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A. FIELD RESEARCH EXPERIMENT DESIGN AND DATA ANALYSIS

1. Introduction

Mankind is becoming increasingly aware of the need to better manage
the resources of the earth--atmosphere, water, soils, vegetation and
minerals. As the world's population increases and a higher standard of
living is sought for all, more careful planning and effective use of
these resources, particularly soils, vegetation and water, 1is required
to produce adequate food supplies. Agricultural crop production is
highly dynamic in nature and dependent on complex interactions of
weather, soils, technology and socio-economics.

Accurate and timely information on crops and soils on a global
basis is required to successfully plan for and manage food production.
The repetitive, synoptic view of earth provided by satellite-borne
sensors such as Landsat MSS provide the opportunity to obtain the
necessary information on soil productivity and crop acreage and
condition. For example, the recently completed Large Area Crop
Inventory Experiment established the feasibility of multispectral remote
sensing to inventory and monitor global wheat production.

But, to fully develop the potential of multispectral measurements
acquired from satellite or airecraft sensors to monitor, inventory and
map agricultural resources, increased knowledge and understanding of the
spectral properties of crops and soils in relation to their physical,
biological and agronomic characteristics is needed.

Quantitative understanding of the relationships between the
spectral characteristics and important biological-physical parameters of
crops and soils can best be obtained by carefully controlled studies of
fields and plots where complete data describing the condition of targets
are attainable and where frequent, timely spectral measurements can be
obtained. It is these attributes which distinguish field research from
other remote sensing research activities.

The activities and results described in this report are part of the
AgRISTARS Supporting Field Research task. Its overall objectives are
to:

- Conduct analyses ard develop physical models of the spectral
properties of crops and soils in relation to agronomic and
physical properties of the scene.




- Provide candidate models, analysis techniques, and analyst
aids as inputs to Supporting Research Project experiments.

- Assess the capability of current, planned, and possible
future satell:te sensors to capture available information
for identification and assessment of crops and soils.

Specific objectives currently being pursued in experiment design,
data acquisition, anc¢ data analysis include:

- To determine the reflectance and radiant temperature
characteristics of corn, soybeans, spring wheat, and barley as
functions of development stage and amount of vegetation present.

- To determine the effects of stresses including moisture deficits,
nutrient deficiencies and disease on the reflectance and radiant
temperature properties of corn, soybeans, and wheat.

- To determine the effect of important agronomic practices (e.g.,
blanting date, plant population, fertilization) and environmental
factors on the spectral characteristics of eorn, soybeans, and
small grains.

- To support the development of corn, soybean and small grain
development stage and yield models which use as an input spectral
response as a function of crop development stage.

~ To determine the spectral separability of crops as a funection of
date, maturity stage, soil background conditions, and other
agronomic and measurement variables using Landsat MSS and TM
Spectral bands. Separation of corn and soybeans from other
typical Corn Belt crops is first priority; separation of spring
wheat and barley is a secondary objective.

Results of several analysis topics are presented in section A of
this report. They include: (1) estimation of corn and soybean develop-
ment stages from spectral and meteorological measurements, (2) soybean
canopy reflectance as influenced by cultural practices, (3) influence of
nitrogen nutrition on the spectral reflectance of corn, (4) modeling the
reflectance of soybean canopies as a function of row direction and solar
illumination angles, [(5) simulated response of a multispectral scanner
as a function of viey angle and solar illumination angles, and (6)
polarization properties of crop canopies.

These and future studies are supported by acquisition and
preprocessing of agronomic, spectral and meteorological measurements at
test sites in Indiana (corn, soybeans, and winter wheat), Iowa (corn and
Soybeans), North Dakota (spring wheat, barley, and sunflowers), and
Texas (rice and cotton), The sensor systems used include truck-mounted
radiometers and spectrcmeters, a helicopter-borne spectrometer, airecraft
multispectral scanner and Landsat MSS. Key agronomic observations and
measurements include: development stage, percent soil cover, and leaf




area index. Experiment designs, data acquisition, and preprocessing
during 1980 are described in Section B.

To enhance the capability to economically acquire large numbers of
accurate, calibrated spectral measurements the prototypes of an 8-band
multiband radiometer and data recorder have been developed this year.
These instruments, which will be made available to a number of
additional investigators in 1981, are described in Section C.




2. Estimation of Corn and Soybean Development Stages from Spectral
Measurements

K.J. Ranson, M.M. Hixson, V.C, Vanderbilt, and M.E. Bauer

2.1 Introduction

Crop development stage is an important variable to two AgRISTARS
activities: Landsat image analysis and development of crop yield models

which utiligze spectral inputs. Knowledge of the temporal-spectral
response of crops is probably the single most important item of
information required for accurate image interpretation. Crop

development stage is a key input to crop yield models; it is needed to
relate weather events and history to specifiec development stages.

To accurately identify erop species, the image analyst must be able
to determine the development patterns throughout the growing season for
each crop type (temporal characteristics), as well as the spectral
response in specific time periods corresponding to given crop type
biostages (spectral characteristics). There appears, however, to be
only very general information available relating development stage to
spectral response of corn and soybeans.

Review of the literature (Seeley et al., 1978) indicates there are
three approaches for estimating crop development stages: (1) normal or
average phenology based on accumulation of days between stages, (2)
meteorological methods based on accumulation of thermal or photo-thermal
units between stages, and (3) spectral methods based on changes in
Spectral resonse as a function of development stage. The goal of this
analysis task is to investigate the use of spectral measurements to
determine crop development stage.

Presently crop growth rates and development stages for yield
prediction models are estimated from meteorological data, particularly
temperature and daylength, using empirically derived relationships.
However, a number of other factors, including planting date, soil
moisture, nutrient supply and varietal response, are also important
determinants of crop growth and development. The interaction of these
factors is complex and attempts to model them using statistical, as well
as physiological models are not available for large areas. Both

approaches are limited by the relatively low density of weather
stations.

The spectral reésponse of the crop represents the integrated effect
of all cultural, soil, and meteorological factors affecting crop growth
and development. The possible use of satellite-acquired Spectral data
to determine crop development stages offers the advantage or making




estimates at the segment, field, or even pixel level. Satellite
estimates of development stage can be used to check and adjust
statistical or physiological models of development stage periodically
during the growing season.

There is a growing body of evidence and experience, particularly
for wheat, indicating that crop phenology can be related to spectral
parameters. Badhwar (1980) has proposed an analytic method of
estimating the spring green-up of wheat and barley from multitemporal
Landsat MSS data. The method assumes that a given crop, after
eémergence, has a unique spectral profile in time which is shifted by
differences in planting date. A similar approach has been developed by
Holmes et al. (1979) and applied to soybeans by Rice, Crist, and Malila
(1980).

There are a number of spectral variables available from Landsat
type data that are potentially useful for characterization of crop
development stage. Landsat bands 2 (0.6-0.7 um) and 4 (0.8-1.1 um) are
generally considered most useful for vegetation assessment. A ratio of
band 4 and band 2 has been shown to be strongly correlated to biomass
and vigor. The well-known tasseled cap transformation of Kauth and
Thomas (1976) provides spectral variables sensitive to the temporal
changes of crops in terms of greenness, brightness, and yellowness. The
greenness parameter in particular has been shown to have strong correla-
tions with agronomic variables such as biomass and 1leaf area index

(Daughtry et al., 1980) and thus was emphasized in this initial
analysis.

2.2 Objectives

The overall objective of this analysis task is to determine and
model the relationship between spectral characteristics of corn and
soybean canopies and development stage. For this reporting period, we
examined the relationships of several spectral variables and development
stage. These included individual wavelength bands and various
transformed spectral variables. We were, however, primarily interested
in evaluating the usefulness of greenness for development stage
prediction. Specifically, our immediate goals were:

1. Examine the relationships of spectral variables and development
stage for corn and soybeans.,

2. Given a response value for the spectral variable greenness,
determine the distribution of possible development stages and
the most likely development stage.

3. Given a development stage, determine the expected range of
values for greenness.




2.3 Data Acquisition and Reduction

The data for this study were collected at the Purdue Agronomy Farm
during the 1979 growing season (Bauer et al., 1979). Spectral data
included reflectance factors in the four Landsat MSS bands and
development stages for plots of corn and soybeans with varying planting
date, plant population, row width, and soil color (lighter, darker).
Development stages were determined according to the Hanway scale for
corn and the Fehr-Caviness scale for soybeans (Table A-2.1). To fully
monitor the growth history of the crops, development stages were
measured from pre-planting to post harvest.

Since spectral data are collected only on clear days the
distribution of the data may tend to have more observations at
development stages which occur over the longest time intervals. To
account for this, a sampling distribution was devised that weights the

The reflectance factors were transformed into additional spectral
variables of near infrared/red ratio, brightness and greenness. The
ratio variable is simply the ratio of band 4 to band 2. Brightness and
greenness were calculated by a linear transformation of the four

spectral bands. The transformations developed specifically for

reflectance factor data, as discussed by Rice et al. (1980), are:
Brightness = .3236 (R1) + .4852 (R2) + .5663 (R3) + .6095 (R4)
Greenness = ~-.4894 (R1) - +6125 (R2) + .1729 (R3) + .5954 (R4)

where R(i) = reflectance factor in wavelength band i, i = 1, 4.

2.4 Modeling Approach

The modeling approach involved the use of the theory of random
variables (Papoulis, 1975). Mathematically, the approach assumes that
the spectral response of a crop is a random variable. Using greenness
as an example a probability density function relating development stage
to a particular greenness value can be defined as:

32
f = ———
ds, gr (Ds,GR) 3ds ogr (Prob(DS < ds, GS < gr))

Where DS
GR

development stage
greenness value

fi

ds,gr, = Probabilistic limits for development stage and
greenness, respectively,




Table A-2.1 Description of corn and soybean development stages.

Corn¥* Soybean**
Develop- Develop-
ment Description ment Description Coded
Stage Stage as
0 planting to emergence Vo planting to 1
emergence
0.5 2 leaves fully emerged VE emergence 2
1.0 4 leaves fully emerged vC cotyledon 3
1.5 6 leaves fully emerged V1 1 node 4
2.0 8 leaves fully emerged V2 2 nodes 5
2.5 10 leaves fully emerged V3 3 nodes 6
3.0 12 leaves fully emerged V4 4 nodes 7
3.5 14 leaves fully emerged V5 5 nodes 8
4.0 16 leaves fully emerged V6 6 nodes 9
4.5 18 leaves fully emerged V7 7 nodes 10
(tasselling) silking
5.0 silking V8 8 nodes 11
6.0 blister stage V9 9 nodes 12
7.0 dough stage R1 beginning bloom }3
8.0 beginning dent stage R2 fully bloom 14
9.0 full dent R3 beginning pod 15
10.0 physiologic maturity R4 full pod 16
10.5  harvest maturity R5 beginning seed 17
11.0 post-harvest R6 full seed 18
beginning maturity 19
full maturity 20

* Adapted from Hanway (1966)
** Adapted from Fehr and Caviness (1977)




This density function is used to determine the probability density

function of development stages with GR = gr1 (a specific value of
measured greenness). Due to the discrete nature of development stage
measurements, discrete statistical distributions were used in the

initial analysis. Figure A-2.1 illustrates a hypothetical distribution
of greenness values plotted over development stage. A horizontal slice
through the data at a particular greenness level (gr1) results in a
distribution of probable development stages. Slicing horizontally
through the data would, conversely, give a range of greenness values for
a particular development stage.
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Figure A-2.1. Idealized distribution of greenness response and development
stage showing distributions of development stage with a horizontal slicing
at greenness level gr] and greenness response with a vertical slicing

at development stage dsy. Curves illustrate hypothetical development
trajectories for individual plots or fields through time.




2.5 Relationships of Spectral Variables and Development Stage

The relationship of reflectance factor and development stage in
Landsat MSS band 2 is illustrated in Figure A-2.2 for corn and soybeans.
For both crops reflectance decreases from early in the season and then
increases as the crops approach maturity. The effects of different soil
type are evident early in the season when the plots containing lighter
colored soils have higher reflectance. These differences diminish as
the ground cover increases until the soil in the field of view of the
radiometer is predominately shaded. In the highly reflective near

~infrared band 4 (Figure A-2.3), reflectance of corn increases early in

the season, remains constant between development stage three (twelve
leaves emerged) and eight (beginning dent), and then decreases as the
corn matures. For the soybean canopies, the reflectance has a more
gradual increase with development stage. The influence of soil type is
again apparent for both crops.

Ratioing the red and infrared reflectance factors eliminated the
early season differences due to soil type as seen in Figure A-2.4,
Ratio values for corn increased rapidly to a maximum near tasseling at
development stage U4.5 followed by a decrease near maturity. Soybean
ratio values increased up to development stage 17 (beginning seed) then
rapidly decreased.

Applying the greenness transformation to the data (Figure A-2.5)
minimized the differences due to soil type and showed a general increase
through early development stages for corn. The greenness response then
leveled off for most of the growing season and then decreased
approaching maturity. Soybean greenness response increased until
development stage 17 then decreased rapidly to maturity.

The midseason variability of spectral response apparent in Figures
A-2.1 through A-2.5 indicated that an effect possibly due to population
density, planting date or soil type was present in the data. Figure
A-2.6 illustrates the effect of population density on greenness response
for the two crops. For corn it appears that for a given development
stage greenness increases as population density increases. A similar

trend is apparent in the soybean data with greenness increasing as row
widths decrease.

Slicing vertically through the distribution of greenness versus
development stage as discussed in section 2.4 provides a histogram of
greenness values at a specified development stage. In Figure A-2.7 it
can be seen that the lowest population density corresponds to the lowest
greenness values. For corn at development stage 4.5 (tasseling) there
was an overlap of low (25,000 plants/ha) and medium (50,000 plants/ha)
densities while the highest population density (75,000 plants/ha) showed
a distinet range of greenness values. The soybean histogram shows a
distinct separation of population densities due to different row
spacings at the V5 stage (fifth node).

I
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These results further support the findings of various authors
(e.g., Daughtry et al., 1980) that greenness is highly sensitive to the
amount of vegetative matter present. Table A-2.2 presents the leaf area
index (LAI) and percent ground cover, both indicators of amount of
vegetation present, which increase with increasing population density.
These results indicate that greenness response alone may not be
sufficient to predict development stage.

The effects of planting date and soil type on greenness response as
a function of development stage appeared to be less than that of pop-
ulation density. Figures A-2.8 and A-2.9 show greenness response
plotted over development stage for planting date and soil type,
respectively. 1In neither case is there an evident trend.

2.6 Modeling Results

The distribution of greenness response versus development stage as
depicted in Figure A-2.5 shows an increase early in the season and
decrease late in the season. Figure A-2.10 illustrates how this affects
our efforts to predict development stage given a greenness value for
corn (goal 1). For a greenness value of U4 there is a bimodal
distribution of development stage with values early and late in the
season. A greenness response of 8 occurs both early and 1late in the
season and results in a range of development stages from two through
nine. Another bimodal distribution exists for greenness level 12. It
would be difficult to assign meaningful selection probabilities for
development stage based on these distributions.

Figure A-2.11 illustrates our second goal: given development
stage, predict an expected range of greenness values. In this example,
we would expect that if the development stage is eight then greenness
response would be between 6 and 12. If not, then the development stage
would be something different. Based on the distribution the expected
value of greenness for development stage eight would fall within a
greenness level of 9 or 17-19 units.

To further evaluate the relationship of greenness to development
stage regression, models were developed for the corn data distribution
shown earlier in Figure A-2.5. Qur first attempt was to apply to the
data a tenth degree polynomial in development stage and greenness with
no interaction terms. The resulting regression function did not appear
to fit the data very well and gave a coefficient of determination of
only 0.25.

The next step was to try to reduce the number of dimensions in the -
distribution by modeling the data adjusted by the mean greenness
response at each development stage. This technique resulted in an
improved r-square value of 0.78. Figure A-2.12 shows the distribution
of mean adjusted greenness values with development stage. Differences
from the mean are small early in the growing season, and diverge from
the mean throughout the remainder of the growing season.
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Table A-2.2. Mean corn canopy characteristics and greenness response
ranges at tasseling for three population densities. Standard

deviations are in parenthesis.

Population Density (plants/ha)

25,000 50,000 75,000
Leaf Area Index 1.9 3.5 5.7

(.34) (.90) (.94)
Percent Ground Cover 60.0 68.0 76

(10.0) (9.0) (6.0)
Greenness Response Range 14.0-20.0 18.0-22.0 24.-26.
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Normalizing the mean adjusted data by the standard deviation
provides a narrower distribution of the data as seen in Figure A-2.13.
This should have provided an ideal situation for modeling the frequency
response surface (the third dimension of the data represented in Figure
A-2.13). The r-square value for this regression analysis, however, was
only 0.22. This result was caused in part by assigning missing values
in the data the value of 0.0. Applying the regression analysis to data
where missing values were ignored increased the r-square value to 0.66.

These initial results indicate that the modeling approach has
potential, but greenness alone does not appear to result in a definitive
distribution from which development stage can be predicted. Our next
step was to evaluate the addition of the ratio and brightness spectral
variables to the model.

The approach was to develop the probability density funection for
greenness and development stage and use an additional spectral variable
to enhance the prediction. Plots of ratio values over corn development
stage at greenness 1levels 2, 8 and 12 illustrate this concept (Figure
A-2.14), At greenness level 2 a ratio value of between 1 and 2 narrows
the choices of probable development stages to between 0 and 2 and 10.5.
For this greenness level there is no enhancement over using greenness
alone as shown in Figure A-2.10. Ratio values of between 3 and 9 at
greenness level 8 narrow the probable development stages to between two

and three, and eight and ten while ratio values between 13 and 15
correspond to development stages 3.5 to 6.5. Addition of ratioc values
also provides enhanced prediction for greenness level 12. The

distributions combined with ratios would provide better predictions when
used with an additional temporal variable such as Julian date or
possibly growing degree days.

A similar analysis was performed using brightness as the added
variable as shown in Figure A-2.15 for greenness levels 2, 8 and 12.
For greenness level 2, which occurs most frequently early in the season,
the effects of s0il type are evident as noted earlier with no
substantial increase in information. For greenness levels 8 and 12 the
distribution of brightness values is probably too broad and level to
provide much more information than using greenness alone. Analysis of
other greenness levels for both ratio and brightness produced mixed
results.

2.7 Summary and Conclusions

The relationships of a number of spectral variables to development
stages of corn and soybeans were examined. A model was proposed that
uses a spectral variable to specify prediction probabilities for a
development stage. Evaluating the model with the spectral variable
greenness showed that the technique has promise. However, use of the
greenness variable alone did not provide a suitable distribution for
predicting development stage. Additions of ratio and brightness
variables to the model appeared to enhance the prediction capability.
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The next step in this continuing study will be to examine the
usefulness of other spectral variables including the tasseled cap
feature of yellowness. In addition to spectral variables we plan to
evaluate meteorological variables for our development stage model. This
includes implementing a predictor variable derived from meteorological
data such as growing degree days. This approach has the advantage that
it would enable refinement of development stage prediction on the basis
of both meteorological and spectral variables.
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3. Soybean Canopy Reflectance as Influenced by Cultural Practices

J. C. Kollenkark, C. S. T. Daughtry, and M. E. Bauer

3.1 Introduction

As world demand for food continues to expand, increased pressures
are being placed on our agricultural systems to supply timely and
accurate crop production information. In recent years considerable
progress has been made toward the operational use of remote sensing
technology to inventory crop acreages, assess crop stresses, and predict
yields (Bauer et al., 1978). Understanding the relationship between the
reflectance measured and the various cultural practices used in today's
soybean production is one of the keys for further development and use
of remote sensing as a tool for crop inventory.

Spectral reflectance values have been related to leaf area index,
fresh and dry biomass, plant water content, chlorophyll content, percent
soil cover and crop yield (Bauer, 1975; Bauer et al., 1978; Ahlrichs,
1978; Tucker et al., 1977). Colwell (1974) observed that at high soil
cover levels, the reflectance factor in the red wavelength region was
less sensitive to changes in percent soil cover as solar elevation
decreased. The reflectance factor in the near infrared wavelength
region 1is best for estimating leaf area index and biomass in dense
canopy situations (Ahlrichs, 1978; Colwell, 1974). Holben et al. (1980)
observed a high correlation of radiance in the red wavelength region to
changes 1in percent soil cover in soybeans, but a poor correlation
between crop cover and leaf area index because the leaf area index
continued to increase beyond the point of 100 percent soil cover. Field
data acquired by Tucker (1977) and laboratory work by Gausman et al.
(1971) show that the spectral response in the visible region levels off
at low leaf area indicies (approximately 2.0), compared to the near
infrared region where the spectral response levels off at much higher
leaf area indicies (approximately 8.0).

The importance of the soil background, especially wunder low soil
cover, to spectral reflectance has been recognized by many. Colwell
(1974) examined two differently colored soils with similar soil covers
(approximately 37 percent) and reported a spectral response nearly three
times higher on the light-colored soil than on the dark-colored soil in
the red wavelength region. Increasing soil moisture decreases the
reflectance in all wavelengths (Stoner, 1979) and may increase or

decrease the contrast between the soil and vegetative reflectance
(Colwell, 1974; Tucker, 1977). '

The appearance of crops are greatly influenced by many cultural and
environmental factors which may be sources of variation or error in
remotely-sensed observations of crops.
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In the search for maximum soybean yields, cultural practices
including row spacing, population, and planting date are being modified.
The trend has been to move from wide rows to narrower rows, to higher
plant populations, and to earlier planting dates. All of these changes

result in greater light interception early in the growing season and
higher yields.

The objectives of this research were to study the reflectance
characteristics of soybean canopies throughout the growing season as
affected by several current cultural practices and to relate changes in

reflectance factor to changes in agronomic characteristics of soybean
canopies.

3.2 Materials and Methods

Experimental Conditions. Experiments were conducted on the Purdue
Agronomy Farm northwest of West Lafayette, Indiana. The 1978 experiment
was a randomized, complete block design which included three blocks,
three cultivars (Amsoy 71, Wells, and E1f), three populations (111,000,
185,000, and 259,000 plants/ha), and three row widths (15, 45, and 90
em) for a total of 81 plots. The plot size was 2.3 x 14.5 meters and
all rows were in a north-south orientation. The plots were hand thinned
to obtain the desired populations.

The 1979 soybean cultural practices experiment was a randomized,
complete block design with two soil types (Chalmers silty clay loam,
typic Argiaquoll, and Russell silt loam, typic Hapludalf), two blocks
within each soil type, two row widths (25 and 75 cm), two cultivars
(Amsoy 71, Williams), and three planting dates. Planting dates for the
Chalmers silty clay loam were May 10, May 24, and June 15, Poor
drainage on the Russell silt loam delayed the planting dates on it to
May 24, June 15, and July 3. The plot size was 3.4 x 15 meters and all
rows were planted in the north-south orientation.

Spectral Measurements. Reflectance factor data were acquired with a
Landsat-band radiometer (Exotech Model 100) several times throughout the
growing season each year. The Exotech Model 100 is a four-band
radiometer with a 15 degree field of view that acquires data in the
following wavelength regions 0.5-0.6, 0.6-0.7, 0.7-0.8, and 0.8-1.1 um.
Data were taken only under near cloud-free conditions (especially in the
vicinity of the sun) when the solar elevation angle was at least 45
degrees above the horizon.

The radiometer and motor driven camera were attached to a boom
mounted on a pickup truck for quick and efficient data collection in the
field (Figure A-3.1). The instruments were elevated 3.4 meters above
the soil surface in 1978 and 5.2 meters in 1979. Instruments were
leveled for a nadir look angle and measurements were taken over two
locations in each plot. Observations were taken on-row and off-row to
obtain a better estimate of the overall canopy response for the plot and
to reduce any bias. Measurements in all four bands were recorded
concurrently by a printing data logger. A vertical photograph was taken
of each plot for later crop assessment and soil cover determination.
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Figure A-3.1 Field radiometer system including Exotech Model 100

radiometer, camera, and BaSO4 calibration standard.
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Agronomic measurements, which were collected coincidentally with
the reflectance factor data in 1979 and weekly in 1978, included height,
leaf area index, development stage, total fresh and dry biomass, and dry
stem (including petioles), pod, and green leaf blade weights, and soil
moisture. Percent soil cover was determined by placing a grid over the
vertical photograph and counting the intersections occupied by green
vegetation. Leaf area index (LAI) was calculated by multiplying the
leaf area/dry leaf weight ratio of a random subsample of green leaves by
the total dry green 1leaf weight and dividing by the soil area
represented. Visual assessment of the soil moisture and crop condition
were made during the spectral data collection. Crop condition

assessment included evaluation of lodging, hail, insect, and herbicide
damage.

Data Analysis. The reflectance factor data were analyzed as band
means and as transformations. The reflectance factor data were
transformed into greenness as described by Kauth and Thomas (1976) for
Landsat MSS data and modified for spectrometer data (Malila and Gleason,
1977). The greenness funtion used was as follows: Greenness = ((Band3 *
0.17289) + (Bandl4 * 0.59538)) - ((Band1 * 0.48935) + (Band2 * 0.61249)).
Band1 to Band# refer to the reflectance factors in each band. A near
infrared/red reflectance ratio, 0.8-1.1 pm/0.6-0.7 um, was also
considered in the analysis. Regression and correlation analyses were
used to quantify the relationship between spectral values and agronomic
characteristiecs. Analysis of variance and Duncan's Multiple Range Test
were used to determine which of the experimental treatments accounted
for the variability in spectral responses.

3.3 Results and Discussion

Relationships Between Reflectance Factor and Agronomic Variables.
Previous research has indicated that the reflectance of crop canopies is
related to the amount of vegetation present and in particular to the
amount of photosynthetically active vegetation present in the canopy
(Aase and Siddaway, 1980; Bauer et al., 1979; Leamer et al., 1978). The
senescing plant canopy causes an increased spectral response in the
visible wavelength region due to a decrease in the pigment concentration
and thus absorption. A decreased response in the near infrared region
may be due to a deterioration of the cell constituents (Knipling, 1970).
Ahlrichs (1978) and Leamer et al. (1978) observed substantial decreases
in the correlation of canopy variables and reflectance factor as the

canopy began to senesce or ripen. Plots with senescing canopies still
have a high soil cover, but have a reflectance factor value approaching
that of a 1low soil cover plot. The remainder of the analyses of

reflectance factor with canopy variables do not include dates with
senescent vegetation.

Reflectance factors in both the visible and near infrared bands
were greatly affected by changes in soil background, especially under
low soil covers, whereas the near infrared/red and greenness functions
were not greatly influenced by changes in soil moisture. The
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relationship of canopy variables and reflectance factors are not clear
if wet, moist, and dry soils are treated together. Therefore, data from
those dates with wet or moist soil were removed for those analyses
involving the two single bands as they were strongly affected by the
changes in soil moisture.

Soil color was a new factor introduced into the 1979 soybean
cultural practices experiment. The effects of soil color background
differences were quite similar to those observed with the wet versus dry
soils. Figure A-3.2 is a plot of the mean response of the band or
transformation by the percent soil cover. The two single bands (Figures
A-3.2a and A-3.2b) show significant differences in reflectance factor to
soil type when equal soil cover percentages are compared. This was
especially noted for 1lower soil covers. In both the red and near-
infrared bands, the dark soil response was significantly lower until the
canopy reached 80-90 percent cover. The effect of soil background on
response was less in the near-infrared/red ratio and greenness plots
(Figures A-3.2c and A3.2d). The greenness transformation is essentially
a difference of the near infrared and red bands, respectively. Since
the reflectance factor response to soil background changes were similar
in all bands, a normalizing effect occurs in both transformations.

Table A-3.1 shows the results of fitting a quadratic equationy = bo
+ bxj + bxp to the data where y is the agronomic variable, x is the
spectral band or transformation, and b is the regression coefficient.
Percent soil cover - and leaf area index were highly correlated with the

different bands and transformations. The near infrared/red and
greenness transformations had stronger relationships to the canopy
characteristics than either single band. More spectral information is
contained in these transformations and more data, including moist soil
data, can be utilized in the analysis. In 1978, the coefficient of
determination values (r-square) for percent soil cover were 0.90, 0.93,
0.97, and 0.97 to the red and near infrared bands, and the near

infrared/red and greenness transformations, respectively.

Figure A-3.3 illustrates the relationship between four different
agronomically important crop variables with greenness on the dark soil
plots. A near linear relationship with 1little scatter is evident
between the percent soil cover and the greenness function (Figure
A-3.3a). The function reaches an asymptote as the maximum value for -
s0il cover is reached. The curvilinear shape for the other factors were
the result of a non-linear relationship between soil cover and leaf area
index and biomass. Complete canopy cover was reached before the maximum
values were reached for leaf area index or biomass.

A fairly strong relationship between increases in greenness to
increases in leaf area index is shown in Figure A-3.3b. The moderately
high amount of scatter at higher greenness levels was probably due to
sampling errors. This could include irregular plant distribution and
size within a plot, or poor estimates of plant populations from the
counts taken in late June.

A question that may be asked is why are the coefficients of
determination between greenness and fresh and dry biomass so much lower
than those between greenness and soil cover or leaf area index? The
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Table A-3.1. Coefficient of determination values (RZ) from fitting
both the linear and quadratic values of four spectral variables
for two soil types to explain the variation in percent soil cover,
leaf area index, fresh biomass, and dry biomass in 1979.

Spectral Variable

Soil Agronomic Range
Type Variable Red NIR NIR/Red Greenness of Data
Chalmers Soil Cover .94 .93 .95 .98 0-100 ¥%
Leaf Area .65 .80 .85 .86 0-8.9
Index
Fresh .61 71 .81 .81 0-9120 (g/m?2)
Biomass
Dry .53 .64 .73 T4 0-2489 (g/m?)
Biomass
Russell Soil Cover .98 .93 .92 .98 0-100 %
Leaf Area .73 .69 .83 .84 0-8.8
Index
Fresh .59 U9 T .66 0-9633 (g/m?)
Biomass '
Dry A7 .36 57 .52 0-3027 (g/m?)

Biomass




2500

1

100 a
< Total Dry Biomass =
80} %, 2000 2813-7476 x Greenness +0.986 * Greenness?
S Py R?=074 . )
T 60| @ 1500} R
o E
> O
3 [
O 40t Percent Soil Cover * -~ 1000
3 -1279 +5.47 xGreenness-0065x Greenness? & ‘
20} R2=0.08 8 500
2
0 1 1 1 ) o R
9r Leaf Area Index . b 8000 rtal Fresh Biomass * S
8} (0143+002 x Greenness + 00046 x Greenness?, . o’g 89.59-16.07 x Greenness + 3.99 x Greenness? ™+ ™
: 7l R2-086 > ° 6oool. R?-081 T
° 6} 0
s 2
o O ) £
® 4l 2 4000
« [
s 3 £
® 2t . s e
- ur s 2000
1 ™ s _.,‘ay = 'a
0 1 1 A i ] ‘6
o 10 20 30 40 50 o " .
Greenness (] 10 20 . 30 40 50
Greenness
Plots of four agronomic variables versus greenness (a) percent soil cover (b) leaf

Figure A-3.3.
area index

(c) total dry biomass

(d)

total fresh biomass.

(Chalmers silty clay loam)

we




35

Leaf Area Index
©C aa N W & O O N

1800 ]

< 1500}
&
2 1200 Pods
% 900}~
E. 600}
a Stems

300

0 , 2:2&”&.6?5’ XX 5 g : Leaves
Jun1i Jul 1 Aug 1 Sep 1 Oct 1

Date
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canopy components for the May 24 planting date on Chalmers silty clay
loam.
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upper periphery of a soybean canopy, the primary radiation reflecting
portion of the canopy, 1is largely comprised of leaves. Percent soil
cover and leaf area index are mainly functions of the green leaves
throughout most of the growing season. The green leaf area index, as
illustrated in Figure A-3.4a, reaches a maximum value in late August,
and then falls off. It is about this same time when maximum values of
greenness are noted, that the dry leaf weight becomes a smaller
proportion of the total dry weight. Other components, including stems
and pods that are not observed from the nadir view angle prior to the
onset of Senescence, have a faster growth rate late in the season and
thus make up a larger portion of the total dry weight. Similar results
were observed by Hanway and Thompson (1967). Therefore, later in the
Season after near-full canopies are obtained, the canopy may still be
accumulating biomass that, perhaps, is not spectrally detectable.

Effects of Cultural Practices on Reflectance Factor. In the 1978
experiment, row width and cultivar were the primary factors affecting
the measured spectral response (Figures A-3.5 and A-3.6). Row width

rates (Figure A-3.5). The canopies with the two narrow row widths
developed quite similarly, but the canopy with the 90 cm row width
developed slowly. Very little difference was seen after August 20, when
all three canopies reached nearly 100 percent cover.

Differences in spectral response among cultivars early in the
Season were attributed to differences in soil cover. EI1f, a compact and
determinate semi-dwarf, filled in faster than the other two taller
indeterminate cultivars. By September 1, differences were due to the
three cultivars senescing at different times and rates (Figure A-3.6).
E1f (maturity group III) had considerably more green leaf area later in
the season than Amsoy 71 or Wells (maturity group II). Leamer et al.
(1978) also showed spectral differences in wheat cultivars having
different maturity dates. Plant population in the 1978 experiment did

not show any significant effect on either soil cover or reflectance
measurements.

In the 1979 experiments, row width and cultivar showed trends
similar to those seen in the 1978 experiment. Again, the response
seemed related to the amount of photosynthetically active (green)
vegetation present. The effect of row width on percent soil cover and
reflectance are shown in Figure A-3.7. The differences were greatest in
the first part of the Season. Amsoy 71 (maturity group II) and Williams
(maturity group 1III), had similar 80il covers and spectral responses
except for late in the Season when differences in plant senescense
occurred, with Amsoy 71 showing signs of Senescence first. Amsoy 71 was
also the taller of the two indeterminate cultivars and was somewhat more
susceptible to lodging.

The effect due to the three planting dates was a result of
differing amounts of green vegetation present and thus the measured
reflectance factor and transformations. Figure A-3.8 shows an example
of the seasonal changes in s0il cover and spectral response of soybeans
in the 75 cm wide rows on the light-colored soil as a function of
planting date. Early planting dates had higher percent soil covers
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date. Arrows indicate development stages that are unique for that cul-
tivar.
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early in the season and therefore a dramatic effect on the four spectral
variables was noted. The largest differences due to planting date were
usually observed in the spectral functions involving the red wavelength
band. The maximum soil cover and infrared spectral response to green
vegetation was observed for all planting dates at approximately the time
the plants were at development stage RS (beginning seed).

3.4 Conclusions

The results of these experiments indicate that several cultural
practices cause differences in percent soil cover, leaf area index, and
biomass which in turn are manifested in the spectral reflectance
characteristics of soybean canopies. Soil color and moisture were found
to be important factors to consider when measuring reflectance in single
bands within the visible and infrared wavelength regions. Spectral
response was found to be very sensitive to plant senescense. For
predicting agronomically important crop canopy variables with
reflectance data, dates which include senscing plant vegetation should
be deleted from the analysis. The near infrared/red reflectance ratio
and the greenness transformation were useful in predicting percent soil
cover and leaf area index, and were found to be less sensitive than
single bands to the soil background present.

Understanding both the agronomic and spectral changes in the
soybean crop canopy is a key to further development and use of remote
sensing technology. This study has evaluated several cultural practices
in soybeans that affect the percent soil cover, leaf area index, and
biomass and which in turn are closely related to the canopy reflectance.
This information will be useful in future applications on a large scale
for crop identification and for estimation of agronomic variables
related to crop growth, development, and yield.
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4. Maize Canopy Reflectance as Influenced by Nitrogen Nutrition

G. Walburg, C.S.T. Daughtry, and M.E. Bauer

4.1 Introduction

Satellite measurements of radiation reflected from crop canopies
have been used to identify crop type and estimate crop areas (MacDonald
and Hall, 1980); spectral measurements also have potential for use in
monitoring crop condition and predicting yields (Bauer, 1975). Accurate
assessments of growth and condition from spectral measurements will
require further understanding of the relationship between canopy
development and spectral response. Aspects of this relationship have
been described for several crop species (Leamer et al., 1978; Daughtry
et al., 1980; Tucker et al., 1979). Yet, greater knowledge of how
canopy spectral response 1is affected by the many environmental and
cultural factors which alter crop development is needed. In particular,
relatively little research has been conducted on the effects of plant
stresses on canopy reflectance.

Several laboratory studies of stress effects on single leaves have
been performed. Al-Abbas et al. (1974) found that several mineral
deficiencies increased the reflectance of radiation in the visible wave-
length region of maize leaves, while effects on near and middle infrared
reflectance varied with the specific mineral deficiency. Nitrogen
deficiency increased visible (0.4 to 0.7 um) and near infrared (0.7 to
1.4 um) reflectance while decreasing middle infrared (1.4 to 2.5 um)
reflectance from sweet pepper leaves (Thomas and Oerther, 1972). The
sensitivity of chlorophyll to metabolic disruption accounted for the
response of leaf reflectance in the visible wavelengths to stress
conditions (Knipling, 1970). Stress-induced leaf reflectance variations
in the near and middle infrared wavelengths have been attributed to
altered leaf mesophyll structure (Gausman, et al., 1969) and water
content (Carlson et al., 1971), respectively.

While changes in leaf reflectance are important stress indicators,
frequently the most important factor for spectrally separating healthy
from stressed plant canopies 1is differences in 1leaf area index (LAI)
(Knipling, 1970). A decrease in LAI causes canopy reflectance to
decrease in the near infrared and increase in the red without any change
in the reflectance properties of individual leaves (Colwell, 1974,
Stanhill et al. (1972) concluded that the major factor causing the
altered spectral response of nitrogen deficient wheat canopies was
changes 1in total biomass, while altered leaf optical properties or
changed canopy configuration were only secondarily important.
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The objectives of this research were: (1) to determine the
seasonal spectral responses of maize canopies under varying levels of
applied nitrogen, (2) to relate measurements of canopy spectral response
to canopy agronomic characteristies, and (3) to determine the spectral
separability of maize canopies under different treatments.

4.2 Materials and Methods

Experimental Conditions. The experiment was conducted at the
Purdue Agronomy Farm, West Lafayette, Indiana, during the 1978 and 1979
growing seasons. The soil was a Raub silt loam (Aquic Argiudoll). June
through September rainfall was 34 cm in 1978 and 39 em in 1979, both
near the 27-year average of 39 cm.

A randomized, complete block design was used, with three
replications of each treatment. Each plot consisted of six rows of maize
planted 71 cm apart in an east-west orientation. Maize hybrid Beck

(Zea mays L.) 65X was planted on May 31, 1978 at a population of 54,000
plants/ha and Pioneer 3183 hybrid was planted on May 10, 1979 at 66,000
plants/ha. Nitrogen treatments were four levels of urea, 0, 67, 134,
and 202 kg N/ha, applied in the spring. Identical rates have been
applied to the same plots cantinuously since 1965. In the fall, prior to
planting, 49 kg/ha P and 93 kg/ha K were added to each plot. Atrazine
was applied after planting for weed control.

Spectral Data Collection. Spectral reflectance measurements over
the 0.4 to 2.4 um wavelength region were collected with an Exotech 20
spectroradiometer (Leamer et al., 1973) mounted on the boom of a mobile
aerial tower. Spectral data were acquired on 11 dates during 1978 and
12 dates during 1979. Measurements were made centered on the plot,
looking straight down from an altitude of 9.1 m. With a 15 degree
field of view the sensor viewed a 2.3 m diameter ground area from this
altitude. All spectral measurements were made on cloudless or near
cloudless days when the sun angle was greater than 45° above the horizon
and prior to solar noon. Each spectral data set was collected within a
1.5 hour time period. A 1.2 m square panel painted with barium sulfate
was used as a reference surface for determining the reflectance factor
(Robinson and Biehl, 1979). The response of the reference panel was

measured approximately every 20 minutes throughout the data acquisition
period.

Canopy Characterization. Agronomic measurements and observations
were acquired throughout each season corresponding to the dates of
spectral measurements. These data included: development stage, 1leaf
area index, percent soil cover, fresh and dry biomass, 1leaf chlorophyll
concentration, leaf nitrogen content, and grain yield.

Data Analysis. Spectral data were analyzed as band means

corresponding to the Landsat multispectral scanner (MSS) bands and to
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Figure A-4.1. Reflectance factor as a function of wavelength for maize
canopies under four N treatment levels on 4 August 1979. Each curve
is the mean of three replications.
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the thematic mapper bands. The thematic mapper is an updated
multispectral scanner scheduled for launching aboard the Landsat-D
satellite (Blanchard and Weinstein, 1979). The thematic mapper bands
are narrower and are more optimally placed for spectral characterization
of vegetation than the Landsat MSS bands. The Landsat MSS spectral
bands are: 0.5-0.6, 0.6-0.7, 0.7-0.8, and 0.8-1.1 um. The reflective
thematic mapper bands are: 0.45-0.52, 0.52-0.60, 0.63-0.69, 0.76-0.90,
1.55-1.75, and 2.08-2.35 um. In addition to these single bands, the
data were analyzed as ratios and transformations of the band means.
Greenness, a transformation of the Landsat MSS bands (Kauth and Thomas,
1976), was computed using coefficients derived for spectrometer data
(Rice et al., 1980). Greenness = (-0.48935) (R, 0.5-0.6 um) +
(-0.61249) (R, 0.6-0.7 pum) + (0.17289) (R, 0.7-0.8 uym) + (0.59538) (R,
0.8-1.1 um). The ratio of near infrared/red reflectance was computed
using the 0.76-0.90 and 0.63-0.69 am - bands. Correlation and
regression analyses of spectral response and the various agronomic
measurements were performed and scatter plots made of their
relationships. Duncan's multiple range test with P = 0.05 was used to
perform mean separation tests on both the spectral and agronomic data.

4,3 Results and Discussion

Reflectance spectra of corn canopies grown with varying rates of
nitrogen (N) fertilization for a selected date (4 August 1979) are shown
in Figure A-4.1. Similar responses were observed on other dates in July
and August during both years. The effects of varying nutrition were
exhibited across the entire wavelength interval measured. Reflectance
decreased in the visible and middle infrared wavelength regions with
increasing N fertilizer application, while in the near infrared
wavelength region reflectance was increased. Similar changes in visible
and near infrared reflectance have previously been attributed to
differences in LAI, percent soil cover, and plant biomass (Colwell,
1974; Knipling, 1970). It is likely that variation in spectral
reflectance among N treatments also resulted from changes in leaf
structure and composition including pigment concentration, cell size,
and cell wall composition and structure, all of which are altered by N
treatment (Vesk et al., 1966).

Seasonal patterns of spectral response and canopy characteristics
Figure A-4.2 and A-4.3) were closely related and the effects of varying
N fertilization both on crop growth and spectral response are seen
throughout both seasons. As LAI, biomass and soil cover increased, the
red (0.63 to 0.69 um) reflectance decreased, while the near infrared
(0.76 to 0.90 um) reflectance increased. The middle infrared showed
seasonal trends similar to the visible wavelengths. The middle infrared
differs from the visible in that absorption in the middle infrared
region is due to plant water content while absorption in the visible
region is due to plant pigments (Gates et al, 1965). Near infrared
reflectance increases with increasing vegetative cover due to increased

light scattering and reflectance by multiple leaf layers (Gausman et
al., 1976).
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The large reflectance decrease measured on June 30, 1979, was due
to 4.8 cm rainfall earlier that day which caused a large decrease in the
soil reflectance at a time when the canopy cover was relatively low.

The larger treatment effects observed in both red and near infrared
reflectance in 1979 compared to 1978 were attributed to the greater
differences in biomass and LAI between treatments in 1979. These were
in turn attributed mainly to planting date. Date of planting is known
to have major effects on crop development and yields (Genter and Jones,
1970). Wet soils delayed planting in 1978 until May 31, while in 1979
planting was nearer the mean for the 15-year history of these plots.
The 1979 results are more typical of mean treatment differences in grain
yield.

A frequently applied method of multispectral data analysis is based
on ratios between different spectral bands. The near infrared/red
reflectance ratio has been shown analytically by Bunnik (1978) to be
strongly related to variations in LAI of vegetative canopies, while
being relatively insensitive to variations in so0il  background
reflectance. The advantages of this ratio are indicated in Figure
A-4.4 which relates the near infrared/red reflectance ratio and red
reflectance to  LAI. A strong positive relation of LAI to the near
infrared/red ratio is found even when data from two growing seasons are
included, while there is a considerable degree of scatter, particularly
at low LAI values, for the red reflectance to LAI relationship. The
latter is attributed to variations in soil reflectance due primarily to
changes in soil moisture and roughness. The near infrared/red ratio was
a more sensitive indicator of LAI changes throughout the range of values
encountered for this data set, than either the near infrared band or the
red band which approached an asymptote at LAI values above three.
Figure A-U.5 shows the accentuation of treatment differences throughout
the growing season by use of the near infrared/red ratio over that
exhibited by single bands (Figure A-4.2 and A-4.3).

Six spectral variables, the near infrared/red ratio, greenness
transformation, and the reflectances in four thematic mapper bands in
different parts of the spectrunm, were chosen for further analysis.
Greenness has shown strong correlations with agronomic characteristics
of crop canopies (Daughtry et al., 1980). The thematic mapper bands
were selected for analysis since reflectances in these bands have shown
higher correlations with crop canopy characteristics than the Landsat
MSS bands (Ahlrichs and Bauer, 1978; Tucker and Maxwell, 1976).

Spectral discriminability of the N treatments varied over the
season (Tables A-4.1 and A-4.2). For all spectral variables treatment
separation was maximum on the August dates. This period corresponds to
the stage of maximum vegetative development. At early dates, when the
percent soil cover was low, treatment differences were less recognizable
due to the spectral response of the soil overweighing the canopy
response {(Colwell, 1974). Late in the season, as senescence caused
treatment differences to erode, treatments were again less separable.
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Table A-4.1., Spectral responses of corn canopies under four nitrogen treatment
levels for selected dates in 1978.

Spectral Variable

Measurement Applied NIR/red GCreenness 0.52-0.60um 0.63-0.6%um 0,76-0.90un 2.08-2.35um
Dat Nitrogen
A kg/:i ~——————Bidirectional Reflectance Factor (2)
July 6 0 3.3at 15.1a 8.8a 9.7a 12.0ab 22.4a
67 4.4b 16.3b 7.1b 7.2b 31.0ab 15.6b
134 4.6b 16.4b 6.7b 6.8b 30.6b 16.1b
202 4.5b 18.0¢c 7.3b 7.6b 33.8a 18.1b
July 15 0 6.4a 17.4a 5.9a 4.8a 30.9a 10.0a
67 3.2b 19.6b 5.2b 4.0b 33.0ab 8.7b
134 9.8¢c 21.9¢ 4.8¢ 3.7¢ 36.0b 8.3¢
202 9.5d - 21.2d 4.7d 3.7d 34.70 9.0d
July 28 0 10.4a 22.1a 5.1a 3.6a 36.6a 8.1a
67 12.5b 23.6ab 4.4b 3.1b 37.9a 7.4ab
134 15.3¢c 24.5ab 3.6c 2.5¢ 38.4a 6.1lc wn
202 16.1¢ 25.1b 3.6¢ 2.5¢ 39.4a 6.3bc g
August 3 0 11.5a 20.6a 4.6a 3.0a 34.2a 5.8a
' 67 13,5ab 21.6a 3.8b 2.6b 34.7a 5.5a
134 15.2bc¢ 21.7a 3. 3¢ 2.3b 34.9a 4.9
202 16.4c 23.4a 3.4c 2.3b 37.4a 4.7b
August 20 0 8.4a 19.9a 5.1a 4.0a 33.4a 8.2a
67 10.2b 21.2ab 4.4b 3.4b 34.4ab 7.0b
134 12.9¢ 22.6be 3.7c 2.8¢ 35.8b 5.6¢ -
202 13.9d 23.3¢ 3.4c 2.6c 36.7b 5.8¢
August. 31 0 7.8a 17.1a 5.0a 3.8a 29.5a 7.7a
67 9.1b 18.3ab 4.4b 3.4b 30.5ab 6.6b
134 10.4c 19.9b 3.9bec 3.1be 32.5be 6.1b
200 12.34 21t.7¢ 3.5¢ 2.8¢ 34.5¢ 5.9b
September 15 [¢] 4.9a 16.5a 6.4a 6.2a 30.5ab 10.8a
67 4.9a 16.3a 5.9ab 6.la 29.6b 10.5a
134 5.8ab 17.6a 5.2bc 5.3a 30.5ab 9.0a
202 6.7b 19.4b 4.9¢ 4.9a 32.3a 9.3a

“Means followed by the same letter within each date are not significantly different at P=0.05 level
by Duncan's Multiple Range test.




Table A-4.2. Spectral responses of corn canopies under four nitrogen treatment
levels for selected dates in 1979.

Spectral Variable

Measurement Applied NIR/red Creenness 0.52-0.60um 0.63~0.69um 0.76-0.90um 2,08-2.35um
Date Nitrogen .
kg/ha ——————#B1idirectional Reflectance Factor (%)———————au—
June 26 0 2.5a" 12.7a 11.5a 13.0a 32.4a 28.3a
67 3.8b 16.6b 8.5b 8.8b 33.2a 20.2b
134 4.5b 18.3¢ 7.7 7.8b 34.7 17.8bc
202 5.0b 19.0¢ 7.2b 7.2 35.0b 16.4c
July 10 0 5.0a 15.3a 7.0a 5.8a 29.0a 11.8a
67 10.9b 22.1b 5.3b 3.4b 37.1b 7.3b
134 14.2¢ 25.2¢ 4.6¢ 2.9b¢ 41.2c 6.4bc
202 15.2¢ 25.5¢ 4.2¢ 2.7¢ 41.3c 6.1c
July 18 ] 5.8a 18.1a 7.4a 5.9a 33.4a 11.9a
67 12.9 22.7 4.8b 2.9 37.6b 6.0b w
134 17.4c 25.3¢ 3.8¢c 2.3b 40.6bc 5.2b w
202 19.6¢ 27.1¢ 3.6¢ 2.2b 43.2¢ 5.3b
August & [} 1.4a 18.6a 6.5a 4.5a 33.3a 8.0a
67 11.1b 22,0b 5.1b 3.3 37.1ab 5.8
134 14.8¢ 25.3c 4.1c 2.8¢ 41.2bc 3.5b
202 17.44d 26.8¢ 3.6d 2.5¢ 43.1c 5.0b
August 16 1] 5.3a 19.1a 7.7a 6.6a 35.3a 12,2a
67 8.9b 20.1a 5.3 3.9b 34.0a 6.8b
134 12.7¢ 24.7 4.4e 3.2¢ 39.8b 6.0be
202 14.6¢ 25.2b 3.8¢ 2.8¢ 40.1b 5.4c
September 4 0 4.9a 15.2a 6.7a 5.9a 28.5a 12.6a
67 7.3 16.2a 5.1b 3.9 28.0a 7.3
134 9.1c 20.5b 4.9bc 3.8 34.1b 7.0b
202 10.64 22.4b 4.4 3.5b 36.5b 6.6b
September 15 0 4.la 14.7a 7.3a 7.1a 28.7a 13.4a
67 4.5a 14.4a 6.2b 5.8b 26.9%a 9.5b
134 4.6a 15.1a 6.0bc 6.4ab 27.9a 10.0b
202 5.9 18.7b 5.5¢ 5.6b 32.2v 9.0b

+
Means followed by the same letter within each date are not
Duncan's Mult{ple Range test.

significantly differenc at P=0.05 level by




Table A-4.3. Mean agronomic characteristics of corn canopies under four nitrogen
fertilization levels in 1978.

Measurement Development Applied Plant Leaf Soil Fresh Dry Leaf

Date Stage; Nitrogen Height Area Cover Biomass Biomass Nitrogen
Index
kg/ha m % g/m2 g/m2 b4

July 6 Eight leaf: 0 1.0at 1.2a 30a 1031a 96a 2.7a

67 1.1b l.6a 36a 1301a 113a 2.6a

134 1.2b 1.7a 38a 1430a 118a 3.2a

202 1.3b 1.7a 37a 1449a 124a 3.3a

July 15 Ten leaf 0 1.2a 2.1a 64a 1827a 167a 2.4a

67 1.5b 2.3ab 64a 2171ab 192ab 2.5a

134 l.6c 2.6be 75a 2783be 234b 3.0b

202 1.7d 2.8¢ 75a 3031c 250b 3.4¢c

August 3 Tasseling 0 2.8a 3.3a 79a 4260a 644a 1.5a

67 2.9a 3.2a 80a 4518a 740ab l.7a

134 3.1b 3.7ab 79a 4973ab 905be 2.2b

202 3.1b 4,1b 83a 6200b 996¢ 2.6b

August 20 Blister 0 2.9a 2.6a 82a 4167a 781a 1.3a

67 3.0ab 3.0ab 88b 5072ab 933a 1.6a

134 3.1b 3.5ab 95be 6141b 1037a 1.6a

202 3.1b 3.8b 91lbe 6787b 1168a 2,.6b

September 15 Early dent 0 3.0a 2.0a 80ab 3985a 1075a 1.2a

67 3.0a 2.3b 78a 5132ab 1529ab 1.0a

134 3.2a 2.6c 85b 5401b 1562ab 1l.6a

202 3.2a 3.14 B4ab 6881lc 19895 1.7a

k2%

*Means followed by the same letter within each date are not significantly different at P=0.05 level
by Duncan's Multiple Range test. iﬂanway Scale




Table A-4.4. Mean agronomic characteristics of corn canopies under four nitrogen
fertilization levels in 1979.

Measurement Development  Applied Plant Leaf Sotl Fresh Dry Leaf Leaf
Date S:age; Nitrogen Height Area Cover Biomass Biomass Nitrogen Chlorophyll
Index
2
kg/ha o b4 g/m2 g/mz b4 ug/cm
June 26 Eight leaf [} - 1.0at 45a 689a 83a 3.0a 25.1a
Eight leaf 67 - 1.7 61b 1188b 135% 3.0a 34.9b
Eight leaf 134 - 2.0b S57ab 1669bc 183bc 3.2a 38,5bc
Eight leaf 202 - 2.3b 66b 1905¢ 198¢ 3.2a 42,8c
July 10 Ten leaf 0 1.2a 2.1a S6a 1567a 199%a 1.7a 14.2a
Eleven leaf 67 1.7 3.6b 76b 3757 411b 2.4b 26.8b
Eleven leaf 134 1.9¢ 3.9 87¢c 4788c 476c 2.7 36.8¢
Twelve leaf 202 2.0c 5.8¢ 85¢ 5182¢ 51lc 2.7b 4l.1c
July 18 Eleven leaf ] 1.4a 2.3a 71a 2283a 271a 1.2a ll.1a
Thirteen leaf 67 2.0b 3.9 85b 5101b 623b 2.1b 21.9b tﬂ
Thirteen leaf 134 2.3¢ 5.1b 88b 6415b 681b 2.3 40.7¢
Fourteen leaf 202 2.3¢ 4.8b 84b 6565b 669b 2.4b 47.5¢
August 4 Tasseling 0 2.3a - 83a 4677a - 1.5a -
Blister 67 2.7 - 89ab 6894ab - 1.8ab -
Blister 134 2.7b - 93ab 8097be - 2.1ab -
Blister 202 2.8 - 94b - 10211c - 2.3b -
August 16 Silking 0 2.2a - 85a 2884a - l.2a 25.1a
Late blister 67 2.9b - 9la 5707b - l.4a 34.9a
Dough 134 3.0be - 93a 8134c - 2.0b 51.0b
Dough 202 3. 2¢ - 93a 8360c - 1.9 67.9¢ ]
September 4 Dough 0 2.1a 1.5a 78a 2581a 678a 1.2a -
Early dent 67 2.8b 2.2b 80a 4839 1261b 1l.1a -
Early dent 134 3.0be 3.2¢ 88b 6504c 1822¢ 1.3a -
Middle dent 202 3.2¢ 4.2d 96¢c 8392d 2296d 1.2a -

t
Means followed by the same letter within each date are not significantly different at P=0.05 level by
Duncan's Multiple Range test, ;Hanvay Scale
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The discriminability of treatments also varied by the spectral
variable used (Tables A-4.1 and A-4.2). The near infrared/red ratio
separated the treatments into the most classes on the largest number of
dates of all spectral variables; the near infrared band formed the
fewest classes. On August dates the near infrared/red ratio separated
all four treatments into discrete groups for two dates in 1978 and three
in 1979. In contrast the near infrared band formed a maximum of three
groups for one 1978 date and three 1979 dates. Early in the season
greenness separated the treatments into more classes than the near

infrared/red ratio; the green band (0.52 to 0.60 pm) formed more classes
than the near infrared.

For most spectral variables, the 0 kg/ha N canopies were separable
from the other three treatments during nearly all of the season for both
years. Spectral separation of 67 kg/ha N canopies from 134 and 202
kg/ha N canopies was possible for most dates during both seasons, while
the 134 and 202 kg/ha N canopies were separable on only a few dates.

Comparison of spectral treatment separation between years (Tables
A-4.1 and A-U4.2) shows that despite the larger treatment differences in
1979, the spectral separation was very similar for seven of the 11 or 12
dates considered each year. This result indicates the robustness of the
near infrared/red reflectance ratio. Further, the time after planting
at which the treatments became separable was also similar between years.

Differences observed between the spectral responses of canopies
under different N treatments can be related to agronomic measurement of
treatment differences (Tables A-4.3 and A-4.4). Leaf nitrogen
concentrations document the effects of varying the level of applied N.
The varying 1leaf chlorophyll concentrations contributed to visible
reflectance variations between treatments. Decreased plant height, leaf
area index, and biomass values, all associated with reduced levels of
applied N, were evident.

Grain yield represents the integration of all the metabolic
activities of crop plants over the growing season and is sensitive to N
nutrition. Figure A-U4.6 shows a linear relationship between the grain
yield and near infrared/red reflectance ratios integrated over the
season, i.e., the area wunder the seasonal reflectance curves from
Figure A-H4.4, A similar relationship for the two years of data was

found, although the hybrid and plant population were different each
year.

In summary, analyses of agronomic characterizations and spectral
measurements of maize canopies varying in applied N fertilizer level
showed that agronomic changes in canopies caused by N treatment resulted
in detectable reflectance variations. Reduced leaf area, biomass, and
soil cover, lowered chlorophyll content, and decreased plant height were
among the effects seen in N-deprived canopies. These changes were in
turn related to canopy reflectance changes. The near infrared/red
reflectance ratio was shown to enhance treatment differences in canopy
reflectance and reduce reflectance variability caused by extraneous
factors. The spectral separability of the treatments throughout the
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Figure A-4.6. The relationship of grain yield to measurements integrated
over the growing season of near infrared/red reflectance.
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growing season demonstrates the potential for detecting crop stress by
use of multispectral remote sensing methods.
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5. Canopy Reflectance as Influenced by Solar Illumination Angle

J. C. Kollenkark, V. C. Vanderbilt, C. S. T. Daughtry, and M. E. Bauer

5.1 Introduction

Understanding the effect of the interactions between solar
illumination and crop canopy geometry on the spectral response is
necessary to effectively utilize reflectance factor data. Numerous
models have been proposed to explain and predict the measured
reflectance factor of plant canopies as a function of plant geometry,
sun angle, and view angle (Suits, 1972; Smith et al., 1975; Richardson
et al., 1975). The models by Suits and Smith deal with a canopy with no
horizontal spatial variations.

Richardson et al. (1975) modeled the reflectance of a row erop,
with distinct horizontal spatial variations, as a function of plant,
soil, and shadow components. By illuminating a surface covered with
various shaped objects, Egbert (1977) was able to explain 80 to 85
percent of the variance in the reflectance measurements due to shadows.
A model suggested by Jackson et al. (1979) assumes an incomplete canopy
of rectangular-shaped rows. The fractions of sunlit and shaded soil and
vegetation viewed are calculated as a function of view angle for a
particular canopy condition, described by plant cover, height/width
ratio, row spacing and direction, time of day, day of year, latitude,
and size of the radiometer resolution element.

Studies of sun zenith angle effects on reflectance generally have
supported the predictions of the Suit's canopy reflectance model that
the reflectance factor should increase as the solar elevation increases
(Colwell, 1974; Chance and LeMaster, 1977). Colwell (1974) attributes
this to changes in the amount of shadow within the canopy. Field data
have shown minor to significant increases in the infrared response with
decreasing sun elevations (Duggin, 1977; Chance and LeMasters, 1977;
Jackson et al., 1979). Crecelius (1978) noted symmetric and non-
symmetric components about solar noon that influenced the observed
variation in reflectance throughout the day. The symmetric component,
solar angle, explained the majority of the observed variation. Other
effects, such as drying of the soil surface and plant wilting will be
asymmetric about solar noon and may be significant factors to consider.

Further investigation of reflectance factor data taken in 1978 over
incomplete soybean canopies revealed possible time of day effects in the
Landsat band regions as illustrated in the red, 0.6-0.7 um, and the near

infrared, 0.8-1.1 um, in Figure A-5.1. Plots were planted in a north-
south row direction.
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Both bands were plotted with and without a 1.5 hour time
restriction about solar noon. Low responses were noted over those plots
that were measured more than 1.5 hours from solar noon. This resulted
in shadows between the rows and a lower response from the soil
component.

The objective of this research was to model the effects of rows and
row direction on the reflectance of a soybean canopy as a function of
solar azimuth and zenith angles. By varying only the row direction, the
variation in reflectance could be explained entirely by changes in sun
zenith and azimuth angle with respect to row direction.

5.2 Materials and Methods

Experimental Conditions. An experiment to evaluate the effects due
to sun angle-row azimuth changes was conducted in 1979 on the Purdue
Agronomy Farm. Soybeans (Glycine max (L.) Merr. "Amsoy 71") were
planted into a Chalmers silty clay loam (typic Argiaquoll) soil on June
25, 1979. Soybeans were used as an initial crop to study as they have
dense foliage with distinet row patterns through much of the season.
This is in contrast to many of the other major crops such as wheat and
corn that have a much more complex canopy geometry and shadow pattern.
Extended periods of cloudy days early in the season limited spectral
data acquisition to development stages after full bloom.

The experiment consisted of 11 randomly arranged plots which were
3.5 m wide and 5.2 m long (Figure A-5.2). Nine plots were planted in 71
cm wide rows with the following azimuthal directions: 30~-210, 60-240,
90-270, 105-285, 120-300, 135-315, 150-330, 165-345, and 180-360 degrees
from north. Another plot was planted in east-west and north-south rows
25 cm wide to obtain a canopy with negligible row effects. A bare soil
plot also was included to monitor the sunlit soil background reflectance
of the soybean plots. Row directions were selected to favor data
collection during the morning hours when cloud-free conditions were more
likely.

Three development stages with 65, 78, and 94 percent soil cover on
the 71 em wide rows were represented with the three measurement dates.
The, canopy with 78 percent soil cover was obtained by trimming a near
full canopy just prior to the start of senescence. The cross sectional
shape of the canopy was determined by placing a large piece of poster
board into the canopy, perpendicular to the row azimuth, at several
locations and drawing the perimeter of the canopy onto the board. The
canopy shapes for each date are illustrated in Figure A-5.3.

Spectral Measurements. Radiance measurements, used to determine

reflectance factor (RF), were taken over all the plots with a Landsat
band radiometer (Exotech Model 100) at 15 minute intervals throughout
the day on three clear days (August 12, August 31, and September 19).
The Exotech 100 is a four band radiometer with a 15 degree field of view
that acquires data in the following wavelength regions: 0.5-0.6,
0.6-0.7, 0.7-0.8, and 0.8-1.1 um. Data were taken only under near
cloud-free conditions (especially in the vicinity of the sun).
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Figure A-5.2. TIllustration of field spectral data acquisition over the
row direction plots in 1979.
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A mobile truck-mounted radiometer system was used for quick and
efficient data collection in the field. A boom mounted on the back of
the truck elevated the radiometer and a motor-driven camera 5.2 m above
the crop canopy and 3.5 m from the truck. Spectral data were acquired
over two locations in each plot on August 12 and over four locations in
each plot on August 31 and September 19. The instruments were carefully
leveled to obtain all spectral data at a nadir look angle. Several
measurements were taken over each plot to insure a representative
sampling of the plot and to avoid biased values for on-row or off-row
measurements. Measurements in all bands were taken concurrently and
recorded by a printing data logger. During data collection, photographs

were taken periodically over each plot for soil cover determination and
shadow assessment.

Agronomic Measurements collected within two days of the RF data,

included plant height, leaf area index, maturity stage (Fehr and
Caviness, 1977), surface soil moisture, total fresh and dry biomass, and
stem, pod, and green 1leaf dry biomass. Percent soil cover was

determined by placing a grid over the vertical photograph and counting
the intersections occupied by green vegetation.

Data Analysis. The reflectance factor data were analyzed as band

means. The reflectance data were transformed into greenness as
described by Kauth and Thomas (1976) for Landsat MSS data and modified
for spectrometer data (Malila and Gleason, 1977). The data

transformation was: Greenness = ((Band3 * 0.17289) + (Bandi #* 0.59538))
- ((Band1 * 0.48935) + (Band2 * 0.61249)). Bandl to Band4 refer to the
four Landsat bands measured. The near infrared/red reflectance ratio
((0.8-1.1 um)/(0.6-0.7 um)) was also considered in the analysis.
Analysis of variance and Newman-Keuls tests were performed to determine
significant effects of row-solar angle interaction and RF.

5.3 Results and Discussion

Examination of the data indicated that definite sun angle effects
were present (Figure A-5.4a). The maximum response levels occurred when
the sun azimuth angle was equal to the row azimuth angle. Diurnal
changes in RF of nearly 140 percent were observed in the red wavelength
region, 0.6-0.7 um, on August 12. The highest reflectance values were
obtained when the soil was sunlit and the lowest, when the soil was
shaded. Diurnal variations in the RF in the near infrared wavelength
region, 0.8-1.1 um, were minor and apparently unrelated to sun-row
interactions (Figure A-5.4b). The shadows of the near infrared region
may not be as dark as those observed in the visible region due to low
pigment absorption and multiple scattering in the canopy (Colwell,
1974).

Figure A-5.5 further illustrates the effect of sun-row azimuth
interactions. The reflectance was plotted over time for three plots of
different row directions. The peak response in the red wavelength
region for the three plots was not only at different times, but also in
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Solar Angle
Date Time Zenith Azimuth esp
Aug. 15 12:00 26.3 180.0 26.3
Aug. 21 2:09 40.1 234.2 26.3
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Figure A-5.6. Illustration of the solar projected angle @
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order of the row azimuth. Again the peak response was when the sun was
shining down the rows, lighting the soil surface, and thus giving a
higher reflectance reading.

Equations to predict the shadow cast by rectangular or spherical
rows as the sun zenith and azimuth change throughout the day have been
defined by many (Idso and Baker, 1972; Jackson et al., 1979; Verhoff and
Bunnik, 1978). For this study, an equation was used to express the
solar zenith (8) and azimuth angle (¢) in relation to a projected ray
onto a plane perpendicular to the row azimuth. This function, called the

projected solar angle, 6sp = tan-1(tan@sind), is illustrated in Figure
A-5.6.

The response in the red (0.6-0.7 Mm)  wavelength band has been
plotted as a function of 6sp for the three diurnal studies in 1979
(Figure A~5.7). The canopies with lower soil covers, 64 and 78 percent,
showed greater changes in reflectance due to changing sun angle than the
near full canopy of 94 percent soil cover. The RF of the canopies with
94 percent soil cover, changed only slightly more during the day than
the RF of the full canopy. The first two dates appeared to have two

functions present; the first being highly dependent on 8sp, the second
independent of B8sp.

The dependent zone, where the RF is changing rapidly with changes
in 8sp, 1is a function of the sunlit soil reflectance and the vegetation
reflectance (Figure A-5.7). The variation about the mean might be due
to local variations in soil cover or even possibly instrument position
about the row at low sensor altitudes. Some of this variation was
thought to be due to the interaction of sun zenith angle with the
surface roughness of the canopy with large zenith angles causing longer
shadows and thus lower reflectance. However, no evidence of this was
apparent from the analysis of the data.

In the independent region (Figure A-5.7), where the soil surface
was completely shadow covered, the measured reflectance was explainable
by one variable, the percent soil cover. Just as for the dependent
zone, local variations in soil cover might cause the amount of variation
seen about the mean. The critical angle, beyond which a change in the
projected angle no longer results in a change in RF, shifts to lower
Osp's for higher soil covers or canopy heights.

5.4 Summary and Conclusions

The primary objective of this research was to explain diurnal
changes in reflectance factor of a row crop canopy. This is critically
important when the measured reflectance factor in the red region of a
given ‘plot may vary 100 percent or more during the day. The canopy
geometry was a key factor in determining both the diurnal range of the
sSpectral response and the critical angle. The effect of solar zenith
angles between 20 and 60 degrees on the measured reflectance was found
to be nonsignificant in the RF measured at nadir over all the plots
including the bare soil and full canopy plots. The near infrared RF and
greenness function were not sensitive to changes in solar illumination
angle in the row crop canopy observed. These transformations may thus

-
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prove to be more useful in relating the response to such agronomic
variables as percent soil cover, leaf area index, and plant biomass over
a wide range of illumination angles.

Future studies should include a wider range of solar zenith and
azimuth angles and more row azimuth angles. This objective, along with
a decrease in plot to plot variability, could be obtained by placing the
plot to be studied on a turntable. This would allow for a quick change
in the row direction with a minimum of plot to plot variation. To more
effectively study effects due to the solar zenith angle on soybean row
crops, measurements should be taken at low latitudes where the range in
zenith angles will be the greatest.

The results indicate that changes in canopy shadowing may be a
significant factor, particularly in the visible wavelength regions,
influencing the spectral reflectance of crop canopies. A physical model
accounting for this variation was developed. It will be used in future
investigations to simulate the variation which may be expected with
varying row directions and amounts of canopy cover as a function of
date, time of day, and latitude.
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6. Simulated Response of a Multispectral Scanner Over Wheat as a
Function of Wavelength and View and Illumination Directions

V.C. Vanderbilt, B.F. Robinson, L.L. Biehl, M.E. Bauer, A.S. Vanderbilt

6.1 Introduction

Oblique viewing sensors have been proposed or scheduled for launch
on at least two future earth resource satellite systems, the Systeme
Probatorie d'Observation de la Terre (SPOT) (1) being developed by
France, Sweden, and Belgium and the Multispectral Resource Sampler (MRS)
(2) being considered by the United States. As these sensors are soon to

be launched, the potential information in oblique measurements needs to
be anticipated and better understood.

The spectral flux sensed by these systems will be due to the
absorption and bidirectional scattering of solar radiation by both the
atmosphere and ground scene.  Characterization and correction of the
effect of the atmosphere upon remotely sensed data have been considered
elsewhere (3). This paper analyzes the spectral bidirectional

scattering properties of wheat with view direction, excluding
atmospheric effects.

Measurements of an information class such as wheat or corn made by
multispectral scanners mounted in aircraft often show large variation
with scan angle. For example, during the Corn Blight Watch Experiment,
the size of the variation was sufficient to require preprocessing to
remove the effect (10). The response of the aircraft sensors, which
typically operate over angular variations of 40 and -40 degrees about
nadir, include variations due not only to bidirectional scattering by
the ground scene but also due to the atmosphere. Consequently, data
from the sensors cannot be interpreted as completely indicative of the
ground scene. Measurements of the bidirectional scattering properties
at large view angles for various plant canopies have been reported (9,
11). None of these studies involved measurements made continuously in
wavelength from 0.4 to 2.4 um and at a variety of view angles and crop
growth =stages. Nor have these studies extensively investigated the

reflective properties of wheat, a crop of global economic importance
grown worldwide.

6.2 Materials and Methods

Data were acquired on spring wheat (Triticum aestivum L.) on four
dates during 1975 and 1976 at Williston, North Dakota, USA (Lat. 48°8',
Long. 103°44') in support of the Large Area Crop Inventory Experiment
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Table A-6.1. Ancillary meteorologic and agronomic data.

Date
Variable 21 Jun 76 20 Jul 75 17 Jul 76 31 Jul 76
relative humidity (%) - 51 54 36 57
air temperature (C°) 19 27 28 23
barometric pressure (mm Hg) 770.9 759.4 771.4 777.2
cloud cover (%) 1 1 5
wind direction northeast southwest southeast southeast
wind speed (km/hr) 14 16 10 13
cultivar Waldron Wells Ellar Ellar
maturity stage¥* 3.5/boot  4.5/fully 5.1/milk 5.4/ripe
: headed
row direction east-west east-west north-south north-south
row width (m) 0.18 0.21 0.18 0.18
fruit count (per m2) 0.0 Lbh 4 394.4
plant count (per m2) 477.8 310.0 455.6 405.6
plant height (m) 0.48 0.72 0.85 0.86
. leaves per plant 5.0 4.0 4.0
leaf condition (%)
| green 93 27 0
? yellow 3 7 0
: brown 4 66 100
f dry biomass—total (gr/m%) 216.9 345.1 689.8 625.9
5 fruit 0.0 268.1 330.2
green leaves 84.7 51 0.0
yellow leaves
brown leaves 25.4 56.8
stems 2 132.3 345.3 238.9
fresh biomass-total (gr/m") 1131.1 1466.1 840.0
plant moisture (%) 81 53 25
leaf area index** 1.85 1.48 0.81 0.0

*maturity. .stage according to Large18
*%leaf area index is the green one-sided leaf area per unit ground area
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Figure A-6.1. Coordinate system used for data analysis.
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(12). On each date agronomic measurements were made to characterize the
condition of the wheat canopy (Table A-6.1). Meteorologic data (Table
A-6.1) were acquired at the North Dakota Agricultural Experiment Station
at Williston, located near the test sites.

All spectral data were acquired continuously in wavelengths 0.46 to
2.4 pm, using an Exotech model 20C spectroradiometer positioned 6 m
above the soil. On each of the four dates, spectral data and a
photograph of the instrument field of view were taken in each of 33 view
directions, eight azimuths (the eight points of the compass) at four
zenith angles (15°, 30°, U45° and 60°) plus nadir. Data were acquired
approximately from three hours before solar noon to four hours after
solar noon. The spectral data, acquired as radiances, were subsequently
calibrated to bidirectional reflectance factors (BRF) using spectral
radiance measurements taken periodically of a 1.1 mx 1.1 m barium
sulfate (BaSO,) painted field standard (14, 15). The reflectance of
the field standard was measured with reference to pressed BaSO,, a
laboratory standard with known reflectance properties.

Analysis of the bidirectional response of the canopy was performed
on data at 48 wavelengths selected at 0.02 um intervals from 0.44 to 1.0
um, at 0.04 ym intervals from 1.0 to 2.0 ym, and at 0.08 um intervals
from 2.0 to 2.24 um. A spectra was discarded for analysis purposes if
the associated photograph indicated the field of view of the instrument
might include the shadow cast by the spectroradiomater, boom, or truck
or in some way did not properly represent the scene. At each of the 48
wavelengths, a stepwise forward regression program was used to select
from a global set of possible terms the twenty which best explained the
variation in the BRF data with time and view angle (Figure A-6.1). The
global set included the terms of the spherical harmonic series (17)
through Y,,, powers of time through t6, and all the interaction terms.
The coefficient of variation (R2) of each regression varied
systematically by date and wavelength, ranging between 0.86 and 0.98 in
the visible spectral region, 0.93 and 0.98 in the near-infrared and 0.76
and 0.96 in the middle-infrared. The standard deviation of the quantity
(100% residual/measured) varied between 3.5% and 10.7% in the visible
spectral region, 2.5% and 5.2% in the near-infrared, and 3.3% and 16.4%
in the middle-infrared.

6.3 Results
Figure A-6.2 shows the normalized BRF plotted as a function of

wavelength for the wheat canopy measured 21 June 1976 three hours before
noon looking 90 degrees to the sun azimuth. The BRF is normalized to

the BRF at nadir at each wavelength. The scale on the wavelength axis
changes at both 1.0 and 2.0 um. Figure A-6.2 shows that the BRF is a
pronounced function of view zenith direction and wavelength. In the

green spectral region (0.56 um) the BRF decreases for view zenith
directions between 0 and about 20 degrees then increases for angles
greater than 30 degrees. In the red region (0.66 um) the BRF decreases
until a view zenith direction of 40 degrees, then is constant. In the
near-infrared (0.76-1.28 um) the BRF increases with increasing view
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Figure A-6.6. Reflectance factor response of a multispectral line scanner
(MSS) normalized to nadir and +60° about nadir. 1In the case of the MSS
flying in a direction 90° to the sun azimuth direction (illustrated here)
the response is symmetric with illumination angle from noon, but is not
symmetric with scan angle.
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zenith angle. In the middle-infrared at 1.68 um the response is similar
to that in the red spectral region.

The results shown in Figure A-6.3 represent the normalized BRF of
the canopy on one date 17 July 1976 three hours before noon. The
results in Figure A-6.3 are based on the simulated response of a conical
scan normalized to 1.0 at the canopy hot spot, the antisolar point, and
scanning in azimuth angle with the zenith view angle fixed at the angle
of the canopy hot spot. The results were obtained by dividing the
wavelength axis into three wavelength regions, visible (0.44-0.68 um),
near-infrared (0.76-1.28 ym), and middle~infrared (1.48-1.76 um and
2.08-2.24 ym). On Figure A-6.3 the range of the canopy BRF responses in
each wavelength region is signified by the appropriate stippled area.
For example, at an azimuth angle of -90°, the BRF in the visible region
ranged between 0.5 and 0.55 of the BRF at the hot spot. Figure A-6.3
shows that the response as a function of azimuth angle measured from the
hot spot is symmetric and decreases. The decrease of the response is
greatest in the visible region and least in the near-infrared region.

Figure A-6.4 shows the wavelength and scan angle scales which apply
to each plot in the 3 x U4 array of plots in Figures A-6.5 and A-6.6.
The wavelength scale changes at 1.0 and 20 um. The scan angle scale is
organized for data from a multispectral line scanner scanning 60 degrees

about nadir. Negative scan angles are zenith angles to the left of
nadir.

Figure A-6.6 shows the BRF response of a MSS normalized to the
response at nadir and scanning 60 degrees about nadir. The wavelength
and zenith scan angle scales of each of the 24 plots in Figure A-6.6 are
illustrated in Figure A-6.4. Each line of plots in Figure A-6.6
represents a particular time. Each column of plots in Figure A-6.6
represents a specific crop development stage. In each plot the
normalized BRF at a particular scan angle and wavelength is indicated by
the height quantized in topographic notation by contour lines at 0.1
unit intervals. The BRF on a contour line labeled 1.1 is 1.1 times the
BRF at nadir. The contour line immediately adjacent to the line nadir
BRF, depending on the sequence of contour lines.

The results in Figure A-6.5, the case of the MSS-equipped aircraft
flying toward the solar azimuth, show the normalized BRF with scan angle
is generally symmetrical about the nadir scan angle for all wavelengths,
all three times, and all four growth stages. For example, the BRF for
(scan angle 60 degrees, 3 hours, 21 June 1976, 0.64 um) is 0.6 of
the BRF at nadir at 0.64 um. In the near-infrared spectral region, the
BRF generally increases with increasing scan angle for all three times
and all four crop development stages. In the visible and middle-
infrared regions, a simple pattern doesn't exist; the BRF may increase
or decrease depending upon wavelength, illumination angle, and
development stage.

Figure A-6.5 also shows the BRF with scan angle for three hours
before noon is very similar to the response three hours after noon,
suggesting that the BRF is fairly symmetric not only in scan angle but
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also with illumination angles from noon. Generally, for a particular
wavelength, whatever changes that do occur with scan angle are enhanced
at the two times away from noon as compared to noon. In each plot the
transition between the visible and near-infrared spectral regions is
abrupt for the green, healthy canopies (columns labeled 21 June 1976, 20
July 1975, and 17 July 1976) and markedly less so for the senescent

canopy (column labled 31 July 1976) without the strong red chloropyll
absorption band.

Figure A-6.6, the case of the aircraft flying in a direction 90
degrees to the sun azimuth direction, reveals a BRF similar to that of
Figure A-6.5. The same transition phenomenon is evident at 0.7 pum
between the visible and the near infrared regions. The curves are
fairly symmetric with illumination angle from noon. In the near-
infrared region, the BRF generally increases for increasing scan angles
regardless of crop development stage or time. (Note the minor but
systematic exception to this rule near nadir where the BRF is between
0.9 and 1.0 of nadir BRF.) However, unlike Figure A-6.5 the response
curves of Figure A-6.6 are not symmetric with scan angle.

6.4 Discussion

The results, Figure A-6.3, are consistant with the concept that the
effects of shadowing on BRF are modulated by the effects of 1light
multiply scattered by canopy components. Radiation 1is multiply
scattered when it is reflected or transmitted more than one time by
foliage or soil in the canopy. Light tends to be multiply scattered in
crop canopies in regions of the spectrum where the foliage absorbs
little light (i.e., the near infrared band from 0.8 um to 1.3 um) and
tends not to be multiply scattered in regions of the spectrum where
foliage absorbs a significant proportion of the incident light (i.e.,
the red wavelength band prior to senescence). Multiply scattered light
tends to reduce the contrast between two adjacent surfaces in the
canopy, one surface illuminated by direct solar radiation and the other
surface shadowed. The BRF of a crop canopy is the sum of the individual
contributions of the shadowed and illuminated surface areas in the
canopy. If the contrast between the shadowed and illuminated areas is
negligible, then changes in the proportion of shadowed surface area to
illuminated surface area in the canopy will not be evident in the canopy
BRF. Conversely, if the contrast is significant, then changes in the
proportion of shadowed to illuminated surface area in a canopy will be
evident as changes in the canopy BRF. Therefore, the canopy BRF is a
function of both the proportion of shadowed to illuminated surface area
in the canopy and the importance to the canopy radiation environment of
multiply scattered 1light, which reduces the contrast between the
shadowed and illuminated surface areas.

The results, Figure A-6.3, are for one zenith view angle, that of
the hot spot. If the canopy foliage were randomly distributed both
spatially and azimuthally, then, because the zenith view angle is
constant, the relative proportions of the canopy components in the field
of view of a sensor would not change with azimuth scan angle. The
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proportion of illuminated to shadowed foliage would be greatest at the
hot spot, an azimuth scan angle of zero, and least at an azimuth scan
angle of 180 degrees. If the BRF of the canopy were merely a function
of the proportion of illuminated to shadowed foliage, then the stippled
areas of Figure A-6.3 should coincide. The regions do not coincide
indicating that other factors must be included in the analysis.

At any azimuth scan angle away from the hot spot, the stippied
areas are ordered from top to bottom, near-infrared, middle-infrared,
and visible. The ranking corresponds with a ranking of the importance
of multiply scattered light in each spectral region. Each stippled area
representing a spectral region is almost symmetric with azimuth scan
angle from the hot spot; the proportion of illuminated to shadowed areas
is similarly symmetric provided the canopy foliage is randomly
distributed. Consequently, the results, Figure A-6.3, are consistent
with the argument that the effects of multiply scattered light serve to
modulate the effects of shadowing on the BRF of the canopy.

The results, Figures A-6.3 and A-6.5, are consistent with the
argument that shadows cast by foliage are an important factor in the
variation of BRF with view direction. Considering Figure A-6.5, the
proportion of shadowed to sunlit foliage and so0il should be
approximately the same at equal angles 1left and right of nadir provided
the foliage is randomly distributed. Since the BRF of a crop canopy is
the sum of the individual contributions of the shadowed and illuminated
surface areas in the canopy, then the BRF should be symmetrical in scan
angle from nadir as it is in Figure A-6.5, regardless of wavelength.
Considering Figure A-6.6, the curves are asymmetric in scan angle about
nadir. At all wavelengths, the normalized sensor response is noticeably
larger on the side of the flightline away from the sun, toward the
canopy hot spot where shadows cast by foliage would not be seen.
Shadows cast by foliage would be observable on the opposite side of the
flightline, the side with the lower response indicated by Figure A-6.6.
Thus, the results support the argument that shadowing is an important
factor in the variation of BRF with view direction.

The results, Figure A-6.6, are consistent with the argument that
shadows cast by foliage are an important factor in the variation of BRF
not only with view direction but also with illumination angle. The
proportion of shadowed to illuminated surface areas in a canopy changes
with sun angle during the day. The proportion varies from unity (all
shadow) at sunrise and sunset to a low value sometime during the day.
For a particular view direction fixed relative to the illumination
direction the proportionality, a function in time, will be symmetric
about solar noon if the azimuthal orientation and spatial distributon of
the foliage is symmetric about a north south line and if confounding
factors (i.e., phototropism, plant geometry changes due to wind or
moisture stress, etec.) are not important.

For a particular view direction fixed relative to the sun
direction, the BRF should, in general, be symmetric in time and sun
angles about solar noon, provided (1) the geometry of the canopy remains
properly symmetric throughout the day and (2) the spectral properties of
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the canopy components are constant or vary symmetrically in time about
solar noon. (For example, if significant soil surface dry down occurred
during a day, then the canopy would fail to satisfy criteria 2 when the
soil reflectance changes, in any, were asymmetric about solar noon.)
The results, Figures A-6.5 and A-6.6, show the BRF for a particular
wavelength and scan angle is generally symmetric in time about solar
noon, supporting the argument that shadowing is an important factor for
explaining the variation in BRF with illumination angles.

The results, Figures A-6.5 and A-6.6, are consistent with the
notion that the BRF changes in certain ways with scan angle because the
probability of observing the various components of the canopy changes
significantly with scan angle. For example, the probability of
observing bare soil is generally greatest at nadir and decreases rapidly
with increasing scan angle across the canopy. Figure:  A-6.5 and several
plots in Figure A-6.6 reveal an abrupt change of BRF with scan angle
near nadir for the visible spectral region, suggesting the effect of the
s0il should be considered for understanding the properties of the BRF
under these conditions.

As a second example, for most canopies at large scan angles only
the upper 1layers of the canopy are visible. The upper layers of a
canopy are well illuminated --no higher foliage shadows the topmost
layer. Thus, at large, incrementally increasing scan angles the
proportion of shadows should decrease and the BRF should increase.
Figures A-6.5 and A-6.6 reveal such a pattern in the near-infrared
spectral region of all plots and in the visible portions of several
plots. The pattern may exist throughout the visible spectral region
where the BRF might increase at scan angles larger than the 60 degrees
measured.
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7. A Model of Plant Canopy Polarization Response

V.C. Vanderbilt

7.1 Introduction

Sensors to remotely measure the linear polarization of ground
scenes have been proposed for the Multispectral Resource Sampler (MRS)
(17), a satellite sensor system proposed to complement the Thematic
Mapper. At present Jjustification for a sensor on MRS to measure scene
polarization is limited (2-7). This report discusses a model for the
amount of linearly polarized light reflected by the shiny leaves of such
crops as wheat, corn, and sorghum. The theory demonstrates that,
potentially, measurements of the linearly polarized light from a crop
canopy may be used as an additional feature to discriminate Dbetween
crops. Examination of the model suggests that, potentially, satellite
polarization measurements may be used to monitor crop development stage,
leaf water content, leaf area index, hail damage and certain plant
diseases. The model adds to our understanding of the potential
information content of scene polarization measurements acquired by
future satellite sensor systems such as MRS.

7.2 Development of the Model

Development of the mathematical model for polarization of 1light
from a wheat canopy requires four assumptions:

1. There exist on the wax surface of each shiny leaf small
flat areas, Aa, which specularly reflect light.

2. The wax layer is essentially clear and absorbs little
light. This means that for the wax layer the complex index of
refraction can be adequately approximated by its real component, a
reasonable supposition for the visible spectral region where any
light energy absorbed by the wax layer is then unavailable to the

chloroplasts to promote photosynthesis. Limited evidence supports
this assumption (19).

3. Specular light reflection occurs principally at the air-
wax boundary. Comparatively negligible amounts of 1light are
reflected specularly to an observer and from the boundaries between
epidermal cell walls, cell membranes, and the various cutible
layers. These boundaries have comparable indices of refraction and
often appear rough in electron micrographs.
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Figure A-7.1. Specular Reflection. The camera received specularly
reflected sunlight from the bright areas of these wheat flag leaves.
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4. The magnitude of polarized light from sources (moist soil,
for example) other than sunlit leaves is insignificant.

On the micro scale level, Figure A-7.3, sunlight is specularly
reflected by one of the small leaf areas to an observer only if the area
is properly oriented. The area Aa must be oriented such that the angle
of incidgncg, Y, equals the angle of reflectgnce and such that the
vectors E, n (the unit vector normal to Aa),and V are coplanar. If the
area lAa specularly refleq;s light to an observer, then the radiant flux
insident on Aa is Pg|E|cosy where Y=Y(8g,0,,0,) and Ps is the
probability of finding in a small volume an area Aa illuminated
directly by the sun as opposed to being shaded by intervening foliage.
The probability of finding in a small volume an observable area Aa is
symbolized by Py.

The probabilities, P; and B,, are functions both of the (x,y,2)
location of the leaf in the canopy and of directions of illumination and
observations, respectively. For example, P; and P, will approach unity
for the topmost leaves of a dense, preheaded wheat canopy if the
aggregation of these leaves forms a layer one leaf thick at the extreme
top of the canopy essentially impenetrable to direct illumination. The
probabilities will be less than unity for more typical canopies with
some so0il and/or non-leaf foliage illuminated and observed an some
leaves not illuminated and/or not observed. ‘

Even though the incident sunlight is not polarized, each small
area, Aa, polarizes the specular portion of the reflected sunlight
provided the angle of incidence is neither 0 or 90 degrees (8). If Aa
is smooth, the magnitude of the 1light that is specularly reflected and
polarized by Aa is described mathematically by the Fresnel equations
and Stokes vector and depends only upon the angle of incidence, Y, and
index of refraction of both the epicuticule wax layer and air (18).

Most often Aa is not a perfectly smooth surface but instead
supports small acicular structures which diffusely scatter 1light that
would otherwise be specularly reflected (11,12). To account for this
the Fresnel equations are modified by a factor, K (dimensionless). It
is assumed here that k(8g,0y,¢y,A) is identical for all leaves and is
not a function of lateral position and direction on the leaf surface.
The value of K varies between zero and one.

Define a probability density function f,(0,¢) for leaves such that
the probability that any one of the leaf areas Aa is oriented within a
solid angle Aw, about (6,,9,) fs dwgaf,(04,0,) (dimensionless). The units
of f =f,(x,y,2,0,0) are [sr™~]. Because the area Aa must be correctly
oriented to reflect light to an observer, the Jacobian (15) provides

- = 2 2
Awa = Amv/4cosy Avcos Gv/4h cosy ¢B)
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Z vertical

Y
X toward
sun
Figure A-7.3. Coordinate System. A small leaf area Aa specularly N

reflectg sunlight toward an observer, 3, if and only if the vectors E,
ﬁa and V are coplanar and the angles of incidence (Y) and reflectance
are equal.
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On the macro scale level, Figure A-T.4, the radiant flux due to
specularly reflected sunlight received from leaves in the field of view
of a sensor is found by summing the flux contributed by each leaf area Aga
in each volume j in the field of view. For a Aa the radiant flux
specularly reflected into a solid angle Awy, by a randomly selected area
is the quadruple product of (1) the radiant flux incident on the area
la, (2) the specular reflectance of fa, (3) the probability that Aa is
correctly oriented to specularly reflect light in a solid angle Awy
about direction (6y,¢,) and (4) the probability that Aa is observed.

all Vv, in
field of view
o.=|E| KS_ ¥ £ .P_.Py.A.A cos?0_/4h? (2)
S S’j=l aj sji Viti'v v
N -7 v ~
source canopy sensor
dependent dependent dependent
term terms terms
N\
L A )
all Vv, in
fieldlof view
4 2 2
o =|E| KS f_.P_.Py.A.A cos®0_/4h 3
Q ] Qo a3 s] Vitiv v (3)

The percent 1linear polarization is proportional to the linearly
polarized flux divided by the total flux, the sum of the diffuse and
specular fluxes.

100%@Q/(®D + @S) 4)

To illustrate the properties of the polarization model, the
response of two hypothetical canopies will be examined.

Example A: Sparse Wheat Canopy. If the properties of the canopy
are constants for those 1layers containing leaves, that 1is, if
Pg4=Pg;=Pg, Pyj=Pyi=Py, Aj=A;=A, and fa3=fa3=fa, for all (Vj,Vi) in the
field of view such that A# 0, then

all v, in
fieldJof view

2: P_.P A, (5)
{ s Vij

j=1
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and

=% 3
@S—|E|PS(LAI)KSSfaPVAvAw/Zcos 0, (6)
source canopy sensor
-
®Q=|E|PS(LAI)KSQfaPVAwAV/Zcosev (N

where LAI is leaf area index. The linearly polarized portion of the
total scene radiance is (14)

LQ=®Q/AVAw=]EI PS(LAI)KSQfaPVIZCOSGV (8)

Example B: Preheaded, Dense Wheat Canopy. If the probability
PgiPvi*l for V5 in the topmost layer of the canopy and PgjPyj*1 for Vg
in ali lower layers, then the'®5and<m2are proportional to %he leaf area
index only of the topmost layer. A winter wheat canopy measured just
prior to heading might have the following characteristics: LAI = 2.0
for top layer containing flag leaves with a wax 1layer index of
refraction = 1.5, f5 = uniform = 0.0796 sr~l, K = 0.9, and Pg = Py = 0.9
for top layer and Pg = Py = 0.0 for all lower layers. The linearly
polarized portion of the canopy radiance (eq. 8) and the 1linearly
polarized flux measured by a sensor over such a canopy are shown in
Figure A-7.5. The calculations are for a sensor with a field of view of
15 degrees or = 0.216sr, entrance optics of area 0.002m“, and spectral
band of 0.6-0.7 pm (red wavelengths).




Radiance (LQ) (Watts/m2 -Sr)

Figure A-7.5.
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Example C: Headed, Dense Wheat Canopy. The polarization response
of a wheat canopy is expected to change significantly during the heading
growth stage (Figure A-7.2). This is because the probabilities Pg and
P, of a headed wheat canopy, unlike those of a preheaded canopy are
pronounced functions of sun angle and view angle. The product PP, may
be estimated for a hypothetical headed canopy with LAI = 2.0 by app¥ying
linear regression techniques to data for a canopy with LAI = 1.0 and

scaling by a factor of 2.0 (21).

PSPV = ,232 exp («1.17((l/cosev) + (l/coses))) (9

Equation 9, derived assuming P, and P, to be independent, provides
erroneous estimates of P_P, at angles near the canopy hot spot direction
where the probabillity P?leaf observation leaf illumination) approaches
unity. Figure A-7.6 shows the linear polarization response for a
source-canopy-sensor with the parameters of Example B except PgP, given
by equation (9).

7.3 Discussion

The model shows the magnitude of the polarization response of a
plant stand is related to the solar insolation and the characteristics
of the canopy and the sensor. The response depends on the optical and
geometric properties of the portion of the canopy in the instrument
field of view.

The calculations show that a sensor would measure zero linearly
polarized light at the anti-solar, the canopy "hot-spot," where the
angle of incidence of the sunlight is zero. The sensor would measure
the maximum amount of polarized light in the solar azimuth direction

(Figure A-7.5), provided the small areas a are randomly oriented in
azimuth and zenith directions. Otherwise the direction of maximum
polarization may be shifted, as might occur when a strong wind

preferentially orients the flag leaves of wheat downwind.

The theory shows that when the specular flux is mdch, much greater
than the diffuse flux the percent 1linear polarization is not directly

related to the canopy agronomic properties. This might occur in the
chlorophyll absorption region in the red portion of the spectrum viewing
at large =zenith angles toward the sun azimuth angle. However, even

though the percent linear polarization in certain circumstances may
contain limited information related to canopy agronomic factors, the
magnitude of the 1linearly polarized flux is always directly related to
the canopy agronomic properties. Under these conditions, the magnitude
of the linearly polarized flux provides more information concerning
these canopy properties than does the percent linear polarization. This
is because the magnitude of the linearly polarized flux is always
directly related to the canopy agronomic properties while the percent
linear polarization is not. This magnitude is directly computed from
measurements of linearly polarized flux. Thus, the model provides a

theoretical basis for the same, but empirically based result noticed by
Egan (5).
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The three photographs,

taken at one week intervals before (top), during and after (bottom)
heading, demonstrate that the amount of specularly reflected- and

therefore polarized-sunlight decreases s
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The information in canopy polarization data, when obtained from
satellite sensors, probably will be wused in conjunction with other
remotely sensed data and will be extracted by analysis of frequent,
synoptic data sets, by using the temporal and spatial information to
make relative comparisons between the fields 1in the data for one date
and between the dates for one field. One polarization measurment of one
field for one date probably will have little value unless it is compared
to polarization data for that field and other fields for that date and
other dates. This is because it is unrealistic from the model to expect
that canopy polarization data will be calibrated in an absolute sense to
discriminate a particular crop or to correlate uniquely to a particular

agronomic variable. Frequent, synoptic polarization data from a
satellite sensor potentially aid in assessing crop vigor and growth
stage and in determining areas of hail damage and pestilence, all

potentially possible from comparisons between field and across dates.
Perhaps daily satellite coverage 1is feasible using a low spatial and
spectral resolution sensor in a geosynchronous orbit.

The canopy polarization response described by the model 1is a
function of wavelength only because the index of refraction of the
cuticle wax layer is a function of wavelength. From the physics of the
optical properties of materials (8), it is expected that the index of
refraction of the wax layer will gradually and monotonically increase
with decreasing visible wavelength, displaying no perturbations or "fine
structure" with wavelength. However, the model indicates the percent
linear polarization of a healthy green canopy will be large in the blue
and red spectral regions, small in the green, and even smaller in the
near infrared region away from any absorption bands. This is because
the total canopy flux, the normalization factor used when computing
percent polarization, exhibits a green vegetation response.

From the model there appears little need to measure the canopy
spectral polarization response with high wavelength resolution 1in the
visible spectral region; a polarization sensor covering the entire
visible region or a large portion of it might suffice. Conversely, in
the infrared spectral region the cuticle wax layer may absorb in narrow
spectral regions defined by the structural properties of the constituent
waxes of the layer, by the resonant frequencies of the translational and
rotational vibration modes of molecules of the layer. If absorption
bands do exist in the infrared opectral region, high resolution spectral
polarization data from these wavelength regions may possibly provide
information concerning the properties relatable to crop species and
light regime.

The connection between leaf polarization measurements and 1leaf
moisture content, noted by Egan, 1is supported by a morphological model
for the structural changes which occur in a leaf undergoing dehydration.
When the leaf water content and leaf thickness decrease and the leaf
cells dehydrate and collapse, the surface appears rough in thin sections
of senescent leaves and of leaves under moisture stress. As the surface
roughness increases, the specular portion of the light reflected by the
leaf decreases because there are fewer areas Aa which are similarly




100

oriented. The amount of linearly polarized light reflected by the
canopy decreases in company with the decrease of specularly reflected
light. These arguments suggest that the canopy polarization response

‘should decrease with decreasing leaf water content in the canopy and

therefore serve as an indicator of canopy moisture stress. Visual
evidence supports this hypothesis. Leaves under moisture stress often

appear less shiny than fully turgid leaves. Dry, senescent leaves often
have a matte surface finish.

Detection of the date of heading of a wheat canopy (Figure A-7.2),
information which is needed for use with phenologically based models to
predict the ultimate grain yield of the crop, might be feasible using
satellite polarization measurements (Figure A-7.6). The eventual weight
of grain produced by each wheat plant 1is largely determined by the
condition of the flag leaf, its size and vigor, and by the weather
regime endured by the plant following heading when the grain head begins
to fill. Knowledge of the date of heading permits a better estimate of
the post-heading weather for the crop.

Prior to heading the topmost foliage on the wheat plant is the flag
leaf, easily the most visible and illuminated canopy component (Figure
A-T.2). Following heading, wheat heads are the topmost foliage and
partially obscure the flag leaves to both sunlight and observation,
changing the values of both Ps and Py. Figure A-7.5 shows that the
magnitude of the polarized light, which depends directly upon the
specular reflections from flag leaves, will decrease by a factor of 60
for 85=30 and 6,=0 for the two hypothetical canopies during heading as the
leaves are increasingly obscured to both illumination and observation.
The obscuration of the flag leaves 1is enhanced at off nadir observation
angles directed toward the solar azimuth (Figure A-7.5). Potentially
both the condition of the flag leaves and the date of heading of a crop
might be monitored using polarization measurements obtained from a
satellite sensor with both on and off nadir viewing capability.

Applicability of the polarization model should extend to many
Species because shiny 1leaves which specularly reflect sunlight are
ubiguitous, not stratified according to geography or climate. Other
plants besides wheat, sorghum, and corn with specularly reflecting
leaves include coffee, sudan grass, banana, orange, sugarcane, and many
forest species. Schieferstein and Loomis (16) found epicuticular wax
deposits on about half of the plant species they tested. However, the
mere presence of a cuticle wax layer does not guarantee that a leaf will
specularly reflect and polarize a significant portion of the incident
light; the 1leaf must also appear shiny. Fibrillar light scattering
significantly diminishes the polarization response of pubescent soybean
leaves. And the surface of the wax layer of some species is
insufficiently smooth to specularly reflect light.

7.4 Conclusions

This report discusses a model for the amount of linearly polarized
light reflected by the shiny leaves of such crops as wheat, corn, and
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sorghum, each a grain of major economic importance to the world. The
model is based upon the morphological and phenological characteristics
of the canopy and upon the Fresnel equations which describe the light
reflection process at the smooth boundary separating two dielectrics.

The theory demonstrates that, potentially, measurements of the
linearly polarized light from a crop canopy may be used as an additional
feature to discriminate between crops such as wheat and barley, two
crops so spectrally similar that they are misclassified with

unacceptable frequency. Examination of the model suggests that,
potentially, satellite polarization measurements may be used to monitor
crop development stage, 1leaf water content, leaf area index, hail

damage, and certain plant diseases. Such information is needed for use
with models which predict crop grain yield.

The model adds to our understanding of the potential information
content of scene polarization measurements. The information content of
these measurements has not been extensively investigated and needs to be
understood to evaluate the potential usefulness of the proposed
polarization sensor for the satellite borne Multispectral Resource
Sampler. The efficacy of a satellite sensor measuring the linear
polarization of a scene through the atmosphere remains to be determined.
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B. FIELD RESEARCH DATA ACQUISITION, PREPROCESSING, AND DISTRIBUTION

Larry L. Biehl

This section describes the results of work conducted under Task 1B,
Field Research Data Acquisition and Preprocesing, and Task 3B, Field
Research Data Base Management and Distribution. The objectives of these
tasks were to acquire, preprocess, and distribute the data required to
accomplish the objectives of the AgRISTARS Supporting Field Research
project (described in reference 1 and Section A of this report).

The test locations are three-five by six nautical mile segments in
Cass County, North Dakota, Webster County, Iowa, and Wharton County,
Texas and three agricultural experiment stations, the Purdue University
Agronomy Farm at West Lafayette, Indiana, the University of Nehraska,
Sandhills Agricultural Laboratory near North Platte, Nebraska, and the
University of Nebraska Field Laboratory, Mead-Wahoo, Nebraska. The
major crops in the test sites are: Cass County, spring wheat, barley
and sunflowers; Wharton County, cotton and rice; Webster County, corn
and soybeans; Sandhills, irrigated corn; and Purdue, corn, soybeans, and
winter wheat. Institutions that were involved in data acquisition were:
NASA/Johnson Space Center, Purdue University, North Dakota State
University, and University of Nebraska.

1. Experiments

Based on the previous, proven experience since 1974, there were two
kinds of tests sites for 1980 - controlled experimental plot sites and
commercial field sites. The data from experiments in commercial field
test sites provide a measure of the natural variation in the temporal-
spectral characteristics of the cover type. The data from experiments
in controlled plot test sites enable more complete understanding and
interpretation of the spectra collected from commercial fields.

The experiments for 1980 include some that have been continued from
previous years to sample the different yearly weather patterns and new
experiments to obtain measurements over additional crops (spring wheat,
barley, sunflowers, cotton, and rice) and measurement/canopy variables
(canopy geometry and non-vertical reflectance view angles).
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1.1 Objectives

The following overall objectives were selected for the experiments
at each test site: :

Purdue University Agronomy Farm

- To determine effects of fertilization and disease on the growth,
development and spectral characteristics of winter wheat.

- To determine the relationship of crop canopy variables

(development stage, LAI, biomass, soil background etc.) to
reflectance and radiant temperature of corn, soybeans, and winter
wheat.

- To determine effects of varying agronomic practices (planting
date, row spacing, plant population, cultivar, soil type) on
spectral response of corn and soybeans.

- To support the development of corn and soybean yield models which
use spectral response as a function of crop development stage as

an input.
- To determine the relationships of percent soil cover, row
direction, solar illumination angle, view angle, and canopy

geometry to reflectance of soybean canopies.

i Sandhills Agricultural Laboratory

- To determine relationship of moisture stress on reflectance and
radiant temperature characteristics of corn.

Webster Co., Iowa

- To determine spectral characteristics and separability of corn,
soybeans and other crops as a function of growth stage and
cultural practices.

- To verify spectral-agronomic relationships.

Cass Co., North Dakota

- To determine spectral characteristics and separability of spring
wheat, barley, sunflowers and soybeans as a function of growth
stage and cultural practices.
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Wharton Co., Texas

- To determine spectral characteristics and Separability of cotton,

rice, and soybeans as a function of growth stage and cultural
practices.

1.2 Experiment Descriptions

Purdue Agronomy Farm. Six experiments were conducted at the Purdue

Agronomy Farm to accomplish the objectives stated above. The
experiments include studies of cerop stress, cultural practices, and
canopy geometry characteristics. The experiments, treatments, and

spectral instrument systems are summarized in Table B-1.

1. Winter Wheat Fertilization and Disease Experiment. This exper-
iment was a continuation of the 1979 Winter Wheat Experiment. The
purpose was to investigate the effects of disease and nitrogen
fertilization on the spectral and agronomic characteristics of winter
wheat. There were three nitrogen fertilizer rates (o, 60, and 120
kg/hectare), and three disease treatments (resistant cultivar,
Susceptible cultivar, and susceptible cultivar treated with fungicide)
with two replications in a randomized complete block design, Figure B-1.
Measurements of reflectance and radiant temperature of the wheat
canopies were made with the Exotech 20C field spectroradiometer system
and the Exotech 100 field radiometer system at approximately weekly
intervals from tillering through ripe stages of development. Agronomic
characterizations of the canopies included: leaf area index, biomass,
percent soil cover, height, lodging, disease severity, leaf nitrogen
concentration, and grain yield.

2. Winter Wheat Disease Experiment. The purpose of this experi-
ment was to investigate the effects of disease (rust) on the spectral
response of winter wheat. There were two disease treatment levels with
three replications. Each plot was 6 meters square. Measurements of the
reflectance and radiant temperatures of two replications of the wheat
canopies were made at approximately weekly intervals from the time the
wheat was inoculated with rust until the wheat was ripe. Several
observations were made of each plot to study the effects of varying
severity levels as the disease spread throughout the plot.

3. Corn Cultural Practices Experiment. 1980 was the second year

for this experiment. The specific objectives of this experiment were to
determine (1) the threshold of early season spectral detection of corn,
(2) the spectral response of corn as a function of development stage and
amount of vegetation, (3) the effect so0il background differences,
particularly soil color, on the spectral response and early detection of
corn. The treatments were as follows:
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Table B-1. Summary of the 1980 Supporting Field Research
Experiments at the Purdue Agronomy Farm

Experiment, Treatments, and Primary Sensor System

Winter Wheat: Nitrogen Fertilization and Disease
(Exotech 20C and Exotech 100)

3 Cultivars/Disease Levels
3 Nitrogen Fertilizer Rates (0, 60, and 120 kg/ha)
2 Replications

Winter Wheat: Disease (Exotech 20C)

2 Disease levels
2 Replications

Corn: Cultural Practices (Exotech 100)

7 Planting Dates (May 7, 16, 22, 29, June 11, 18, July 3)
3 Populations (25, 50, 75 thousand plants/ha)

2 Soil Types (Chalmers - darker, Fincastle - lighter)

2 Replications

Soybeans: Cultural Practices (Exotech 100)

7 Planting Dates (May 16, 27, June 12, 18, July 7, 16, 30)
2 Row Widths (25, 76 cm)

2 Cultivars (Amsoy 71, Williams)

2 Soil Types (Chalmers - darker, Toronto - lighter)

2 Replications

Soybeans: Sun-view angle (Exotech 100)

8 View Azimuth Angles (0, 45, 90, 135, 180, 225, 270, 315 degrees)
7 View Zenith Angles (0, 7, 15, 22, 30, 45, 60 degrees)

5-12 Solar Azimuth-Zenith Angle Periods

3 Maturity Stages

Soybeans: Row direction - Solar Azimuth and Zenith Angles (Exotech 100)

37 Row directions (90, 95, 100, ..... , 270)

3 Backgrounds (3M black, 3M white, Russell soil)

3 Soil Covers

4-5 Solar Azimuth-Zenith Angle Ranges (time periods)
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