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ABSTRACT

The two major objectives satisfied in this investigation
include the development of an improved semi-empirical model for
microwave backscatter from vegetation and the acquisition of a
complete set of canopy attenuation measurements as a function of
frequency, incidence angle and polarization. The semi-empirical
model was tested on corn and sorghum data over the 8-35 GHz
range. The model generally provided an excellent fit to the data
as measured by the correlation and rms error between observed and
predicted data. The model also predicted reasonable values of
canopy attenuation. The attenuation data was acquired over the
1.6 -~ 10.2 GHz range for the linear polarizations at approximately
20° and 50° incidence angles for wheat and soybeans. An
attenuation model was proposed which provided reasonable agreement

with the measured data.
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NOMENCLATURE

SYMBOL UNITS NDESCRIPTINN

A - empirical constant

8 - *  empirical constant

c - empirical constant

c1,62,C3 - designation for corn fields 1,

2, and 3, respectively
c - factor obtained from t-distribution
for confidence-interval calculations

c(f,8) .- empirical constant, which is a
function of frequency and angle of
fncidence

D - empirical constant

dz m incremental path length through

- canopy

E - empirical constant

e ds ms error

e1,89,83 dB _ rms error for fields 1, 2, and 3,
respectively

f GHz frequency

h m . canopy height

HH .- horizontal transmit, horizontal
receive

HV - “horizontal transmit, vertical receive

J -- symbol used to designate imaginary
part of a complex number

k m~! wave number (2m/1)

ke .- confidence-interval limit

L m correlation length

La d8 loss from model A

ix



Lc(f,0)

L

L123
MPHLEAF
MPHPLANT
MPHSTALK
MSVOL

mv

ds

ds

m2/m2
d8
dB
dB

dB

kg/m2
kg/m2
kg/m2

on/cm?

stalk absorption loss as a function
of incidence angle for horizontal
polarization

stalk absorption loss as a function
of incidence angle for vertical
polarization

leaf area {ndex

loss from model B

loss from model C

two-way canopy loss as a function
of frequency and incidence angle

loss from model D

layers 1, 2, and 3 combined
canopy leaf water content
canopy whole-plant water content
canopy stalk water content
volumetric soil moisture

plant or plant-part volume fraction
of water

plant or plant-part moisture
number of leaves per plant
number of samples

complex index of refraction for
extraordinary wave

real part of ng
imaginary part of Ng

complex index of refraction for
ordinary wave

real part of o

imaginary part of Ny




<=

S17Vv50
$1,s82,S3

ty

Ve

imaginary part of complex index of
refraction for vertically
polarized wave

empirical constant

empirical constant

empirical constant

correlation coefficient

Fresnel reflection coefficient for
horizontal polarization

correlation coefficient for fields 1,
2, and 3, respectively

empirical constant
sample standard deviation

radar backscattering coefficient (o¢°)

_ at 17 GHz, WV polarization, 50°

designation for sorghum or soyhean
fields 1, 2, and 3, respectively

leaf thickness

volume fraction of leaves in canopy
vertical transmit, horizontal receive
volume fraction of stalks in canopy
vertical transmit, vertical receive

designation for wheat fields 1 and 2,
respectively

unit vector in x-direction
unit vector in y-direction
unit vector in z-direction
end points of path through canopy
dielectric constant vector

real part of canopy dielectric
constant

xi

p




‘2 - imaginary part of canopy dielectric
constant .
€a - extraordinary wave dielectric
constant
€ .- leaf dielectric constant
€ - real part of €, )
H - imaginary part of €, .fl
ek . leaf dielectric constant at L-band y
eg .- leaf dielectric constant at C-band A
e{ - leaf dielectric constant at X-band
€ - ordinary-wave dielectric constant
‘%st - primary-stem dielectric constant at T*
L-band o
‘gst - primary-stem dielectric constant at
C-band
e;st - primary-stem dielectric constant at C
X-band L
€np - random leaves' dielectric constant
e;l .- real part of €pg |
E;l -- . real part of €png ?f L2
€ps -- random stalk dielectric constant
e;s - real part of €.
e;s - imaginary part of €pg
e%st -- secondary-stem dielectric constant at
L-band
‘gst - secondary-stem dielectric constant at
C-band
‘ést - secondary-stem d1e1ectr1c constant at -
X-band
egt .- stalk dielectric constant at L-band
‘gt - stalk dielectric constant at C-band
|
e

x1i 'i



Nepers/m
Nepers/m
Nepers/m
d8/m
dB/m
dB/m
dB/m

d8/m

kg/m3

d8 or
m2/m2

ds
dB

Nepers

stalk dielectric constant at X-band
stalk dielectric constant

real part of €t

imaginary part of €ct

x=-component of dielectric constant
vector

y-component of dielectric constant
vector

z-component of dielectric constant
vector

absorption coefficient

extinction coefficient

scattering coefficient
canopy-attenuation coefficient
leaf-attenuation coefficient
primary-stem attenuation coefficient

secondary-stem attenuation
coefficient

stalk-attenuation coefficient
albedo

wavelength

free-space wavelength
vegetation density

surface standard deviation

backscattering coefficient

observed backscattering coefficient
predicted backscattering coefficient
optical depth

xiii



Nepers

Nepers

Nepers

degrees

optical-depth component due to
leaf scattering

optical-depth component due to
leaf absorption

optical-depth component due to stalk
absorption

incidence angle from nadir

Xiv

. -

e - varomy




[S———

1.0 INTRODUCTION

A little over a century ago, mankind had to rely upon direct,
on-the-ground observations to acquire the kinds of information
useful in resource-management; as a result, such management was
extremely limited in scope. Over the first eighty years of this
century, aerial photography proved to be quite valuable to
resource managers, and it is still a legitimate form of r;mote
sensing today. But it was with the launching of satellites
carrying onboard visible- and infrared-sensors in the 1970's
that the science of remote sensing was revolutionized. Spaceborne
sensors were able to provide high-resolution imagery of even the

most remote parts of the Earth. Naturally, any satellite-based

image contains a large quantity of information. Therefore,

‘advances in digital-computer technology and digital image-

processing techniques have been necessary and have led to the
increased use of the resulting information Dy resource managers.
Promising research is continuing in this vital aera.
Unfortunately, visible and infrared sensors--especially
visible sensors--have some serious limitations. For example,
cloud cover renders visible sensors useless and severely degrades
the performance of infrared devices. In addition, visible
sensors can be operated only during daylight hours and are
affected by sun-angle. For this reason, much research is
currently directed toward the development of microwave remote

sensing systems, both active and passive, capable of supplementing
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the data provided by visible and infrared sensors. Microwave
systems may be operated either day or night, under clear-sky or
cloudy conditions, and over a very wide range of frequencies.
The present study is devoted to increasing the understanding of
the responses of such systems--specifically active microwave

or radar systems--to vegetation. An increased understanding of
these resporses will help to discover microwave remote sensing
applications, not only in agriculture and food production, but
also in water-resource management, energy utilization, conserva-

tion, and production.

1.1 Agricultural Applications
Agricultural resource management encompasses two major

tasks: The first 1bvolves the discrimination and classification
of crop species, which can ultimately provide an estimate of the
acreage planted for each type of crop, and the second concerns
monitoring crop growth and vigor, which in conjunction with
acreage estimates, will allow forecasts of yield.

The problem of discrimination and classification has been
studied extensively using radar alone (Bush, 1976a) and
combining radar data with Landsat data (Eyton, 1979; Li, 1980).

The results of these investigations indicate that radar and

Landsat data are complementary in nature and that classification

W




TABLE 1. Sources of
on a VWorldwide Basis

Wheat
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Corn
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Table 1.A World Production of Edible Dry Matter and Protein

Dry Matter 7 Protein 6
(metric tons x 10°) (metric tons x 10°)
Ceral grains
Wheat 27.5 32.9
Rice 26.7 23.2
Maize 23.5 24.7
Barley 11.4 11.6
Sorghum/millet 8.2 7.4
Others 7.6 1.1 .
 — 104.9 —_— 100.9
Starchy roots
Potato 6.6 6.0
Sweet Potato and Yams 3.9 2.9
Cassava 3.4 0.8
—_— 13.9 —_— 9.7
Sugar Crops
Cane 4.3(sugar) -
Beet 3.0 -
—_— 7.3
Legunes and 0i1 Seeds
Soybean 4.2 16.7
Peanuts 1.6 4.8
Peas 1.3 3.5
Beans 1.5 5.4
Cotton-seed (2.0) (7.2
-fibre (1.1) -
(3.5) (12.4
Others —_— 10.2 e 35.6
Vegetables 2.8 8.0
Fruit 2.5 1.3
Animal Products
Milk 5.2 14.5
Meat 2.8 12.6
Eggs 0.5 2.5
Fish 1.7 8.5
e 10.2 —_— 38.1
152.8 193.6



accuracies of the order of 95% appear to be feasible when multi-
date information is obtained.

The second task, 1.e., the mnr‘ltoring of crop growth and
vigor and the estimation of yield, is not well understood. This
1imited understanding can be enhanced, however, b;y the development
of improved mathematical models relating the microwave response to
plant physiological changes. Models may range from simple linear
regression analyses on microwave and ground-truth data to complex
theoretical models based inpon Maxwe:.1's equations. A middle-of-
the-road approach is the semi-empirical model, which is based upon
electromagnetic theory but 1s generally simple, utilizing easily
measured ground-truth parameters.

Electromagnetic models may be used 1n conjunction with
evapotranspiration models developed by agronomists (Hodges, 1977;
Kanemasu, 1977) to predict yield. In addition, microwave
measurements and models may provide data on crop disease or stress
and may provide valuable inputs to the hydrological models used in

water-resource management.

1.2 Advantages of Microwave Sensors

The abflity to penetrate cloud cover and to operate
independently of solar radiation distinguishes microwave sensors
from their visible and infrared counterparts., In addition to
these advantages, microwave sensors can effectively control the
“roughness” of the target under study by a change in wavelength;
this property allows studies of target structure that are not
possible in the visible and infrared regions. In addition, active
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microwave sensors have the ability to control the polarization of
the 1llumination and to make cross-polarized measurements that
often provide information not available in like-polarized data,

The Earth's atmosphere and ionosphere are not transparent to
electromagnetic radiation at all wavelengths. An "optical window"
extends from approximately 5 THz to 800 THz and a "radio window"
extends from about 30 Mz to 300 GHz. The remainder of the
spectrum 1s essentially useless for satellite-based remote sensing
purposes. Even these “windows” are not totally clear, since the
optical window contains many gaseous absorption 1ines, and the
radio spectrum s obstructed by a few oxygen and water-vapor lines
near the upper end.

Much of the interest in microwave sensors results from their
ability to peretrate cloud cover. On the average, a very large
portion of the Earth experiences 50% or greater coverage by clouds
during the year. Since neither the visible nor the infrared
sensors can penetrate this cloud cover, temporal data on crops is
extremely difficult to obtain. This problem is critical, since
plants may undergo some rather dramatic physiological changes
within a period of a few days.

Although rainfall can degrade the performance of microwave
sensors, it {s actually the cloud cover assocfated with it that
renders optical and infrared sensors useless. In fact, rainfall
is not a major problem, since precipitation rates high enough to
produce significant attenuation are in evidence only a small

fractior of the time available for observation of vegetation.



In addition to the ability of microwave sensors to operate
effectively day or night under most weather conditions, they have
the unique ability to sense changes 4n target roughness and
dielectric constant. It 1s this capability that provides the most

promise in monitoring the growth and vigor of agricultural crops.

1.3 Prior Rescarch

Some of the earliest scattering experiments on vegetation
were conducted at Chio State University in the late 1950's and
1960's (Cosgriff, 1960; Peake, 1971). Data were collected from a
wide variety of agricultural and cultural tarjets by using a
truck-mounted Doppler radar. The radar was capable of operating
in the X (10 GHz), Ku (15.5 GHz), and Ka (35 GHz) bands and could
measure backscattering from a 0° incidence angle (nadir) to an 80°
incidence angle. The absolute calibration of this early Ohio
State data 1s somewhat suspect when compared to more recent
measurements (Bush, 1976b), but its precision is still estimated
to be about ¢+ 1 dB. Unfortunately, this series of experiments
lacked adequate ground-truth support and was temporally incomplete
for the purpose of monitoring crop development ovar an entire
growing season. Despite these limitations, the Ohic State
experiments are significant in that they launcned the study of
vegetation by means of microwaves and provided the basis for more
detailed investigations.

In 1968, a program designed to investigate the racar
backscattering from vegetation, crops, and soils was initiated in

The Netherlands (deLoor, 1974). 1Initfal measurements used a 75-




meter television tower as a platform for an X-band pulse-radar
system. Because of the height of the tower and the locations of
the agricultural fields of interest, data were limited to high
incidence angles (> 80°). - Despite these 1limitations, the
experiments provided some insight into the statistics of radar
backscattering from agricultural crops and, what {s more
important, provided evidence that crops may undergo significant
changes in backscattering response over a growing season. In
1973, the group constructed a short-range FM-CW radar system that
could be moved on rajls along a series of test plots. This system
was capable of taking data over an incidence-angle range from 20°
to 75° with HH, HV, and VV polarization. This system has been
used to acquire a considerable amount of data on crops (deLoor,
1982)., The Dutcr; have also been active in vegetation dielectric
constant investigations (de Loor, 1983) and modeling (Hoekman,
1982).

In 1974 and 1975, a group from the Soviet Union conducted
experiments on vegetation wusing a K-band 1imaging radar
(Basharinov, 1976). This series of experiments, although lacking
adequate ground truth, noted significant changes 1in the
backscattering coefficient over a growing season and specifically
noted a large increase in the backscattering coefficient of winter
wheat at approximately the “heading" stage of growth. The
exper'menters also reported an inverse relationship between the
backscattering coefficient and the “productivity of green mass.”
The productivity of green mass apparently refers to the wet

biomass of the vegetation, measured in kilograms per square



meter. The Soviets have also reported backscattering data
acquired over the 0.8-cm to 30-cm range of wavelengths, as well as
laboratory measurements of microwave absorption and scattering of
isolated vegetative elements (Shutko, 1981).

A study conducted by the Agricultural Engineering Dapartment
at Ohio State University (Story, 1968; Story, 1970), unrelated to
the previously discussed backscattering measur~ at program,
concluded that the attenuation by wheat heads is many times
greater than the attenuation by stalks, and that transverse
magnetic (VV) attenuation 1is more than twice as great as
transverse electric (HH) attenuation. These results suggest that
the wheat héad should be considered individually as a
scattering/absorption element in detajled modeling studies.

Measurements of the temporal response of rice have been
completed in India at the Communications Area Space Applications
Centre in Ahmedabad (Calla, 1979). The Indian group utilized a
fixed X-band (9.4 GHz) CW radar system. This study is significant
because rice is one of the world's most important crops, and
because few, if any, data are available on i{ts backscattering
response. There is no information available on the precision of
these data, which is of concern because spatial or frequency
averaging was apparently not used; it is 1ikely, however, that
fading was reduced somewhat in this data set by time-averaging.
In addition, some of the data are also questionable because the
cross-polarized data are at times much greater in magnitude than

the 1ike-polarized data.
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There has been considerable interest in the microwave remote
sensing of vegetation in Canada in recent years. This activity
has been concentrated at the University of Guelph and the Canada
Centre for Remote Sensing in Ottawa (CCRS). A major interest has
been the use of synthetic-aperture radar (SAR) imagery for crop
discrimination purposes (Brisco, 1978; 1979; 1980). A joint
experiment was conducted in Melfort, Saskatchewan by CCRS and the
University of Kansas in 1983, A major objective of the experiment
was to calibrate SAR 1{magery using ground-based backscattering
measurements.

There is intense interest in the microwave remote sensing of
vegetation in West Germany. The German Aerospace Research
Establishment (DFVLR) has conducted vegetation studies using both
ground-based systems (Sieber, 1979; Graf, 1978) and synthetic-
aperture airborne systems (Sieber, 1983). The radar and ground-
trutﬁ data acquired by this group are both extensive and of high
quality. The West Germans were also deeply involved in the
European Spacelab mission (Schlude, 1978), in which an X-band
imaging radar system was carried aboard the STS-9 Space Shuttle
flight. Although a malfunction prevented the acquisition of data
during this flight, future flights are expected to provide
valuable vegetation data. It should be noted that the West
Germans and the University of Kansas worked jointly on a project
to calibrate the X-band -imagery with ground data and active
calibrators; however, the Spacelab's radar malfunction prevented

the successful completion of this effort.
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There has also been significant activity in microwave remote
sensing in France (Lopes, 1979; LeToan, 1982). The French have
recently completed an in-depth study of the backscattering
characteristics of wheat (Huet, 1983) and 1{ts attenuation
properties (Lopes, 1983). The backscattering study covered the
years 1980, 1981, and 1982 and included both winter wheat and
spring wheat. The attenuation measurements presented are quite
significant in that they are the first reliable data on the
attenuatfon of wheat, and they i{llustrate the i{mportance of
polarization on attenuation. The measurements, however, were
conducted in a laboratory setting, were limited to one frequency,
and were conducted at an incidence angle of 90° only. The French
work s of very high quality and includes extensive data on the
seasonal variab’lity of ground-truth parameters.

Undoubtedly, the most extensive measurement program on the
radar backscattering response of vegetation was conducted in the
United States at the University of Kansas (Ulaby, 1981). 1In the
late 1960's, studies were directed toward demonstrating that
panchromatic techniques were useful in the reduction of fading and
that additional information could be obtained by measuring over an
octave of bandwidth (Waite, 1970). The radar system used in this
series of measurements was a pulse-type system with the carrier
frequency continuously varied from pulse to pulse. The pulses
were averaged after detection to reduce fading. This program
stimulated interest in the development of a ground-based, mobile
‘system with angular, frequency, and polarization agility. The

first such system was constructed in 1971 (Mo, 1974) and »as used
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to collect agricultural data near Eudora, Kansas,in the 4- to 8-
GHz range. The system's calibration was suspect, unfortunately,
and all data had to be reported with respect to a field of corn.
In 1972, the system was rgdes1gned and calibrated against a
Luneberg lens rather than against a metallic sphere. The 1lens
provided a much-improved calibration technique because of its
large radar cross-section and its relative insensitivity to
orientation. Using this improved system, data were again acquired
in the Eudora region during the 1972 growing season.

Analysis of these data revealed that the moisture in the soil
underlying the various crops had a significant influence on the
backscattering response, especially at the lower frequencies and
angles of incidence (Ulaby, 1975a). This result was the first
indication that crop-monitoring studies should be conducted at
higher frequencies and angles of 1incidence to eliminate the
effects of soil-moisture variations. 1In 1973, the 4- to 8-GHz
system was redesigned to allow 2 - 8-GHz operation and an 8- to
18-GHz FM-CW radar system was constructed. Some data were
collected in 1973 (Ulaby, 1975b), but it was in the 1974 growing
season that the first sets of temporally complete data were
acquired on a wide variety of crops (corn, wheat, milo, soybeans,
and alfalfa). Also in 1974, diurnal experiments were conducted in
the 2- to 8-GHz range. One major conclusion reached from the 1974
experiments was that diurnal effects are minimized at frequencies
above 8 GHz and that {ncidence angles of 40° or higher and
frequencies of 8 GHz or greater minimize any response to soil

moisture, The temporal data acquired (Bush, 1975¢,d; Ulaby,
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1975¢c) revealed that the two economically important crops, corn
and wheat, exhibited substantial changes 1in the backscattering

0

coefficient, o°, over a growing season and thus held promise for

monitoring applications. Amo_ng the other crops studied, alfalfa

displayed significant changes in ¢°

over the growing season, but
milo (sorghum) and soybeans did not. A large number of technical
reports and papers have resulted from analysis of these data
(Bush, 1975a,b,c,d; Ulaby, 1975¢c; 1976). Agricultural data were
again acquired in the 8- to 18-GHz range during the 1975 and 1976
growing seasons. Acquisition of these data greatly enlarged the
available database on agricultural crops, which allowed enhanced
statistical (Ulaby, 1979a), row-direction (Ulaby, 1979b), and
classification (Eyton, 1979) studies to be performed. In 1977 and
1978, the emphasis in radar data acquisition shifted toward snow
and soil-moisture applications, while analysis continued on the
available agricultural database.

In 1979 and 1980, the University of Kansas conducted joint
vegetation experiments with Kansas State University's
Evapotranspiration Laboratory, which 1{is associated with its
Agronomy Department. The Kansas State group has been active in
the development of evapotranspiration models for wuse 1in
hydrological applications and crop-yield forecasting (Kanemasu,
1974; 1976; 1977; Brun, 1972; Hodges, 1977). Kansas State had
used Landsat data as input to the evapotranspiration models but
had experienced considerable difficulty 1in obtaining cloud-free
data over a growing season, The group therefore was quite

interested in the pote-cial of microwave remote sensing, which led
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to the joint experiments. The data were acquired over the 8- to
35-GHz range on a number of test plots of corn and sorghum and on
two commercial wheat fields (Eger, 1982; Wilson, 1984),

During the period from 1981 to 1983, the radar systems were
re-designed to make them more mobile, so that an increased number
of data sets could be acquired on a given day. The systems were
limited to L- through X-bands to correspond to the operatfonal
systems planned for the late 1980's and early 1990's. In
addition, a radiometer system was constructed to acquire passive
microwave data. During this period, data were acquired on a number
of crops near Lawrence, Kansas, and in 1983, the joint experiment
with the Canadians was conducted. A number of special experiments
including flooding, screening, defoliation, and attenuation were
also conducted during this period. In 1984, L-, C-, and X-band
data were acquired on a number of test plots producing small
grains, and attenuation measurements were conducted on wheat and
soybeans,

As this review indicates, interest in the microwave remote
sensing of vegetation is global and has been increasing rapidly in
recent years. The availability of the Space Shuttle to carry
imaging radars will certainly vastly increase our knowledge in
this area but will not eliminate the requirement for additional,

detailed ground studies such as those described in this review.

1.4 Objectives of the Investigation

The investigation reported herein has two major objectives.

The 7irst is to develop an improved semi-empirical model (or
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models) to describe the observed backscattering response of
vegetation in terms of easily measured ground-truth parameters. The
second objective, closely related to the first, is to obtain data on
the attenuation experienced by a microwave signal as it propagates
through a vegetation canopy as a function of 1ts frequency,
polarization, and angle of incidence.

The semi-empirical model will be based upon high-quality data
(corn and sorghum) acquired near Manhattan, Kansas. The data set is
characterized by backscattering data with extensive spatial
averaging to reduce fading, accurate calibration, and frequent
observations over the growing season. The ground-truth information
is also of high quality. In addition, the ground truth was
carefully edited and "smoothed" using a polynomial curve-fitting
routine., The objective was to postulate a model that would provide
a good fit to the data as measured by the correlation coefficient
between the observed and predicted data as well as a small root-
mean-square (rms) error between the observed and predicted data
points. Also, the model would provide a reasonable estimate of the
attenuation through the vegetation canopy.

The objective of the attenuation measurements was to obtain an
understanding of vegetation attenuation as a function of frequency,
polarization, and incidence angle for its own scientific value as
well as to provide data for testing semi-empirical and theoretical
models. Although some limited attenuation measurements have been
made {in the past, this will be the first data set to demonstrate

frequency, polarization, and angular dependence.
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2.0 EXPERIMENT DESCRIPTION

The backscattering data analyzed and modeled 1in this
investigation were acquired in 1979 and 1980 during a joint
experiment conducted near Manhattan, Kansas by the lniversity of
Kansas and Kansas State University. The complete set of 1979 data
is available in a technical memorandum (Wiison, 1984), and
selected 1979 and 1980 data are available in a technical report
(Eger, 1982; Ulaby, 1983).

The attenuation data to be analyzed and modeled in this
investigation were acquired by the University of Kansas in 1984 at

¢ site east of Lawrence, Kansas.

2.1 1979 Backscattering Measurements

The 1979 backscattering measurements were conducted at the
Kansas State University agronomy research fields located
approximately 14 km south of Manhattan near a small community
called Ashland. University-owned research plots were used to
study corn and sorghum; two privately owned fields adjacent to the
research plots were used to study wheat.

The twelve test 'plots, each approximately 15 m x 60 m, or
900 m2, were planted with varying densities of corn and sorghum
(six each). The two wheat fields used were several acres in
extent, although only a limited area of each was used for data
collection.

The spring/summer growing season was unusually wet for

Central Kaﬁsas, and all crops were generally healthy and vigorous.
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Ground-truth data for this experiment were acquired by Kansas
State University. Ground truth was taken simultaneously with
radar data. Table 2 'summarizes the ground-truth parameters
measured. _

The active microwave system used to acquire data for this
study was the University of Kansas MAS 8 - 18/35-scatterometer
system. The MAS 8-18/35 was a low=-power microcomputer-based, FM-
CW radar capable of operation over the 8- to 18-GHz range as well
as at 35.6 GHz. This truck-mounted system was mobile and had its
own source of electrical power. Acquired data were recorded on a
standard data cartridge for subsequent transfer to larger computer
systems. The system (Ulaby, 1979c) was modified prior to this
study for single-antenna operation over the 8 - 18-GHz range
(Wilson, 1980). The accuracy and precision of the MAS 8-18/35
have been investigated and reported previously (Stiles, 1979).
Key system specifications are given in Table 3.

The choice of sensor combinations for this study was greatly
influenced by prior work at the University of Kansas., To minimize
the response to soil-moisture var1at16ns. angles of incidence
greater than 30° and frequencies greater than 8 GHz were chosen.
This choice of system parameters also minimized any response to
crop row-direction effects. Data were taken using the three
1inear polarizations. Table 4 summarizes the sensor combinations
used in the experiment.

Fifteen independent spatial samples were taken at 30° and

50°, whereas ten samples proved more than adequate at 70°,
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TABLE 2.

Ground-Truth Parameters

Leaf Area Index
Plant Wet Weight
Plant Dry Weight
Plant Density
Plant Height

Plant Growth Stage
Leaf Water Potential
Yield

Sot1 Moisture
Solar Radiation
Temperature
Precipitation

Wind Speed

Spectral Reflectance

19
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TABLE 3. MAS 8-18/35 System Specifications

Radar Type

Modulating Waveform
Frequency Fange

FM Sweep

Transmitter Power
Intermediate Frequency
IF Bandwidth

Antennas

Maximum Height
Above Ground

8-18 GHz Feed

8-18 GHz Reflector

35.6 GHz
Polarization
Incidence Angle Range
Calibration

Internal

External

20

FM-CW

Triangular

8-18 and 35.6 GHz
800 MHz

10 dBm

100 kHz

10 kHz

20m

4-18 GHz Quad-ridged
Horn

45.7 cm Diameter
Scalar Horn

HH, HV, VV, RR, RL, LL
0° (Nadir) to 80°

Delay Line

Luneberg Lens



TABLE 4. Sensor Combinations

FREQUENCY

8.6 GHz
13.0 GH2
17.0 GHz
35,6 GHz

POLARIZATION
HH
HV
v
INCIDENCE ANGLE
30°

50°
70°

21
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A “standard" data set consisted of the above number of
independent spatial samples at each of the four frequencies for
each polarization., Thus, 180 data points were obtained at 30° and
50°, with 120 data points at 70°, for a total of 480 data points
per standard data set.

A “diurnal® data set consisted of fifteen independent spatial
samples at 50° at the above frequency ana pularization
combinations, or 180 data points. A diurnal data set was repeated
perfodically throughout the day from before dawn to after dusk.

Table 5 summarizes the microwave data acquired in this

experiment.

2.2 1980 Backscattering Measurements

The 1980 backscattering measurements were also conducted on
the Kansas State University research fields. In 1980, however,
data were acquired on corn and sorghum only,

The 1380 test plots were increased in size to approximately
30mx60m or 1800 m2, Three plots ware planted in corn and
three in sorghum, As in 1979, planting densities varied between
plots.

The summer growing season in 1980 presented a sharp contrast
to that of 1979 in that {t was dry and was one of the hotiest
summers on record; irrigation was required to maintain the crops.

Ground-truth data were again acquired by Kansas State
University. In 1980, sampling techniques were improved, and the

data were expanded to include plant parameters both by layers and
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TABLE 5. 1979 Microwave Data Acquired

WHEAT
24 Stdndard Data Sets
32 Diurnal Data Sets
CORN
40 Standard Data Sets
20 Diurnal Data Sets
SORGHUM

40 Standard Data Sets
20 viurnal Data Sets

TOTAL DATA POINTS - 74,880
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by parts. In addition, the ground-truth data were "smoothed" by a
polynomial curve-fitting routine.

Increasing the number of data sets per field represented a
significant improvement over the 1979 experiment. Because of the
large number of fields, incidence angles, and frequencies in 1979,
only about six data sets per field were acquired for corn and
sorghum, In 1980, the number of fields was reduced and the
angular data limited to 50°, so that approximately 25 data sets
per field were obtained.

In 1980, improvements were also made in the microwave data-
collection effort. The number of spatial samples in 1979 was set
at 15 because of the limited test-plot width and because of time
1imitations. In 1980, since the size of the plots had been
increased and since the only angle of incidence used was 50°, the
number of spatial samples was increased to 25 to further reduce
measurement uncertainty. Also in 1980, external calibration was
performed on the system on all but five of the measurement days.
These changes significantly improved the calibration and precision

of the 1980 backscattering measurements as compared to 1979.

2.3 1984 Attenuation Measurements

The 1984 attenuation measurements were conducted by the
University of Kansas on privately owned fields located
approximately 6 km east of Lawrence, Kansas.

Two crops were studied: winter wheat and soybeans. The
spring and early summer growing seasons were quite wet, which

resulted in healthy and vigorous crcps. Ground truth for this
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experiment was acquired both by layer and by part. The ground-
truth measurements are tabulated in Appendix B.

The system used for data acquisition consisted of L-, C-, and
X-band radars (1.55 GHz, 4.75 GHz, and 10.2 GHz) mounted on a boom
truck (used only as a transmitter) and a receiver at ground level
mounted on a “sled." The sled was designed to be pulled in
synchronicity with the boom truck over fiberglass rails by means
of a system of ropes and pulleys. Figure 1 illustrates the
setup. The receiving antennas consisted of an L-band microstrip
patch antenna and a 4- to 18-GHz quad-ridged horn for C- and X-
bands. The C- and X-band antennas were followed by battery-
powered amplifiers with approximately 25 dB of gain. The detector
was a wide-dynamic-range power meter driving a chart recorder.

The rails, each approximately 6 meters long, were placed in
the vegetation canopy at locations corresponding to approximately
24° and 56° incidence angle for wheat and 16° and 52° for
soybeans. Vegetation was cleared at each end of the test strip so
the free-space power could be measured and then used as a
reference. A wheat decapitation experiment and a soybean
defoliation experiment were conducted in addition to these
"standard" experiments.

Attenuation measurements were made at the indicated angles,
at L, C, and X-band, and for HH and VV polarization. Limited data
were acquired for HV and VH polarization. The recordings were
digitized, and a mean attenuation was calculated {relative to free
space) along with its associated 99% confidence interval. Repeat-

ability tests were conducted for all sensor combinations, and
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Figure 1.

Configuration used to measure canopy attenuation.
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it was found that the measurements were generally repeatable
within 1 dB and, in most cases, within a fraction of a d8. The

attenuation data are tabulated in Appendix B.

3.0 ANALYSIS OF BACKSCATTERING DATA

The 1979 backscattering experiment was significant in that it
provided the first 35-GHz data on vegetation over a full growing
season and served as the basis for an analysis of a number of
overall vegetation backscattering characteristics. It was also
valuable in that it was the first data set to include both active
microwave data and leaf area index. The 1979 data set was,
however, of limited value in modeling because of the small number
of data sets taken per field.

The 1980 backscattering experiment was designed to correct
the shortcomings of the 1979 experiment and to provide a very high
quality data set for corn and sorghum, i.e., one suitable for
modeling studies.

A preliminary analysis of the 1979 and 1980 data sets has
already been completed (Eger, 1982) and includes temporal data for
both years; thus, that information will not be repeated in this
report. The emphasis here will be to present results that have
not yet been published.

The statistical analysis was accomplished with the aid of the
1979 versions of the Biomedical Computer Programs, P-series (BMNP-
79). These programs were developed at the Health Sciences

Computing Facility at the University of California at Los Angeles
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(Dixon, 1979). The Health Sciences Computing Facility was
sponsored by NIH Special Resources Grant RR-3.

The BMDP routines used to examine the statistics of the
microwave data were BMDP-2D, BMDP-5D, and BMDP-6D. RMDP-2D counts
and lists distinct values for each variable in the analysis. It
computes univariate statistics 1including the mean, median,
standard deviation, skewness, and kurtosis. BMDP-2D also plots a
histogram for each variable., BMDP-5D was utilized to provide
histograms in a format much improved over that in BMDP-2D, BMDP-
6D displays one variable against another in a scatter plot. It
computes and prints the equations of the simple linear regression,
relating each variable to the other, and indicates the places at
which the regression 1ines intersect the frame of the plot. BMDP-
AR, a nonlinear regression routine, was used in the modeling
studies.

In addition to BMDP, a number of FORTRAN routines were used
to calculate other statistics and provide special plots not

avajlable with BMDP,

3.1 C(Calibration, Accuracy, and Precision

The MAS 8-18/35 system used in these experiments utilized
both 1internal and external calibration techniques. Internal
calibration was achieved by periodically switching a coaxial delay
line in place of the antenna(s). Power measurements in the delay-
line mode were taken every few minutes during a measurement
session and were used to remove short-term fluctuations in

oscillator power and any other component variations.
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External calibration was achieved by measuring the return
from a Luneberg lens of known cross-section periodically
throughout the measurement period (Ulaby, 1979¢). In 1979, "lens
sets" were taken approximately once per week; in 1980, lens sets
were taken on the day of each data set--except for five dates.

After each lens set, a "sky-noise" measurement was taken to
determine the system noise floor. Noise-floor data were used to
ensure that all data points used in the analysis had an adequate
signal-to-noise ratio.

Previous studies (Stiles, 1979) concluded that the accuracy
of the MAS 8-18/35 was of the order of + 2.6 dB.

Measurement precision 1is a function of the number of
independent samples obtained (Stiles, 1979). In the MAS 8-18/35,
independent samples are obtained by frequency averaging as well as
by spatial averaging. The total number of independent samples fis
determined by the product of these two terms. The number of
independent samples may also be calculated empirically from the
data. It is estimated that the 90% confidence interval for the
1979 data is approximately + 1.0 dB, whereas for the 1980 data it

is ¢t 0.5 dB.

3.2 1979 Backscattering Data

The complete analysis of the 1979 data included consideration
of each plot or field individually, various combinations of
fields/plots of the same crop, and all crops combined. All of
these cases were analyzed at all of the various frequency,

polarization, and angular comhinations. Since the 1979 data will
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not be used for modeling purposes in this investigation and
because a preliminary analysis has been reported previously (Eger,
1982; Brakke, 1981), the emphasis here will be on overall
vegetation characteristics.

Figure 2 1s a histogram for all 1979 crops combined at
35.6 GHz, VWV, 30°, expressed in ds. This distribution is
approximately normal, as expected. Figure 3 is a histogram of the
same data expressed in real units (m2/m2), This distribution is
approximately log-normal, again as expected. These distributions
are similar to those observed in the much larger agricultural data
base maintained at tie University of Kansas (Ulaby, 1979a).

Dynamic range is an important consideration in the design of
an operational, active microwave remote-sensing system. If the
microwave response to changes in plant parameters can be masked by
system fluctuations and/or errors, there is 1little hope of
acquiring meaningful data. Figure 4 jllustrates that the dynamic
range of all 1979 crops combined increases as the frequency fis
increased, especially for VV po<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>