrared reflectance for each field trial
by incorporating a few additional plots, in which both the LAI and the reflec-
tances are measured.
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SAMENVATTING

Teledetectie-technieken bieden de mogelijkheid om op non-destructieve wijze
informatie over een proefveld op één moment te verkrijgen. Doel van dit onder-
zoek was een methode te vinden om onnauwkeurigheden in de analyse van proei-
velden te reduceren, en te bepalen op welke wijze teledetectie de gebruikeljke
veldmetingen bij proefvelden kan ondersteunen en/of vervangen.

In de literatuur is men in het algemeen er over eens dat de beste banden om
karakteristieke spectrale informatie over gewassen te verkrijgen, die in het zicht-
bare (groen en rood) en infrarode deel van het electromagnetische spectrum zijn.
In dit onderzoek werd dit bevestigd door middel van een analyse van multispec-
trale scanner data (‘Daedalus scanner’) verkregen bij proefvelden met granen.
De optimale banden, die daarbij geselecteerd werden om verschillen in korrelop-
brengst te verklaren, bestonden meestal uit de banden 5 (550-600 nm), 7 (650-700
nm) en 9 (800-890 nm).

Voor de registratie van uitgebreide proefvelden in een kort tijdsbestek bleek
multispectrale luchtfotografie het meest geschikt te zijn. In het huidige onder-
zock werden opnamen verkregen met cen eenmotorig vliegtuig, uitgerust met
twee Hasselblad cameras om verticaal foto’s te verkrijgen op zwart/wit 70-mm
films. Op deze wijze bleven de kosten binnen de perken. Een opnameschaal van
1:8 000 werd toegepast vanwege de afmetingen van de proefvelden op het proef-
bedrijf van de Landbouwhogeschool, waar het onderzoek werd uitgevoerd. Op-
namen werden ongeveer eens per twee weken gemaakt om gelijke tred te houden
met de gebruikelijke monstername in het veld. De film/filter combinaties geko-
zen om een hoge spectrale resolutie te krijgen en om zoveel mogelijk samen te
vallen met de banden 3, 7 en 9 van de Daedalus scanner, resulticerden in de

volgende banden:
groen : 555-580 nm;
rood :665-700 nm;

infrarood : 840-900 nm.

Densiteiten van de objecten werden op de film gemeten door middel van een
geautomatiseerde Macbeth TD-304 densitometer. Voor de densitometer is een
meetopening van 0.25 mm gekozen om een hoge spatiéle resolutie te krijgen,
dic geschikt is voor proefvelden met plots van 3 meter breedte bij een opname-
schaal van 1:8 000. D¢ gemeten densiteiten werden herleid tot belichtingswaar-
den, gecorrigeerd voor lichtafval, en vervolgens met behuip van een lineaire func-
tie herleid tot reflectiepercentages. In deze lineaire functie werden de belich-
tingstijd, effectieve lensopening, transmissie van het optische systeem, instraling,
verstrooiing en absorptic in de atmosfeer betrokken. Ter bepaling van de para-
meters van de lincaire functie werden tijdens vluchten referenticpaneilen met be-
kende reflectie-karakteristieken in het veld opgesteld en geregistreerd met dezelf-
de camera-instelling en onder dezelfde atmosferische omstandigheden als de
procfvelden,
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Informatie uit de literatuur over gewasreflectie gaf aan dat reflectiepercenta-
ges in het zichtbare deel van het electromagnetische spectrum (groen of rood)
het meest geschikt zouden zijn om de bedekkingsgraad te schatten, terwijl reflec-
tiepercentages in het infrarood het meest geschikt zouden zijn om de ‘leaf arca
index” (LAI) te schatten. Andere kenmerken van planten, zoals droge-stof-
gewicht of opbrengst, zouden op indirecte wijze geschat kunnen worden uit re-
flectiepercentages. Proefvelden met granen, dic tijdens dit onderzoek onderzocht
zijn, hebben aangetoond dat behandelingseffecten voor de groen- en rood-reflec-
tie een tendens hadden tegengesteld aan die voor de LAIL Behandelingseffecten
voor de infrarood-reflectie leken op die voor de LAI, zelfs bij grote LAI (6-8).
Behandelingseffecten waren bij de reflectiepercentages stabieler in de tijd dan
bij de LAI. Variatiecoéfficiénten van residuen, resulterend uit variantie-analy-
ses, waren voor de reflectiepercentages systematisch kleiner dan die voor de LAI
bij alle onderzochte proefvelden: vooral die voor de infrarood-reflectie waren
klein, Ook de overschrijdingskansen bij toetsing op behandelingseffecten waren
over het algemeen voor de infrarood-reflectie kieiner dan die voor de LAI, het-
geen er op wijst dat met infrarood-reflectie een groter onderscheidingsvermogen
werd bereikt dan met LAT.

Gedurende het groeiseizoen is het vochtgehalte van de bodem niet constant
en verschillen in vochtgehalte beinvloeden het reflectiepercentage van de bodem
sterk. Aangezien een multitemporele analyse van de teledetectie-data vereist
was, moest er een correctie voor de bodem toegepast worden om de relatie tussen
reflectie en gewaskenmerken te bepalen. In de literatuur werd geen index of re-
flectiemodel gevonden dat erg geschikt was om gewaskenmerken te schatten
bij proefvelden. Daarom is er in deze monografic een geschikt, vereenvoudigd
reflectiemodel ingevoerd om de bedekkingsgraad en de LAI voor groene vegeta-
tie te schatten. Allerecerst is de definitie van bedekkingsgraad herzien tot: de
verticale projectie van groene vegetatie met het relatieve oppervlak van de scha-
duw inbegrepen, zichtbaar voor een sensor die verticaal naar beneden gericht
is, relatief ten opzichte van het totale bodemoppervlak (in deze definitie hangt
de bedekkingsgraad af van de positie van de zon). Met deze nieuwe definitie
voor bedekkingsgraad, is het vereenvoudigde reflectiemodel gebaseerd op het
uitdrukken van de gemeten reflectie als de samengestelde reflectie van planten
en bodem: het gemeten reflectiepercentage in de verschillende banden is een li-
neaire combinatie van de bedekkingsgraad en zijn complement mel als respectic-
velijke coéfficiénten de reflectiepercentages van plant en bodem.

Met gebruik van dit model zou het theoretisch mogelijk zijn een correctie
voor de bodem toe te passen bij de schatting van de bedekkingsgraad door het
combineren van metingen in het groen en rood. Alle procedures, die afgeleid
zijn, gaven in de praktijk vrij slechte resultaten ten gevolge van het kleing verschil
tussen groen- en rood-reflectie. Daarom werd de aandacht gericht op schatting
vande LAIL

Om de LAI te schatten werd een gecorrigeerde infrarood-reflectie berekend
door de bijdrage van de bodem in mindering te brengen op het gemeten refleclic-
percentage. Door het combineren van reflecticmetingen verkregen in de groene,
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rode en infrarode banden is het theoretisch mogelijk de gecorrigeerde infrarood-
reflectic te bepalen, zonder de reflectic van de bodem te kennen. De belangrijkste
veronderstelling was dat er een constante verhouding bestaat tussen de reflectie-
percentages van kale bodem in verschillende banden, onafhankelijk van het
vochtgehalte van de bodem (hetgeen voor veel bodemsoorten geldt). Voor de
bodemsoort op het proefbedrijf van de Landbouwhogeschool kan men de gecor-
rigeerde infrarood-reflectie benaderen door middel van het verschil tussen totaal
gemeten infrarood- en rood-reflectie. Vervolgens werd de gecorrigeerde infra-
rood-reflectic gebruikt om de LAI te schatten volgens de inverse van een bij-
zonder geval van de Mitscherlich functie. Deze functie bevat twee parameters
die empirisch bepaald moeten worden. Model-simulatie met het SAIL-model
{geintroduceerd door Verhoef, 1984) bevestigden de mogelijkheden van dit ver-
eenvoudigd, semi-empirisch, reflectiemodel om de LALI te schatten.

Voor het generatieve gewas (granen) met vergelende bladeren zijn analoge
afleidingen toegepast.

Voor de in dit onderzoek geanalyseerde proefvelden met granen gat de schat-
ting van de LAI door middel van reflectiepercentages goede resultaten. De aan-
wezigheid van behandelingseffecten kon met een groter onderscheidingsvermo-
gen aangetoond worden en de variatiecoéfficiénten waren kleiner voor de aldus
geschatte LAI dan voor die gemeten in het veld. Regressiecurven van LAI op
gecorrigeerde infrarood-reflectie waren significant verschillend in verschillende
proeven met één en hetzelfde gewas, vooral voor het generatieve gewas. Dit kan
het gevolg geweest zijn van systematische verschillen tussen metingen van de
LAIT volgens de gebruikelijke methode van monstername bij twee veldproeven,
vanwege subjectiviteit bij de scheiding in groene en gele bladeren. Op dit moment
is de beste procedure om regressiecurven van LAI op gecorrigeerde infrarood-
reflectie voor elk proefveld te bepalen door het opnemen van enkele extra veldjes,
waarbij zowel de LAI als ook de reflectiepercentages gemeten worden.
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AppenDix | Growth stages of cereals on the Feckes scale (Large, 1934).
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APPENDIX 2 Plan of the ir. A P. Minderhoudhoeve, experimental farm of the Wageningen Agricul-
tural University. Three flight lines are drawn across the region with arable crops.
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APPENDIX 3 Comparison of reflectance factors ascertained by means of multispectral photography
{MSP) with those obtained by means of a hand-held radiometer (HRM) and a field spectroradi-
ometer (FSM) in field trial 116 in 1983.
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APpPENDIX 4 Comparison of reflectance factors ascertained by means of multispectral photography
(MSP) with those obtained by means of a hand-held radiometer (HRM) and a field spectroradi-

ometer {(FSM) in field trial 92in 1983.
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APPENDIX 3 Model simulations by means of the SAIL model {cf. section 5.8) for a spherical, plano-
phile and erectophile leaf angle distribution. Irradiance conditions were either direct sunlight or
diffuse skylight. Calculations were carried out for three soil conditions: dry, wet and black soil.
In addition to green, red and infrared reflectance factors, soil cover with the traditional definition
(‘old™) and with the new definition (*new’} was also calculated. The data set was provided by Verhoef.

leafangle  refative frequency

{degrees)
spherical  planophile erectophile

5 1.5 22.0 02
15 4.5 20.7 1.5
25 7.4 18.2 4.0
35 10.0 14.9 73
45 12.3 11.1 11.1
55 14.3 7.3 15.9
65 15.8 4.0 182
75 16.8 1.5 20.7
8l 34 0.1 43
83 3.5 0.1 44
85 35 0.0 44
87 35 0.0 4.4
29 3.5 0.0 44
188
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APPENDIX 5 continued

| Spherical leaf angle distribution; dry soil

LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.0 20.0 22,0 24,2 20.0 22.0 24.2 0.0 0.0
0.1 18.2 19.7 24.6 17.8 19.2 24.7 49 11.4
0.2 16.6 17.7 25.0 15.9 16.9 253 9.5 21.5
0.3 15.1 15.9 25.4 14.2 14.8 258 14.0 30.4
0.4 13.8 14.3 258 12.8 13.0 264 18.2 383
0.5 12.7 129 26.2 1.5 114 27.0 222 45.4
0.6 1.6 11.6 26.6 10.4 10.1 21.5 26.0 51.6
0.7 10.7 10.5 271 9.5 8.9 28.1 29.6 57.1
0.8 9.8 9.5 27.5 8.6 7.9 28.6 331 62.0
0.9 9.1 8.6 279 7.9 7.0 29.1 363 66.3
1.0 84 7.8 28.4 72 6.3 29.7 39.5 70.1
1.2 7.3 6.4 29.2 6.2 5.1 30.7 452 76.6
1.4 6.3 5.4 30.1 5.4 4.1 36 50.5 81.6
1.6 5.6 45 309 4.8 314 325 55.2 83.5
1.8 5.0 18 317 44 29 334 59.5 88.7
20 4.6 33 325 4.0 2.5 34.2 63.3 911
25 38 24 34.2 3.5 2.0 359 71.5 95.1
3.0 33 1.9 357 32 1.7 37.2 718 97.3
3.5 3.1 1.7 36.9 3.1 1.5 38.3 82.7 98.5
4.0 3.0 1.5 379 3.0 1.5 392 86.6 99.2
4.5 29 1.4 38.7 3.0 1.4 39.8 89.5 99.6
5.0 28 1.4 394 3.0 .4 40.4 91.9 99.8
6.0 28 1.3 40.2 3.0 1.4 41.0 935.1 99.9
7.0 28 1.3 40.7 30 1.4 41.4 97.0 100.0
8.0 28 1.3 41.0 3.0 1.4 41.7 98.2 100.0
APPENDIX 5 continued
2 Spherical leaf angle distribution; wet soil
LAI reflectance factor (%) soil cover (%)}
sunlight skvlight old new
def. def.
G R 1R G R IR
0.0 10.0 11.0 12.1 10.0 11.0 12.1 00 0.0
0.1 9.2 99 13.1 9.1 9.7 134 49 1.4
0.2 8.6 9.0 14.0 8.3 8.6 14.7 9.5 21.5
0.3 7.9 82 15.0 7.6 7.6 159 14.0 304
04 7.4 7.4 15.9 7.0 6.8 17.1 18.2 38.3
0.5 6.9 6.7 16.8 6.5 6.1 18.2 222 45.4
0.6 6.5 6.1 17.7 6.0 54 19.3 26.0 51.6
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APPENDIX 5 continued

2 Spherical leaf angle distribution; wet sail

LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.7 6.1 5.6 18.6 5.6 49 20.3 29.6 37.1
183 57 5.1 19.5 53 4.4 21.3 331 62.0
0.9 54 4.7 2013 5.0 4.0 22.3 36.3 66.3
1.0 5.1 4.3 2i.1 4.7 37 23.2 39.5 70.1
1.2 4.6 a7 22.7 4.3 3.1 25.0 452 76.6
14 4.3 3.2 24.2 4.0 2.7 26.6 50.5 81.6
1.6 4.0 2.8 257 17 2.4 28.1 552 85.5
1.8 3.7 2.5 270 33 2.1 29.4 59.5 83.7
2.0 3.5 2.2 28.2 34 1.9 30.6 63.3 911
25 32 1.8 310 12 1.7 33.2 TL.5 95.1
3.0 3.0 1.6 333 31 1.5 35.3 71.8 973
3.5 29 1.5 351 3.0 1.5 36.9 82.7 98.5
4.0 29 1.4 36.5 3.0 1.4 3.1 86.6 99.2
4.5 2.8 1.4 377 30 1.4 39.0 89.5 9%.6
5.0 2.8 1.3 38.6 3.0 1.4 39.8 91.9 998
6.0 2.8 1.3 398 3.0 1.4 40.7 95.1 99.9
7.0 28 1.3 40.5 3.0 1.4 41.3 97.0 100.0
8.0 2.8 1.3 40.9 kX)) 1.4 41.6 98.2 100.0
APPENDIX 5 confinued
3 Spherical leaf angle distribution; black soil
LAI reflectance factor (3) soil cover (3))
sunlight skylight old new
def. def.
G R IR G R IR
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 0.3 &1 1.7 0.4 0.2 2.2 4.9 11.4
0.2 {3 4.3 33 Q.7 0.3 43 9.5 213
0.3 0.8 0.4 49 1.0 0.5 6.2 14,0 304
0.4 1.0 0.5 6.4 1.2 0.6 8.1 18.2 383
0.5 1.2 0.6 7.8 1.5 0.7 9.8 222 454
0.6 1.3 0.7 9.2 1.7 0.8 1.5 26.0 516
0.7 1.5 0.7 10.6 1.8 0.9 13.0 29.6 57.1
0.8 1.6 0.8 11.9 2.0 1.0 14.5 331 62.0
0.9 1.8 0.9 13.2 2.1 1.0 159 36.3 66.3
1.0 1.9 0.9 14.4 2.2 1.1 17.3 319.5 70.1
1.2 2.1 1.0 16.7 24 1.2 19.7 452 76.6
1.4 2.2 1.1 18.9 2.5 1.2 22.0 50.5 g1.6
1.6 23 1.1 209 26 1.3 24.0 552 85.5
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APPENDIX 5 continued

3 Spherical leaf angle distribution; btack soil

LAI 'reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
1.8 2.4 1.2 227 2.7 1.3 25.8 59.5 88.7
2.0 2.5 1.2 24.4 28 1.3 27.5 63.3 91.1
25 2.6 1.2 28.1 29 1.4 30.9 71.5 95.1
3.0 2.7 1.3 311 29 14 3135 778 97.3
35 2.7 1.3 134 29 1.4 35.6 82.7 98.5
4.0 2.8 1.3 353 29 1.4 371 86.6 99.2
4.5 2.8 1.3 36.7 29 1.4 38.3 89.3 99.6
5.0 2.8 I.3 37.9 3.0 1.4 392 91.9 99.8
6.0 2.8 1.3 394 3.0 L4 40.4 95.1 99.9
7.0 2.8 1.3 40.3 3.0 1.4 41.1 97.0 100.0
8.0 2.8 1.3 408 3.0 1.4 41.5 98.2 100.0
APPENDIX 5 continued
4 Planophile leaf angle distribution; dry seil
LAI reflectance factor (37) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.0 20.0 22.0 24.2 20.0 22.0 24.2 0.0 0.0
0.1 17.7 19.0 25.6 17.5 18.7 258 8.1 15.8
0.2 15.7 16.4 26.8 15.4 16.0 272 15.6 29.1
0.3 13.9 14.2 280 13.7 13.7 28.6 22.5 40.2
04 12.5 12.3 29.2 12.2 11.8 299 28.8 49.7
0.5 11.2 10.7 0.3 10.9 10.2 31 34.5 57.6
0.6 10.1 9.4 313 98 8.9 323 39.9 64.3
0.7 9.2 8.2 323 8.9 1.9 333 4.7 69.9
0.8 8.4 7.2 33.2 8.1 6.8 343 49.2 74.7
09 78 6.4 34.1 7.5 6.0 35.3 534 78.7
1.0 7.2 5.7 349 7.0 53 36.1 57.2 82.0
1.2 6.3 4.6 36.5 6.1 43 37.7 63.8 87.3
1.4 5.6 38 178 5.5 EX ) 39.2 69.5 91.0
1.6 S 33 19.1 5.1 31 404 74.2 93.6
1.8 4.8 29 40.2 4.8 2.7 41.5 78.3 95:4
2.0 4.5 26 4i.1 4.5 2.5 42.5 81.6 96.8
25 42 2.2 432 4.2 22 4.5 88.0 98.6
3.0 4.0 2.0 4.7 4.1 2.0 459 92.1 99.4
35 39 1.9 458 4.1 2.0 46.9 94.9 99.8
4.0 39 1.9 46.6 4.4 1.9 477 96.6 99.9
45 39 1.9 47.2 4.0 1.9 438.3 97.8 100.0
5.0 39 1.8 47.7 4.0 1.9 48.7 98.6 100.0
Agric. Univ. Wageningen Papers 86-4 { 1986 } 191




APPENDIX 5 continued

4 Planophile leaf angle distribution; dry soil

LAL reflectance factor () soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
6.0 39 1.8 48.2 40 19 49.2 99.4 100.0
7.0 39 1.8 48.5 4.0 1.9 49.5 99.7 100.0
8.0 39 1.8 48.7 4.0 1.9 49.6 99.9 100.0
ApPENDIX 5 continued
5 Planophile leaf angle distribution; wet soil
LAIL reflectance factor (%)) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.0 10.0 11.0 2.1 10.0 11.0 12.1 0.0 0.0
0.1 9.1 9.6 14.4 9.1 9.5 14.6 8.1 15.8
0.2 83 34 16.5 8.3 8.3 17.0 15.6 29.1
0.3 7.7 7.4 18.4 7.6 1.3 19.2 22.5 40.2
0.4 7.1 0.6 20.3 7.1 6.4 21.2 28.8 49.7
0.5 6.6 59 220 6.6 5.7 231 345 57.6
0.6 6.2 5.3 236 6.2 51 24.8 399 64.3
0.7 5.9 47 25.1 5.8 45 26.4 44.7 69.9
0.8 5.6 43 26.5 56 4.1 279 49.2 74.7
0.9 53 39 279 53 38 293 534 18.7
1.0 5.1 16 29.1 5.1 35 30.6 57.2 82.0
1.2 438 31 314 48 3.0 330 63.8 87.3
1.4 4.5 27 334 4.6 2.7 350 69.5 91.0
1.6 43 2.5 352 4.4 2.4 36.8 74.2 93.6
1.8 4.2 23 36.8 4.3 23 84 78.3 95.4
20 4.1 2.2 38.2 42 22 398 81.6 96.8
2.5 4.0 20 41.0 4.1 20 42.5 88.0 98.6
30 39 1.9 43.1 4.0 2.0 44.5 92.1 99.4
3.5 39 1.9 447 4.0 1.9 459 94.9 99.8
4.0 19 1.9 45.8 4.0 1.9 47.0 96.6 99.9
4.5 39 1.8 46.6 4.0 1.9 47.7 97.8 100,0
5.0 39 1.8 47.2 4.0 1.9 48.3 98.6 100.0
6.0 39 1.8 48.0 40 1.9 490 99.4 100.0
7.0 39 1.8 48.4 4.0 1.9 494 99.7 100.0
8.0 39 1.8 48.6 4.0 1.9 49.6 99.9 100,0
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APPENDIX 5 continued

6 Planophile leal angle distribution; black soil

LAl reflectance factor (%) soil cover (%))
sunlight skylight old new
def. def.
G R IR G R IR

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 0.6 0.3 33 0.6 0.3 36 8.1 15.8
02 1.0 0.5 6.3 1.2 0.6 7.0 15.6 29.1
0.3 1.5 0.7 9.1 1.6 0.8 10.0 225 40.2
04 1.8 0.9 1.6 2.0 1.0 12.8 28.8 49.7
0.5 2.1 1.0 14.0 2.3 1.1 15.4 34,5 51.6
0.6 2.4 1.2 16.3 2.6 1.3 17.7 9.9 643
0.7 2.6 1.3 18.3 2.8 1.4 199 44.7 69.9
0.8 2.8 1.3 20.3 3.0 1.5 219 49.2 74.7
0.9 29 1.4 221 31 1.5 238 534 78.7
1.0 3.1 1.5 237 33 1.6 255 512 82.0
1.2 13 1.6 26.8 35 1.7 28.6 63.8 87.3
1.4 34 1.7 29.4 3.6 1.8 31.2 69.5 91.0
1.6 3.6 1.7 31.7 3.7 1.8 33.6 74.2 93.6
1.8 36 1.7 33.8 38 1.9 35.6 78.3 95.4
20 37 1.8 5.6 39 19 7.3 81.6 96.8
25 3.8 1.8 39.2 4.0 1.9 40.8 88.0 98.6
30 38 1.8 41.8 4.0 1.9 43.3 92.1 99.4
3.5 38 1.8 43.7 4.0 1.9 45.0 94.9 99.8
4.0 3.9 1.8 45.1 4.0 1.9 46.3 96.6 99.9
4.5 39 1.8 46.1 40 1.9 473 97.8 100.0
5.0 39 1.8 46.9 4.0 1.9 48.0 98.6 100.0
6.0 3.9 1.8 47.8 4.0 1.9 48.3 99.4 100.0
7.0 39 1.8 48.3 4.0 1.9 493 99.7 100.0
8.0 39 1.8 48.6 4.0 1.9 49.5 99.9 100.0

APPENDIX 5 continued

7 Erectophile leaf angle distribution; dry soil

LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.0 20.0 22.0 24.2 20.0 22.0 24.2 0.0 0.0
0.1 18.3 19.9 24.4 17.9 19.4 24.5 4.2 10.6
0.2 16.8 18.0 24.6 16.0 17.0 24.9 8.3 20.0
0.3 15.4 16.3 24.8 14.4 15.0 25.2 12.1 284
0.4 14.1 14.8 25.1 12.9 133 256 15.9 36.0
0.5 13.0 13.4 253 il.7 11.7 26.0 19.4 429
0.6 11.9 12.1 25.6 10.6 10.4 26.4 22.8 48.8
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APPENDIX 5 continued

7 Erectophile leaf angle distribution; dry soil

LAI reflectance factor (5) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.7 11.0 110 259 9.6 9.2 26.9 26.1 54.2
0.3 10.2 10.0 26.2 8.7 8.2 273 29.2 3.0
0.9 9.4 9.1 26.5 8.0 7.3 277 32.2 63.3
1.0 8.7 8.3 26.9 7.3 6.5 28.1 35.1 67.2
1.2 7.5 6.9 21.5 6.2 5.2 289 40.4 73.8
14 6.6 5.8 28.2 54 4.3 297 454 790
1.6 58 49 28.9 4.8 36 3.s 49.9 83.2
1.8 5.1 4.1 29.5 4.3 3.0 31.2 540 86.6
2.9 4.6 3.6 30.2 39 26 31.9 578 89.2
25 17 2.6 31.7 33 1.9 334 66.0 93,8
3.0 32 2.0 331 30 1.6 34.7 72.6 96.5
35 2.9 1.6 34.3 28 1.4 358 779 98.0
4.0 2.7 14 35.2 28 1.3 36.6 822 98.8
4.5 26 1.3 36.0 2.7 1.3 37.2 85.7 99.3
50 2.5 1.3 36.7 27 1.3 378 88.5 99.6
6.0 25 12 376 27 1.3 8.5 925 99.9
7.0 2.5 1.2 38.2 2.7 1.3 389 95.1 100.0
8.0 2.5 1.2 38.5 27 1.3 39.1 96.8 100.0
APPENDIX 5 continued
" 8 Erectophile leaf angle distribution; wet soil
LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.,
G R IR G R IR
0.0 10.0 11.0 12.1 10.0 11.0 12.1 0.0 0.0
0.1 9.3 10.9 [2.8 9.1 9.8 13.1 42 10.6
0.2 8.6 9.1 13.5 83 8.7 14.2 8.3 0.0
0.3 8.0 8.3 14.3 7.6 7.7 15.2 12.1 284
0.4 7.5 1.6 15.0 7.0 6.9 16.2 15.9 360
0.5 7.0 6.9 15.7 6.5 6.2 17.1 19.4 427
0.6 6.5 6.3 16.4 6.0 5.5 18.0 228 43.8
0.7 6.1 5.8 17.2 5.6 5.0 18.9 26.1 54.2
0.8 58 33 17.8 52 4.5 19.8 292 59.0
0.9 5.4 49 18.6 4.9 4.1 20.7 32.2 63.3
i.0 51 4.5 19.3 4.6 37 21.5 351 67.2
1.2 4.6 39 20.7 4.2 31 23.0 40.4 73.8
1.4 4.2 33 22.0 38 2.7 24.5 45.4 79.06
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APPENDIX 5 continued

& Erectophile leaf angle distribution; wet soil

LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
1.6 39 29 23.2 5 23 25.8 499 832
1.8 3.6 26 24.5 33 2.1 27.0 540 86.6
20 3.4 23 256 3.2 1.9 28.2 578 39.2
25 3.0 1.8 282 29 1.6 30.6 66.0 938
0 28 1.5 304 2.8 14 32.6 726 96.5
15 2.6 1.4 322 2.7 1.3 34.1 71.9 98.0
4.0 2.6 1.3 33.6 2.7 1.3 354 8§22 98.8
4.5 2.5 1.2 34.8 29 1.3 36.3 85.7 99.3
50 25 1.2 35.8 2.7 k3 37.1 88.5 99.6
6.0 2.5 1.2 YS! 2.7 1.3 38.1 92.5 99.9
7.0 2.5 1.2 379 2.9 ‘1.3 38.7 95.1 100.0
8.0 2.5 1.2 38.3 2.7 1.3 39.0 96.8 100.0
APPENDIX 5 continued
9 Erectophile leaf angle distribution; black soil
LAI reflectance factor (%) soil cover (%)
sunlight skylight old new
def. def.
G R IR G R IR
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
0.1 0.2 0.1 1.4 0.3 0.2 1.9 4.2 10.6
02 0.4 0.2 27 0.6 0.3 37 3.3 20.0
03 0.6 03 4.0 0.9 04 5.4 12.1 28.4
04 0.8 0.4 53 1.1 0.5 7.0 159 36.0
0.5 1.0 0.5 6.5 1.3 0.6 8.6 19.4 427
0.6 1.1 0.6 1.7 1.4 0.7 10.0 22.8 48.8
0.7 1.3 0.6 8.9 1.6 0.8 11.4 26.1 54.2
0.8 14 0.7 10.1 1.7 0.8 12.8 29.2 59.0
09 1.5 0.7 11.2 1.8 0.9 14.1 322 63.3
1.0 1.6 08 12.3 1.9 09 15.3 35.1 67.2
1.2 1.7 0.8 14.3 2.1 1O 17.6 40.4 73.8
1.4 1.9 0.9 16.3 2.2 1 19.6 454 79.0
1.6 20 1.0 18.1 23 1.1 21.5 499 83.2
1.8 2.1 1.0 19.8 24 1.2 23.2 - 54.0 86.6
2.0 22 1.¢ 21.4 2.5 1.2 24.8 57.8 §9.2
2.5 23 1.1 250 2.6 1.2 28.1 66.0 93.8
30 24 1.1 279 26 1.2 30.7 72.6 96.5
35 24 1.1 30.3 2.6 1.3 327 719 98.0
4.0 2.4 1.2 32.2 2.7 1.3 343 32.2 98.8
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APPENDIX 5 continued

9 Erectophile leaf angle distribution; black soil

LA] reflectance factor (%) soil cover (%)

sunlight skylight old new
def. def,

G R IR G R IR

4.5 24 1.2 33.7 2.7 13 355 837 99.3

3.0 25 1.2 19 2.7 1.3 '36.5 88.5 99.6

6.0 25 1.2 36.6 27 1.3 378 92.5 99.9

7.0 2.5 1.2 37.6 2.7 1.3 38,5 95.1 100.0

8.0 25 1.2 382 2.7 1.3 38.9 96.8 100,0

APPENDIX 6 Soil cover (new definition) as a function of green and red reflectance, respectively,
for a planophile and an erectophile leaf angle distribution.

xx : calculated points SAIL model

— : simplified reflectance model

SOTL COVER <)
SAIL MODEL SOIL COVER %) SAIL MOCEL
100r PLANOPHILE 100 PLANDPHILE
SUNL [GHT SUNL IGHT
DRY SOIL DRY SOIL
B0 ~ = 1.00 80 r = 1.00
Cv = ©.003 v - D.002
&0 60
40r 40!
20+ 20!
) . a N . N \
1] s 10 15 20 2s o H io 15 20 25
GREEN REFL. (2} REO REFL. <{X)
SOIL COVER X GAIL MODEL SOIL COVER (%) SAIL MODEL
100 r ERECTOPHILE 100p ERECTOPHILE
SUNLIGHT SUNLIGHT
DRY SOTL GRY SOiL
80 r - Loo 8O- ro= 1,00
cvV =~ 0.003 cv = 0.002
60 50
40 40y
20 20y
o L a N . ) N \
] s 10 15 20 25 a 5 10 15 20 25
GREEN REFL. (X RED REFL. <)
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APPENDIX 7 Three methods for correcting for differences in soil moisture content in estimating
soil cover for a dry and a wet soil, with a planophile and an erectophile leaf angle distribution,

respectively.
SDIL COVER (4 S0IL COVER 0 STIL cavER 2
100 10D 0o
SAIL mMODEL SAIL MODEL SAIL MODEL
PLANDPHILE PLANDPHILE PLANOPHILE
SUNL LGHT SUMLIGHT SUML1GHT
DRY SOIL aRY sOIL DRY SD1L
METHUD 1 HETHOD 2 NETHOD 3
cv « 0.06) oV - 0,029 tv = p.018
S 3 i 3 2 3
- RED/1. ] REFL. GREEN - RED REFL. GREEN/RER REFL. {¥)
1L COVER a2 IL COYER (%2 1L COVER (%3
SAIL MDUEL SATL MDDEL SAIL MODEL
PLANDFHILE PLANOPHILE PLANOPHILE
aof SUNL [GHT 40 SUNL I GHT 0 SUNLIGHT
WET SDIL WET SO1L WET SODIL
METHOD 1 METHOO 2 WETHOD 3
20 Cv = D.029 20 cv - 0.023 20 v = 0.018
1 z E} 9z -1 1 ] 3 % 2 3
GREEW - RED/1.1 REFL. (%) GREEN - RED REFL. (X3 GREEW/RED REFL. (23
SOJL COVER (%) SOIL COVER <53 S0IL COVER (1)
o f 100 100
%4
2
30 s ant f 80
A ¥
x L3
x x s0
0 50
o SAIL MODDEL SAIL MODEL SAIL MODEL
. ERECTOPHILE ERECTORHILE ERECTOPHILE
T . SUNL IGHT 0 * SUNL TGHT a0 SUNL1GKT
[ * DRY SOTL ORY SOIL ORY SOIL
x METHOD f METHOO 2 METHOD 3
m[ y cv = 0.153 a0l 4 CY = 0.D59 20 Cv = 0.059
o 1 ) 3 2z B 3 © 1 z 3
SREEN - REDSL. 1 REFL. (D) GREEN - RED REFL. (X GREEN/RED REFL. {23
SOIL TOVER X3 SOIL COVER (x> SOIL COVER (23
100 10y wu[
x
au[ ' agl a0
L8
60 sol 60
[ [* SAIL MDDEL SATL MODEL [ SAIL MODEL
¥ ERECTORHILE ERECTOPHILE ERECTOFHILE
1} * SUNL IGHT aof SUNLIGHT LIS SUNLIGHT
* WET SOIL WET SOIL VET S0JL
METHDD 1 WETHOO 2 METHOD 3
20 tv - 0. 066 20 v - n.03m 20l oy = D02
I H 3 ke -1 1 G 3 % [ 2 3
GREEN - RED/1.1 REFL. (X> GREEN - RED REFL. (X GREEN/RED REFL. (0



Appenpix 8 LAN as a function of the infrared reflectance for a black seil, with a planophile and
an erectophile leaf angle distribution, respectively.

xx : calculated points SAIL model

— : simplified reflectance model

LA SalL MODEL LAL galL mopEL
0 PLAKCPHILE 1o PLANDPHILE
SUNLIGHT SKYLIGHT
BLACK SOIL SLACK SOIL
8 Rw = 43.89 a Re n 407
a = 0.641 a = 0.B78
cv = 0.015 Ev = 0.022
-3 ]
4 4
2 2
0 : 2 4 a . .
10 20 an 40 50 3] 10 20 ao 40 50
INFRARED REFL. <X} INFRARED REFL. (X}
LA gaIL MOOEL LA gAIL MODEL
10 ERECTOPHILE 10 ERECTOPHILE
SUNLIGHT SKYLIGHT
BLACK SCIL BLACK SOIL
B Rm = 39.9 e Rw - 39.6
a = 0,408 a = 0.502
CV = 0.04]1 CY -~ D.i9
6 6
4 4
2 2
9 o2 a5 = § it 20 3. am 5o

INFRARED REFL. (X} INFRARED REFL. (%)
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AprPENDIX 9 Three methods for correcting for differences in soil moisture content in estimating
LAL Planophile leaf angle distribution.

LAY LAl

SAIL MDDEL SAIL MODEL SAIL MDOEL
1o PLANOPHILE e PLANOPHILE 10 PLANDPHILE
SUNLIGHT SUNL 1GHT SUNL 1GHT
ORY SOIL oRY SOIL DRY SOIL
a HETHOD O 8 HETHOD 1 8 HETHOO Z
Re = 48.8 Ru = 48,8 Re = 47.0
a = 0.778 a - 0777 a = 0.773
oY = 0.081 oV = 0,084 - a
6 s o o cv - 0.086
4 4 4
2 H 2
(4
x
%X '
o ! . a § o i _
0 10 28 20 a0 El] 10 20 30 0 50 o 10 20 a0 a0 50
CORR. INFRARED REFL. (%) CORR. INFRARED REFL. (%) CORR. INFRARED REFL. €
tAL  gaIL MODEL Sl garL mopeL LAL sa3L mopeL
100 PLANOPHILE e FLANDPHILE o PLANDPHILE
SUNL 1GMT SUNLTGHT SUNL IGHT
WET sDIL WET 501 WET SOIL
8 METHOD O 8 METHDD ) a METHOD 2
e = 48,8 Rm = 4B.5 Rw = 47.0
a = 0.705 n = 0.704 e = D.59B
oV = 0.043 TV - 0,043 tv ~ 0.043
8 & [
" al 4
2 T 2
o 10 26 30 40 50 b 0 20 30 40 50 5 io z0 30 50
CORR. INFRARED REFL. (%) CORR. INFRAREU REFL. €0 CORR. INFRARED REFL. (%)
LAl
tAl garL woDEL SATL MODEL AL saIL mMODEL
ier PLANCPHILE 10 PLANDPHILE 1or PLANDPHILE
SKYL16HT [ SKYLIGHT SKYLIGHT
DRY SOIL ORY SOIL DRY SQIL
a WETHDO 0O 8 METHOD 3 . METHOD 2
Rw = 45.7 Rw = 44.7 Re = 47.8
a - 0.828 a = 0.831 a = 0.822
tv = 0.088 s oy - 0.000 s v - 0,08
4 4

% X ¥ T K
o n} v L - D ——
] 10 20 30 a0 5D ] 10 20 30 a0 sn 10 20 3o 10 50
CORR, INFRARED REFL. <X) CCRR. INFRARED REFL. ) CORR. INFRARED REFL. €3
LAl gatL MOnEL LAl SAIL MODEL M saIL mooEL
o PLANDPHILE 101 FLANOPHILE 10 PLANDPHILE
SHYLTGHT SKYLIGHT SKYL IGHT
WET SDIL WET SOIL WET SOIL
a MEYHOD O 8 METHOD 1 g HETHOD 2
Re = 45.7 Rw = 49,7 Rw = 47.8
a - 0.731 a - 073 o = 0.721
CV = 0.DED cY = 0,.06] s cy - 0.0%8

1 20 30 40 s0 0 20 30 40 50 10 20 30 40 50
CORR. INFRARED REFL. (X) CORR. INFRARED REFL, (X} CORR, INFRARED REFL. (X)
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LAL

ApPENDIX 10 Three methods for correcting for differences in soil moisture content in estimating
LAL Erectophile leaf angle distribution.
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AppEnDIX 11A Daily precipitation and minimum/maximum temperatures for the 1982 growing
season. Days of missions are indicated by arrows.

DAILY PRECIPITATION DALY FRECIPITATION 18382 TEMPERATURE MIN. /HAX. TEMPERATURES 1882
el T S A A €0 Yo e ok bbb
D
20 20
MAX.
0 WIN.
10+
[+ 4
1] -10 t T T T T =T 1
WARCH APRIC AT Ly AUGLST SEPTEMBER MARCH APRIL MAY JUNE JuLy AUGUST SEPTEMBER
ApPenDtx 1 1B Daily precipitation and minimum/maximum temperatures for the 1983 growing sea-
son. 11-31 July: no rainfall data, because of computer failure. Days of missions are indicated by
arrows.
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APPENDIX 12 LAI per harvesting date.

Field trial 92 in 1982.
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APPENDIX 13 LAI per harvesting date. Field trial 92 in 1983.
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APPENDIX 13 continued.
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APPENDIX 14 LAI per harvesting date. Field trial 95 in 1983.
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APPENDIX 15: Dry matter weight: means, CVs and critical levels in testing for treatment effects,
obtained on consecutive sampling dates.
Field trial 116 in 1982 (36 plots)

date mean CvY critical level in testing:

(g/m?) : : :
inter- sowing nitrogen
action dates nutrition

19 May 87 0.216 0.029 0.002 0.010
26 May 173 0.163 0.165 0.000 0.020

3 June 3169 0.171 0.041 0.003 0.002
10 June 577 0.114 0.107 0.001 0.000
17 June 664 0.222 0.768 0.001 0.152
25 June 925 0.173 0.492 0.003 0.007

2 July 1215 0.209 0.765 0.131 0.142

8 July 1510 0.230 0.013 0.423 0.409
15 July 1561 (0.134 0.492 0.086 0.001
21 July 1527 0.129 0.508 0.021 0.001
27 July 1650 0.133 0.132 0.198 0.0035
10 August 1564 0.152 0.723 0.264 0.040

Field trial 116 in 1983 (40 plots})

date mean CcvY critical level in testing:
(g/m?} . . .
inter- SOWIng nitrogen
action dates nutrition
10 May 45 0.241 0.562 0.000 0.549
31 May 191 0.233 (.055 0.002 0.002
6 June 463 0.157 0.204 0.001 0.001
2] June 510 ¢.181 0.114 0.001 0.002
28 June 847 0.166 0.267 0.001 0.001
5 July 791 0.176 0.009 0.010 0.005
12 July 1066 0.184 0.081 0.016 0.018
19 July 1109 0.187 0.224 0.219 0.003
2 August 1146 ¢.170 0.744 0.017 0.015

APPENDIX 16; Occurrence of development stages of barley.
Field trial 116in 1982,

Feekes scale date of occurrence

Z1 Z2
F1 (first shoot) 30 April 15 May
F3 (tillering} 15 May 28 May
F5 (end tillering) 25 May 5 June
F7 (first node) 5 June 15 June
F10  (lastleal) 15 June 25 June
F10.5 (ear visible) 25 June 5 July
Fl1l  (ripening) 15 July 20 July
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APPENDIX 16 continued.

Field trial 116in 1983.

Feckes scale date of occurrence

z] z2
Fl (first shoot} 15 April 15 May
F3 (tillering) 5May 30 May
F3 (end tillering) 25 May 5 June
F7 (first node) 5 June 15 June
Fl10  (lastleaf) 15 June 25 June
F10.5 {(ear visible) 25 June 5 July
Fll  {ripening) 15 July 20 July

APPENDIX 17: Occurrence of development stages of wheat.
Field trial 92 in 1982 {spring wheat)

Feekes scale date of occurrence
Fl (first shoot) 30 April

F3 (tillering) 15 May

Fs (end tillering) 25 May

F7 (first node) 5 June

F10  (last leaf) 15 June

F10.5 (ear visible) 20 June

FIl  (ripening) 10 July

Field trials 92 and 95 in 1983 (winter wheat)

Feekes scale date of occurrence
F1 (first shoot) 30 November (1982)
F3 (tillering) 20 April

F5 {end tillering) 10 May

F7 {first node) 20 May

FI0  {last [caf) 5 June

F10.5 (ear visible) 15 June

Fil (ripening) 5 July
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APPENDIX 18 Green and red reflectances per flying date. Field trial 116in 1983.
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APPENDIX 18 continued.
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APPENDIX 18 continued.
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AppenDIx 19 Green and red reflectances as a function of time. Field trial 116in 1983,
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AppENDIX 20 Green and red and infrared reflectances per flying date. Field trial 92 in 1982,
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APPENDIX 20 continued.
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APPENDIX 20 continued.
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APPENDIX 21 Green and red and infrared reflectances per flying date. Field trial 92 in 1983.
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APPENDIX 21 continued.
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APPENDIX 21 continued.
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APPENDIX 21 continued.
12 JULY 1883

12 JuLy 1983

12 JuLy 1983

GREEN REFL. (X3 RED REFL. (X)) INFRARED REFL.
X
28 Fo 251 Fa &0 Fo
Xx-51 D-352 %-852 X =81 p=-52 %=53 X-8 0=52 3 =53
S0
20 20
40!
15 15}
» o
10 10
20
s 5
e 1
- - X
e Ni Né Né N; o Ni NZ N3 N& o N1 Ne N3 N4
NITRDGEN LEVEL NI1TRDGEN LEVEL NITROGEN LEWEL
CREEN REFL., (X) 12 JuLy 1s8s RED REFL. «X%» 12 JuLy 1983 INFRARED REFL. 12 JuLy 1883
B F1 25 Fi 60 Fi
[ X =5l D=5S2 § =53 X=%3%] D=S2 & ~53 X =51 D=5 & -53
50
20 20
4
15 15 pe=————
30
10- D
20
st s
;=:2555;;;=:::p:=___4 10
¢ N1 [ N3 W4 e Wi E) WS 7] o wi NE a W
NITRDGEN LEVEL NITRODGEN LEVEL NITROGEN LEVEL
GREEN REFL. (X} 22 Jucy 1983 RED REFL. () g JuLy 1983 INFRARED REFL. 22 JULY 1983
0
as- Fo 25 Fa . Fo
X =951 Q=52 s =53 X =51 0 =52 % =53 X =51 C=52 % =53
=u
20 20
0
15 15
3o
sa 10 e
s E]
[ 10
. . . o \ . , .
o N1 NZ N3 N& N1 N2 N3 N4 E N1 K2 N3 N3
NITROGEN LEVEL NITROGEN LEVEL NITROGEN LEVEL
GREEN REFL. (%) 22 JuLy id98s RED REFL. <X 22 JuLy 1883 INFRARED REFL. 22 JuLy 1883
x>
2sp F1 a5¢ Fl 80 Fl
X =51 0=52 3 =583 X =S5 D=52 % =353 X=5) 0=-52 $ =53
50
20 20
0
ist 15}
" s e —
10 10
5
K 19
V) 0 a n

L —
N3 N4

NITROGEN LEVEL

N1 N3 N4

NITROGEN LEVEL

Agric. Univ. Wageningen Papers 86-4 (1956 )

N3 'L}
NITROGEN LEVEL

215

N1




APPENDIX 21 continued,
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APPENDIX 22 Green and red and infrared reflectances per flying date. Field trial 95 in 1983,

16 APRIL 1983

16 APRIL 1983

16 APRIL 18983
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APPENDIX 22 continued.
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APPENDIX 22 continued.
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APPENDIX 22 continued,
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APPENDIX 22 continued.
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AppenDix 23: Green and red reflectances (%): means, CVs and critical levels in testing for treatment
effects, obtained on consecutive missions. Field trial [161in 1982 (40 plots).
Green Reflectance

date mean Cv critical level in testing:
interaction sowing nitrogen
dates nutrition
16 April 20.1 0.018 0.057 0.000 0.035
30 April - - - - -
& May 13.2 0.032 0.000 0.001 0.000
30 May 5.70 0.031 0.652 0.000 0.098
7 June 6.83 0.054 0.046 0.001 0.001
21 June 426 0.084 0.000 0.003 0.000
5 July 4.05 0.103 0.034 0.001 0.780
12 July 6.65 0.059 0.002 0.000 0.060
22 July 12.5 0.064 0.210 0.000 0.014
8 August 10.4 0.048 ¢.000 0.294 0.000

Red Reflectance

date mean cy critical level in testing:
interaction sowing nitrogen
dates nutrition
16 April 23.6 0.016 1016 0.000 0.007
30 April 10.7 0.037 0.004 0.001 0.134
6 May 14.0 0.038 0.000 0.000 £¢.000
30 May 4.30 0.069 0.885 0.001 0.004
7 June 436 0.103 0433 0.000 0.0602
21 June 1.98 0.136 0.001 0.007 0.000
5 Tuly 1.82 0.143 0.172 0.001 0.001
12 July 4.56 0.101 0.050 (1.000 0.006
22 July 13.4 0.099 0.011 0.000 0.000
8 August 17.3 0.033 0.000 0.014 0.000
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APPENDIX 24

A. Green reflectance (3} means, CVs and critical levels in testing for treatment effects, obtained

on consecutive missions. Field trial 92 in 1982,

date mean CV critical level in testing:
ABC AB AC BC A B C

28 April 19.8 0036 0323 0720 0.793 0433  0.168 0.000 0.665
17 May 934 0037 0763 0089 0046 0439 0314 0000 0.694
27 May 515 0041 0482 0948 0016 0.091 0349 0000  0.034
10 June 294 0070 0305 0043 0598  0.631 0.633  0.619 0952
17 June .15 0055 0224 0416 0.581 0740 0883 0987 0.927

1 July 307 0043 0196 0744 0.840 0950 0601 0825  0.008
13 July 359 0056 0295 0.853 0770 0722 0970 0.000 0.004
29 July 505 0.049 0637 0213 0352 0609 0.033 0000 0000
11 August 776 0041 0105 0.049 0714 0641 0200 0000 0.000

B. Red reflectance (3;): means, CVs and critical levels in testing for treatment cffects, obtained

on consecutive missions. Field trial 92 in 1982,

date mean CV critical level in testing:
ABC AB AC BC A B C

28 April 1.9 0.023 0081 0.18¢ 9.606 0850 0.572 0.000 0579
17 May 7.74  0.052 0454 0.041 0.181 0986 0.124 0.000 0.153
27 May 5.50 0.084 0400 0809 0207 0576 0.169 0.600 0.033
10 June 222 0040 0066 0853 0723 0497 0.138 0494  0.040
17 June .15 0099 0392 098 0.109 G687 0216 0.069 .39

1 July 107 0.095 0068 025 0010 0079 0380 0.025 0.024
13 July 259 0061 4270 0438 0038 0109 0374 0393  0.000
29 July 513 0075 0153 0661 0187 018 0327 0.000 0.000
11 August 10.7 0031 019 o001t 6112 0631 0051 0000  0.000

C. Infrared reflectance (2}): means, CVs and critical levels in testing for treatment effects, obtained

on consecutive missions. Field trial 92 in 1982.

date mean CV critical level in testing:
ABC AB AC  BC A B C

28 April 17.1 0.022 0.838 0.591 0.768 0340 0.132 0.000 0413
17 May 17.0 0.029 0.838 0055 0424 0616 0331 0.000 0244
27 May 35.1 0.036 0.821 0.006  0.951 0.298 0.958 0.000  0.805
10 June 36.8 0.035 0.068 3.091 0.281 0342 0.027 0.000 0.293
17 June 422 0.024  0.883 0.575 0290 0.037 0916 G000  0.030

I July 46.7 0.036  0.885 0.149 0246 0.105 0.317 0000 0939
13 July 40.9 0.036  0.526 0.247 0.167 0.094 0.019 0.677 0.278
29 July 21.3 0036 0042 0708 0314 0534 0003 0234 0.000
11 August 13.0 0.046 0646 0004 0358 0.758 0.005 0.000 0.000
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APPENDIX 25
A. Green reflectance (3): means, CVs and critical levels in testing for treatment effects, obtained
on consecutive missions. Field trial 92 in 1983.

date mean CV critical level in testing:
ABC AB AC BC A B C
16 April 7.62 0.039 0964 0547 0865 0046 0442 0.000 0.295
30 April - - - - - - - - -
6 May 5267 0117 0438 0745 0.691 0480 0408  0.000 0.958
7 June 2.45 0.114 0015 0345 0304 0398 0.122 0111 0892
21 June 1.95 0.143 0011 0333 0.629 0.627 0160 0.030 0.001
5 July 2795 007y 0.023 0380 0333 035 0017 0.521  0.600
12 July 3.97 0098 04016 0336 0083 0195 0026 0041 0.000
22 Iuly 7.03 0.096 0052 039 0.045 0.0673 005 0000 0000
8 August 8.17 0050 0263 0002 049 0538 0022 0.000 0.004

B. Red reflectance (%) means, CVs and critical levels in testing for treatment effects, obtained
on consecutive missions. Field trial 92 in 1983.

date mean CV critical tevel in testing:
ABC AB AC BC A B C
16 April 6.11  0.068 0.744 0691 0486 0.145 0882 0000 0.476
30 April 279 0139 0626 0357 0738 0262 0437 0000 0.821
6 May 200 0226 0590 0.802 0.628 0676 0537 0000 0965
7 June 147 0.085 0182 0481 0956 0.045 0837 0000 0509
21 June 169 0067 0611 0123 0626 0020 025 0019 0.000
5 July 183 ©132 0105 0803 0773 0585 0006 0.083 0.000
12 July 172 010t 0182 0245 0117  0.024 0003 0.049  0.000
22 July 65 0093 0152 0373 0005 0104 0012 0000 G000
8 August 176 0.042 0370 0001 0485 06I1 0019 0.000 0.012

C. Infrared reflectance (%) means, CVs and critical levels in testing for treatment effects, obtained
on consecutive missions. Field trial 92 in 1983.

date mean CV critical level in testing:
ABC AB AC BC A B C
16 April 20.6 0.059 0008 0109 03831 0349 0319 0.000 0.056
30 April 26.2 0033 0638 03591 0345 0877 0691 0683 0.839
6 May 233 0.036 0238 0594 0618 0683 0399 0.000 0.868
7 June 26.1 0072 0223 0005 0131 0408 0932 0000 0703
21 June 320 0.076 0.152 0623 0550 0991 0.012 0.148 0.792
5 July 377 0.042 0037 0003 0383 0851 0005 0319 0057
12 July 323 0032 0257 0009 0364 0301 0009 0000 0.001
22 July 27.8 0036 0.152 0034 0019 0095 0009 0.000 0.000
8 August 19.6 0.0650 0126 0007 0395 0747 0021 0.004 0.843
224 Agric. Univ. Wageningen Papers 86-4 { 1986 }




APPENDIX 26
A. Green reflectance (%,): means, CVs and critical levels in testing for treatment effects, obtained
on consecutive missions. Field trial 95 in 1983.

date mean CV critical level in testing:
ABC AB AC BC A B C
16 April 7.58 0.040 0515 0334 0479 0362 0417 0000 0.130
30 April - - - - - - - - -
6 May 4.39 0075 0464 0972 0816 0899 0354 0000 0.846
7 June 4.68 0.073 0354 0249 0666 0368 0.214 0.148  0.000
21 June 302 0.131 0419 0192 0696 0173 0184 0304  0.000
5 July 4.62 0.069 0437 0491 0562 (.I80 0201 0005 0000
12 July 577 0079 0540 0046 0182 0671 0.066 0206 0.000
22 July 813 0095 0225 0.075 0502 0546 0.010 0.125 (0.000

8 August 8.41 0.049 0272 0002 0838 0636 0020 0.187 0.003

B. Red reflectance (%) means, CVs and critical levels in testing for treatment effects, obtained
on consecutive missions. Field trial 95 in 1983.

date mean CV critical level in testing:
ABC AB AC BC A B C
16 April 625 0054 0402 0728 0080 0415 0.182 0000 0.162
30 April 224 0126 0462 0718 0.832 0855 0.653 0.000 0.360
6 May 1.85 0162 0245 0796 0759 0765 0.212 0.000  0.737
7 June 251 0056 0288 0.070 0645 0.148 0096 0.000 0.000
21 June 215 0423 0752 0220 0675 0019 0233 0000 9.000
5 July 256 0134 0670 0031 0697 0737 0017 0682 0.000
12 July 351 0119 0.883  0.075 0002 0514 0083 0070 0000
22 July 10.3 0.072 0.638 0.126 0012 0647 0005 0000 0.000
B August 17.2 0038 0111 0.003 09544 0479 0011 0000 0.000

C. Infrared reflectance (°): means, CVs and critical levels in testing'for treatment effects, obtained
on consecutive missions. Field trial 95 in 1983.

date mean CV critical level in testing:
ABC AB AC BC A B C
16 Aprit 18.3 0083 0224 0116 0278 0844 0493 0000 0926
30 April 25.6 0041 015 0264 0550 0547 0.601 0.000 0.867
6 May 253 0044 0092 0071 0.225 0879 0981 0.002 0927
7 June 354 008 0410 0172 0393 0847 0119 0028 0955
21 June 314 0.053 0387 0712 0758 0923  0.003 0.514 0.383
5 July 338 0060 0221 0022 0697 0.829 0000 0163 0011
12 July 27.0 0037 0491 0263 0001 0423 0.001 0007 0.028
22 July 259 0.037 0.673 0685 0.001 0151 0000 0014 0.033
8 August 16.8 0.048 0462 0014 098 0909 0.001 0099 0.837
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ArpeENDIX 27: Results of LAI and reflectance measurements in field trial 100 in 1983,
A. LAl

date treatment
ZINI ZIN4 Z2N1 Z2N4

10 May 1.18 1.53 0.00 0.00
31 May 1.68 2.84 0.60 0.85
9 June 2.82 3.61 1.37 1.70
21 June 240 3.33 2.06 2.87
5 July 1.79 31 2.15 2.98
12 July - - 1.70 2,38
22 huly - - 1.36 1.63
8 August 0.00 0.00 0.00 0.00

B. Green reflectance (7))

date treatment
ZIN1 ZIN4 Z2N1 Z2N4
6 May 12.8 10.5 14.8 15.2
30 May 6.17 593 6.98 6.79
7 June 6.02 4,48 9.30 8.69
21 June 4.62 2.52 6.42 5.60
5 luly 4,64 491 381 2.66
12 July 7.63 8.71 4.83 424
22 July 139 15.3 0.48 9.01
8 Avgust 9.06 10.7 10.7 9.14

C. Red reflectance (%)

date treatment
ZINI ZiN4 Z2N1 Z2N4
6 May 12.8 9.48 17.8 17.7
30 May 5.11 423 7.19 6.75
7 June 3.69 2.28 7.30 5.89
21 June 2.47 0.89 3.36 2.4%
5 July 2.75 2.00 1.89 0.85
12 July 6.42 3.97 382 243
22 July 18.6 19.3 7.35 6.00
8 August 15.3 17.9 169 14.7
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APPENDIX 27 continued.
D. Infrared reflectance (%)

date treatment
ZINI ZIN4 Z2N1 Z2N4
6 May 25.8 27.5 14.0 14.3
30 May 33.6 41.0 20.7 23.7
7 June 40.2 474 354 39.6
21 June 350 426 39.1 a2.5
5 July 33.5 44.4 337 39.2
12 July 30.8 41.1 30.3 38.4
22 July 33.2 40.3 375 445
8 August 20.3 25.5 21.7 221
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