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ABSTRACT

Clevers, J. G. P. W., 1986. Application of remote sensing to agricultural field
trials (Toepassing van teledetectie bij akkerbouwveldproeven). Agricultural
University Papers 86-4, 230 p., 68 eqs., 38 tables, 110 figs., 27 app., 166 refs.,
English and Dutch summaries.

Also: Doctoral thesis, Agricultural University Wageningen, the Netherlands.

Agricultural field trials are conducted in order to evaluate the influence of
different treatments on crop characteristics, e.g. leafl area index (LAT), at differ-
ent stages of growth. In the quantitative analysis large inaccuracies can occur
because samples have to be small when sampling needs to be frequent and de-
structive.

The main aim of this study is to disclose how remote sensing can support
and/or replace conventional field measurements in field trials by enabling quan-
titative information about an entire figld trial to be obtained instantaneously,
repeatedly and, above all, non-destructively.

Black and white maltispectral aerial photography (with recordings being ob-
tained in the visible and near infrared region of the clectromagnetic spectrum)
is shown to be the most appropriate technique for this application. The validity
of canopy spectral reflectance factors, derived by a method of calibration and
data correction, is demonstrated.

A simplified reflectance model for vegetation is derived for estimating LAI
during the whole growing season by means of a corrected infrared reflectance
factor. The latter factor is derived from the infrared reflectance by correcting
for the reflectance of the background (soil and yellow leaves). Statistical analysis
of several field trials reveals that the presence of treatment effects can be shown
with larger power and that coefficients of variation are smaller for the LAI esti-
mated by means of the simplified reflectance model than for the LAI measured
in the field.

Free descriptors: field trials, remote sensing, multispectral acrial photography,
reflectance factors, simplified reflectance model, estimating crop characteristics,
statistical analysis.
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1 INTRODUCTION

1.1 A1M OF THIS STUDY

For many vears much experience has been acquired in collecting, 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 €0 be ob-
tained quantitatively, instantaneously and, above all, non-destructively. A sec-
ond aim is to identify how remote sensing can support and/or replace conven-
tional field measurements in ficld 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-
lysing agricultural field trials with arable crops. These trials are indispensable
for testing aspects such as new varieties, new fertilizers or pesticides, and new
cultivation technigues 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 yield, 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 vield, Above a certain level of nitrogen, lodging
prevented the yield from reaching its optimum. If only this lodging could be
suppressed, yield could still 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 iwo 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. It is a rapid method. The investigator has the results at his disposal immedi-
ately.

2. Tt offers information about an entire plot (= smaliest 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 ong-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. This form 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 vanability and individual plant variabi-
lity (2.g. Spieriz & 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

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



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 arec 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 icaves may shrink, This may severely
reduce the accuracy of the measurements. During senescence, leaves have to
be separated into green and yellow leaves, because LATI 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 variation 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 116in 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, LAI is regarded as being a very important
plant characteristic because photosynthesis takes place in the green plant parts
and LAl is relatively simple to measure. Ideally, the agronomist would rather
measure the total photosynthetic activity.

In order to reduce this sampling inaccuracy in agricultural field 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, vielding 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
done 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 rescarch work,

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



for they provide a wide range of valuegs 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, ¢.g. Hatfield, 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 erop in field trials should be detectable.

b. Tt should not be too expensive Lo 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. Tt 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 results available within one or two days.

The first stage in finding the ideal remote sensing technique for 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 prerequisites b, cand d.)

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

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

After ascertaining the technical specifications above, the next stage is to ascer-
tain the significance of remote 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 totally replace field measurements?

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



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, Oost-Flevoland (figure 1.1), which was reclaimed about
30 years ago. The new polders are flat, uniform and highly productive agricultur-
allands with a loamy topsoil. Measurements were gathered during the 1981-1983
growing seasons (cf. chapter 6).

First of all, in line with points I 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 systemn was ascertained (see point 5 of section 1.3) and it was investigated
whether these variables can be determined with relatively smaller variance than
the conventional variables. Aspects investigated included the ability to ascertain
treatment effects with larger ‘power’, i.¢. 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 inaccuracies, 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 monograph 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 ficld 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

Agric. Univ. Wageningen Papers 86-4 ( 1986 i3
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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
use in agricultural field 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 (¢.g2. 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 (MSP) 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 SAIL model).

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 field 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 latier 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.

Agric. Univ. Wageningen Papers 86-4 (1986 ) 15



2 EVALUATION OF REMOTE SENSING SYSTEMS

2.1 INTRODUCTION

After giving some general information about remote 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. Minderhoundhoeve, so that the most appropriate one
could be selected. Finally, results from a multispectral scanning system, also
tested at the ir. A.P. Minderhoudhoeve and used to obtain an optimal choice
of channels (passbands), are given.

2.2 (GENERAL ASPECTS OF REMOTE SENSING

In this study the applicability 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 airbomne
or spaceborne platforms operate in the electromagnetic spectrum {figure 2.1).

Electromagnetic radiation from the sun that reaches the earth’s surface will
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 emiited by an object on

04 05 06 07 (Em)

3 3 Reflected
w .‘: g g infrared
Visiole
{1mm} fim)
Wavelength (zm) 107 10°% 0% 107 102 10' 1 10 100 0 et 0t 100 107 10" 10° Wavelength Tum)
> ] A X
%, 5, 4, “, iy, %, %
% 3 iy OO TN %b ,%&Yzﬁ,
%b, 6(, %'1 B %
(7 % Ty °
, o,
7 %,

FiG. 2.1 The electromagnetic spectrum (from: Lillesand & Kiefer, 1979).
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FiG. 2.2 Basic interactions between electromagnetic energy and vegetation.

the earth’s surface may be remotely sensed. In the latter case we speak of ther-
mography, since the emission is thermat 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 reflected 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 resotution is a mea-
sure of both this spectral sensitivity and the discreteness of the bandwidths of
the spectral wavelength ranges (after: Swain & 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-
metri¢ 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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F1G. 2.3 Spectral characteristics of energy sources, atmospheric effects, and sensing systems (from:
Lillesand & Kiefer, 1979).

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 1o remember that the atmosphere has
limited transparency in certain parts of the electromagnetic spectrum (bands)
becanse there is a strong absorplion 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 usetul for detaiied studies where a limited 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 extcnsive literature on remote sensing research
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; Hortler et ai., 1983; Tucker, 1980). Such mecasurements 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 (¢.g. Aascet al., 1984;
Ahlrichs & 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 et 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 refleclance 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 unsuiiable 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. Moreover, these sensors are too expensive for frequent recordings
to be made during the growing season. Thermal sensors arg 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 arc 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 (¢.g. Aase et 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 data registration (e.g. see Curran, 1980, 1981, 1982a, 1982b,
1983; Graham, 1980, Kannegieter, 198(; 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 ae¢rial 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 refiectance 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 to be ob-
tained (e.g. Kondratyev & Pokrovsky, 1979).

2.4 SELECTION OF SENSOR AND PLATFORM

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, yiclding 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
gvaluated.

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

central maximum wavelength bandwidth
wavelength  transmittance (507 rel.

(nm} transmittance}

5717 45% 565-590 nm 25nm

660 70%, 645-675nm 30nm

840 45% 834-846 nm 12 nm

three passbands, was constructed by the Technical and Physical Enginecring
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 Daedalus 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 trial) in this way took about 3 minutes.
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FI1G. 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 constructed 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
BaS0,). This panel was calibrated in the laboratory with a standard panel with
known absolute reflectance. The spectroradiometer is construcied in such a way
(cf. Bunnik, 1978) that the object field 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 measurements 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 afier digitalization by a datalogging system. The
data obtained are then processed by computer, which makes a correciion 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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FiG. 2.6 The field 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 aeroplanc (a Dornier Sky-
servant 130,28 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 ficld spectroradiometer (after Bunnik,
1978).

interval  detector spectral range bandwidth
3 Si 361- 753 nm 17 nm
2 Si 629-1226 nm 25nm
k! PbS 11652360 nm 42nm

Agric. Univ. Wageningen Papers 86-4 (1986} 23



cultural University, Recordings were obtained in the following channels:
channel 4 : 500-550 nm (green) [in 1982 only]

channel 5 : 350600 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 clectromagnetic spec-
trum.

The radiance reaching the sensor is converted into a digital value by electronic
energy 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 integrated value over a small surface area in the scene to be analysed (for
a complete description of such a system, sec remote sensing handbooks, e.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 plot 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 1 500 feet (about 460 metres) for proper navigation,
to minimize the movements of the plane and to reach the correct ratio of scan-
ning speed to flight spced. The scanning system has an instantancous 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 (¢.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)
(afier: 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 clliptical 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 line 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 & net plot and consequently their localion had to be ascertained accuralely.
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FiG. 2.7 Schematic presentation of scanning geometry of a multispectral scanning system.
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FiG. 2.8 Schematic presentation of possible positions of pixels across the plots of a field trial. Pure
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Moreover, their location cannot be influenced afterwards (cf. aerial photogra-
phy).

A mission using such a sysiem is too expensive (in the order of £ 40 000 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 their. 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 (se¢ 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 (¢.g. 70-mm acrial photography).

The potential of intepral tripack colour infrared film {Aerochtome 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 speciral reflectance data from a sensor of modest sensitivi-
ty (E.A.F.5. = 40 without the use of filters, where E.A.F.8. = Effective Aerial
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 emulsion 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 e.g. Scarpace, 1978; Scarpace & Friederichs, 1978; Scarpace
& Quirk, 1982).
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F1G. 2.9 Spectral sensitivity of Kodak Aerochrome Infrared film 2443 in combination with a Kodak
Wraitten 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 Acrographic filtm 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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TasLE2.3 Comparison between 2 hand-held radiometer, a field spectroradiometer, acrial multispec-
tral scanning (MSS}) and aerial multispectral photography (MSP)

hand-held field spec- MSS MSP

radiometer - troradiometer
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? Im? -4 m? 0.1-1 m*
spectral resolution’ 10-106 nm 10-50 nm 50-100 nm 25-160nm
measurable area’ 100-300 m? 20-50m? > 100 ha > 100 ha

LOrder of magnitude: low = less than £ 100
moderate = f 100-1000
high = f 10000-50000
very high = more than f 50000.
2 Highest resolution of available equipment.
3 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-
niqueis to supply quantitative information, and this has often been a bottle-neck
for its application (¢.g. Sievers, 1976). In this thesis, procedures for solving these
problems will be given {chapter 3). The system was also tested at the ir. A.P.
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 data collection, processing
{by computer) and interpretation,

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

Agric. Univ, Wageningen Papers 86-4 { 1986) 27



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:

leId = a9 + a, ChS + a, Ché + a3 Ch7 + a,Ch8 + as Ch9 (21)

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 et 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 lingar 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 yicld better models, so only
lingar models that are lincar 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, all models consisting of all possible
combinations of present channels have to be compared. Many lincar 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=—g — (N-2p) (2.2)
RSS, = residual sum of squares for the model with p regression coefficients
(= Zi(y5))

= estimated variance of the observations
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N
P

total number of observations
number of regression coefficients to be estimated.

§? is often estimated from the full model (with all regressors present), but is
int 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 iine
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);

cv = YRSS/(N-p) 23)

y

¥ = mean value of the dependent variable.
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FiG. 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 8 July 1981 and 13 July 1982, The azimuth angle between sun
and sensor was about %0° or 270° (scan lines oriented perpendicular to the azi-
muth of the sun), because at such angles the predicted off-nadir viewing effects
are minimal (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 (mWm2sr'#).

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 August 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 yicld differences by means of MSS data
was not expected to be spectacular, Yet, an analysis along these lines was carried
out.

An MSS rssion 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).

2.5.2.1 Optimal choice of channels

Because digital pixel values and radiance values are lingarly 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 & and 9 correlated less strongly (r = 0.80).

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

yield = 3550 — 2.07ChS — 2.05Ch7 + 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.

* sr = steradian
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2.5.2.2 View angle effects

The view angle effects are illustrated in figure 2.12. Field trial 105 consisted
of 12 strips of 12 plots each, such that each strip was situated parallel 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 5, 7and 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 calculations. 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 tmim-Zar-1y ~ CHANNEL 5 RADIAWCE crWm=2gr-1)  CHANNEL & RADIANCE (mém-2er—1y ~ CHANNEL 7

ssu[ 480 asol

- W " .\r’\\/‘h'_k/ -

550 400 750
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s20p} 4300
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F16. 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 Coelficients of variation of residuals when esttmating grain yield of field trial 105 from
MSS data for the linear model with channels 5, 7 and 9 as compared with the model incorporating
all 5 channels for each individual strip.

strip view channels channels
angle(*y 5,6,7,8,9 S5, 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 L6 0.015 0.015
5 4.4 0.016 0.018
6 7.2 0.026 0.027
7 9.9 0.02i 0.021
8 12.6 0.023 6.021
9 15.2 0.023 0.020
10 17.8 0.028 0.029
1l 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., 1984). 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 yudged to be the optimal submodel.

2.5.3 Field rial 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 QOctober 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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