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ABSTRACT

A series of controlled ground-based passive micrewave
radiometric measurements on soil moisture were conducted
to determine the effects of terrain surface roughness and
vegetation on microwave emission. A review was given to
some apparent temperature models for bare and vegetated
rough surfaces and theoretical predictions were made using
Sibley's apparent temperature models for bare and vegetated
smooth surfaces. The theoretical predictions were compared
with the experimental results and with some recent airborne
radiometric measurements on soil moisture. The relation-
ship of so0il moisture to the permittivity for the soil of
this experiment was obtained in the laboratory.

The passive microwave radiometer used for this experi-
ment was a dual frequency radiometer, 1.41356 GHz and 10.69
GHz, mounted on a flat bed truck with a 75-foot articulated
arm serving as the sensor platform. Measurements were
taken for angles between 0° and 50°, generally in 10° in-
crements, from an altitude of about fifty feet.

Three distinct surface roughnesses were created to
study the effects of surface roughness on apparent tempera-
ture measurements. With the roughness of the surfaces un-
disturbed, oats were later densely and uniformly planted.

Vegetation effects were examined from comparisons between
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vegetated and bare field measurements. Observations sup-
porting the effects of surface roughness and vegetation
were obtained through extensive ground truth.

The effects of surface roughness and vegetation were
found to be highly significant and played decisive roles
in regard to the capability of the passive microwave radio-
meter to detect soil moisture. The 1.4 GHz radiometer was
less affected by the surface roughness and vegetation than
the 10.6 GHz radiometer, which under vegetated conditions
was incapable of detecting soil moisture. It was concluded
that lower frequency band passive microwave radiometers are
capable of detecting the soil moisture of bare and vege-
tated rough surfaces remotely.

Comparisons between the theoretical predictions and
the experimental results indicated discrepancies in magni-
tude. Inadequacy in the bare surface theoretical model
and the uncertainty concerning the absolute correctness of
the permittivity of the soil measured were apparently the
causes of these discrepancies. The vegetation model ap-
peared to be a valid model, for its predictions were exper-
imentally verified.

The concept of skin depth and the corresponding equiv-
alent soil moisture were studied. The equivalent soil
moisture was believed to be the appropriate soil moisture

parameter to correlate apparent temperature with soil
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moisture. Data analysis did indicate that it was a more
appropriate soil moisture parameter than two other custom-

arily used s0il moisture parameters (0-2 cm average and

0-18 cm average).
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CHAPTER I

INTRODUCTION

Remote Sensing of Soil Moisture

Soil moisture data are significant and important
for agriculture, hydrology, runoff and flood forecasting,
rangeland management and farming. Instruments and tech-
niques are available for measuring soil moisture content
by contact means, however, when investigating on a large
land area or some remote inaccessible areas, contact
methods become impractical. The techniques of remote
sensing are needed to gather such information with speed
and an acceptable degree of accuracy. Remote sensors that
have been employed in the study of possible detection
of soil moisture content include cameras, thermal infrared
sensors, and microwave sensors.

Aerial photography has been a useful reconnaissance
tool for hydrologic studies. Reflection at photographic
wavelengths (0.4 - 0.9 nm) is sensitive to differences
in the surface characteristics at the air-soil interface,

and tonal contrasts can be used to infer soil moisture
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conditions [1].

Thermal infrared sensors measure emittance, i.e, .he
self emission, of the objects. The thermal infrared
region extends from approximately 4nm to 24nm, Measure-
ments made at the regions 3 to 5 nm and 8 to 14 nm
indicated the detection of variation in soil moisture is
possible [2], [3].

Despite their potential as soil moisture detection
remote sensors, the photographic and thermal infrared
sensors have the main drawbacks that they can reveal only
the very surface soil moisture information and they are
inoperable in bad weather. Microwave sensors have the
potential of yielding information regarding the interior
characteristics of bodies. Furthermore, their performance
is almost independent of weather conditions and time of
day.

Microwave sensors are of two basic types: passive
and active. The frequency range over which these two
types of sensors operate extends from 0.1 GHz to beyond
100 GHz. TIxperimental and theoretical studies have con-
firmed that there is a high degree of correlation between
the electrical properties of soil and soil moisture. This
suggests that the microwave remote sensors could be
applicable in the determination of soil moisture content.

In 1968, Kennedy [4] and Edgerton [5] began the investi-
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gation of passive microwave sensors for determination
of soil moisture content. Numerous theoretical studies
(Peake [6], [7], Stogryn [8], Fung et al. [?} and Johnson
[10)) and experimental studies (Schmugge et al. [11],
Richerson [12], Jean [13] and Kroll [14])have been conduct-
ed to measure soil moisture with microwave radiometers.
The radiometric results indicated that under some
conditions the soil moisture content can be determined
quite accurately, and trc¢ assive microwave radiometer
has high potnetial in this application. Unlike the
infrared and photographic techniques which provide only
surface information, the microwave radiometer can detect
moisture content at censiderable depth into the soil.
Another microwave remote sensor for soil moisture
content detection is radar, the active microwave sensor.
The application of radar on the detection of soil
moisture has received less attention than the microwave
radiometer, yet it has proved to be a high potential
candidate. Rouse [15] has discussed the possibility of
using radar scatterometers to measure soil moisture
content. Moore et al. [16], Waite et al. [17], [18], and
Davis et al. [19] have shown experimentally the feasibility
of using radar for the determination of soil moisture

content.
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Past History and Inadequacies of Soil Moisture

Detection by Passive Microwave Radiometer

In 1965 Kennedy et al. [20], [21] initiated a series
of radiometric studies of snow and soil, from which the
possible application of microwave radiometer for the
detection of soil moisture content was stimulated. The
first soil moisture measurements on natural terrains by
microwave radiometer was conducted by Kennedy and Edgerton
[22], and by Edgerton et al. [23]. The measurements were
ground based. On May 21, 1968 NASA conducted a series of
aircraft flights equipped with microwave radiometers over
southern California for the remote determination of soil
moisture [24]. The microwave radiometers (MR62/MR64)
were operated at 9.3, 15.8, 22.2, and 34.0 GHz frequencies. .
From the results it was concluded that a moist layer more
than 0.1 inch below a dry surface layer could not be
detected by microwave radiometers at one to two cm wave-
lengths. However, using a ten cm wavelength (approximately
3 GHz) microwave radiometer, Basharinov and Skutko [25]
demonstrated that soil moisture content could be inferred
to within a 3% moisture content value from the radiometric
data.

More recent investigators include those of Richerson

[121, Jean [13], Poe et al. [26], Schmugge et al. [11],
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Kroll [14] and Sibley [27]). Richerson investigated the
relationship of the moisture content of smooth surface

to its radiative properties and used this relationship

to study the expected performance of a tower-based micro-
wave radiometer in monitoring soil moisture. Jean reported
the results of airborne radiometric measurements at 21.13,
11.15, 6.01, and 2.81 cm, 2.69, 4.99, and 10.69 GHz. Their
results were generally encouraging, but the amount of data
were very limited.

Poe et al. reported on a series of microwave radio-
metric measurements at wavelenj;ths 0.81, 2.2, 6.0 and 21.4
cm on bare so0il with a variety of moisture conditions.
Their measurements compared favorably with the computed
values obtained from the theory of vertically structured
media [26] for moderately moist to saturated soil condi-
tions at all wavelengths., It was concluded that a semi-
quantitative understanding of the microwave emission pro-
perties of the soil has been reached.

Schmuggee et al. also reported a series of aircraft
flights over bare land using microwave radiometers in the
wavelength range 0.8 cm to 21 cm. The results indicated
that it is possible to monitor soil moisture variations
with airborne microwave radiometers, and that the emission
measured is a function of the radiometer wavelength and

the distribution of soil moisture. It was shown that the
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longer wavelengths were more sensitive to the variation
of soil moisture. Kroll analyzed airborne microwave
radiometer measurements over selected sites in Chickasha,
Oklahoma and Weslaco, Texas. His analysis shows that the
airborne microwave radiometric monitoring of soil moisture
is feasible, but noted that continued research, along with
development of more reliable techniaues, should be con-
ducted.

Sibley has investigated the effects of vegetation
on the detection of soil moisture content. He has devel-
oped theoretical models for the apparent temperature of
vegetated terrains. However, very little experimental data
were available to substantiate his models.

Examining the past investigations and experiences,
a summary of the past inadequacies can be reached. It
appears that the problem lies in three areas. The first
area is the need for a fuller understanding of the radia-
tive and scattering characteristics of natural surfaces,
and the relation between the moisture content and the
radiative characteristics of natural surfaces. The theo-
retical models of the apparent temperature of natural
surfaces need to take into account the possible effect of
vegetation, surface roughness conditions, skin depth of
the soil, contribution from the atmosphere and the antenna

pattern o. the radiometer.
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The second area in the inadequacies lies in the
experimental measurement programs. In the past and at the
present still, the acquisition of meaningful data has been
difficult. This appears to be caused by two factors: the
lack of a well controlled and cooperated experiment pro-
gram, and the inadequate techniques that are available in
handling and interpreting the tremer i.. ¢ amount of data
collected. In the case of an airior : nission conducted
conjunctively with a ground-based study, a well controlled
and cooperative program for the overall experiment is
especially important so that the airborne data and ground
data are correclated. In the past experimental measure-
ment programs, measurements have been made at various
frequencies. As emission is a function of the radiometer
frequency, investigations on the "optimum' frequency for
monitoring soil moisture is necessary.

The third factor which has reduced the effectiveness
of the passive microwave radiometer in monitoring soil
moisture content has been the disjointed development of
the experimental measurements and the theoretical studies.
A conjunctive effort is needed to made the passive micro-
wave radiometer a more effective remote sensing tool in

the monitoring of the soil moisture. This work reports

such a conjunctive effort of investigation.



Objective

The dependence of microwave emissions upon soil
moisture content is recognized and has been attributed to
an increase in the dielectric constant of soil with in-
creasing moisture content. However, this emission process
is affected by the surface roughness and the vegetation
coverage. These and many other pa.ameters might play
important roles in the possible determination of soil moic-
ture content by passive microwave radiometers.

The objective of this study is to examine empiri-
cally the effect of soil surface roughness anc vegetation
on the measurement of soil moisture by passive microwave
radiometers. The experimental results are compared with
the results of the theoretical models and previocus work
conducted by other investigators. From this experiment,
an attempt is made to establish the actual pctential of
the passive microwave radiometer for monitoring the mois-

ture contert of natural terrains.

Scope of Report

Models of apparent tempcrature of natural terrain
incorporating surface roughness and vegetation effects
have been developed by Peake [6], Peake et al. [7], Johnson

[10] and Sibley [27]. This study reports on a ground based
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experiment of soil moisture detection for bare and vegeta-
ted rough surfaces by a dual frequency microwave radiometer.
The results of the experiment serve to evaluate the exist-
ing theoretical models.

Chapter II discusses the basics of passive micro-
wave radiometry and the dual frequency passive microwave
radiometer system that was used in this investigation.

Chapter III begins with a background study on the
theoretical modeling of microwave emission of natural
terrain, considering the effects of surface roughness and
vegetation. A review is given of the apparent temperature
models for bare and vegetated terrains. The surface rough-
ness conditions considered are smooth, medium rough, and
rough surfaces. The study of the vegetation effect is
concerned with uniform vegetation coverage on smooth and
rough surfaces.

Chapter 1V describes the laboratory measurements of
dielectric constants of the soil used in this investigation.
A report is also given on the ground-based experiment pro-
gram.

Chapter V is concerned with the analysis of the
experimental results and comparison with the theoretical
solutions. The effects of surface roughness and vegetation
on the apparent temperature measurements are observed.

A review is also given to some recent research efforts.
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CHAPTER 11
PASSIVE MICROWAVE RADIOMETER
Microwave Thermal Emission

Electromagnetic radiatiun is emitted by all natural

objects above absolute-zero temperature. This electro-

magnetic radiation covers a wide range of frequencies and
polarizations, and both the total radiated power and the
power in any spectral band increases with the temperature

of the emitting object. Thermal radiation is described

for an ideal radiator or "blackbody" bty Planck's radiation

law [28]:

Af / -
K = [ xp(ﬁ/eﬂ—/] (11-1)

where:

h = Planck's constant = 6.626 X 10 °% joule-seconds

8

c = speed of light = 3 X 10" meters/second

k = Boltzmann's constant = 1.38 X 1()'23 joules/°K
f = frequency of radiation

T = absolute temperature

At microwave frequencies, Planck's blackbody radi-

ation law can be quantitatively approximated by the

Rayleigh-Jeans approximation. This approximation holds in

e

T -
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the frequency range where
/f << £T (11-2)

The approximation is given as

‘ .
£ A;;T___ jo S (11-3)

where A is the wavelength of the radiation. Considering

the power density within a small frequency Af, the radiated

: power can be approximated by
P= ___i‘é;d (11-4)

This version of the Rayleigh-Jeans Approximation relates
directly between the temperature and radiated power of a
blackbody. The measure of the power of the received
radiated energy is generally related to the temperature
scale. The power received at the radiometer antenna is

given by [29]

gt-%’//f//f@;i)/ﬂ. cuals (11-5)

[

where
//f=5 = radiometric bandwidth in Hz

2
./;4(0;95)44 =) = the antenna response function

If an ideal antenna is matched to a load at the same
temperature Tant’ and a blackbody radiating source is

assumed, then (II-5) can be written as
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P =k B wt (11-6)

ant

If the radiating body is not a blackbody, as is the case
in the real world, the radiance will be reduced by a factor
e, the emission coefficient, Because of (II-3) the effect
of emission coefficient on radiance is conparable to
that of temperature. This leads to the concept of apparent
radiation temperature, or simpiy apparent temperature
(Ta):
L=eT
(I1-7)
which would cause a blackbody to yield the same radiance
as that of the real world radiating body at temperature
T. Emissivity, which 1is defined as
Power emitted at a particular polarization
by a unit area of surface into an element of
emissivity = solid angle d{, in the direction O,, ¢o.
Power emitted at the same polarization by a
unit area of blackbody at the same temperature

into the same element of solid angle in the
same direction

is the correction factor and the key to the understanding
of the radiometric data from natural terrain. It is a
function of the permittivity, surface roughness, and
vegetation cover of the terrain, and of the polarization,
viewing angle, and frequency of the radiometer sensor,.

For real world radiometric measurements, the radiated
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power received at the anteﬁna is
/D==,€8£ T =K BT, ol (11-8)

where Ta = apparent antenna temperature induced by the

source in degree Kelvin (°k)

Apparent Temperature

As discussed above, apparent temperature Ta as defined
by (II-7) is a measure of the radiance of the real world
radiatrr relative to a blackbody radiation. Solving
(IT-8) for the apparent antenna temperature, Ta’ the
relationship between the apparent temperature of the
source in terms of its radiated power is

T-Z’-ga- degrea K (11-9)

Considering that the target is being observed from
a distance, the apparent temperature induced on the
antenna would be a sum of several contributions. The
most significant contributors to the apparent temperature
at a particular polarization are: 1) the thermal radiation
emitted by the surface, 2) the scattered diffuse radiation
of the atmosphere between the antenna and the target
surface, 3) the scattered radiation from quasipoint
sources such as the sun, and 4) the reflected sky tempera-

ture (61, [7], [30].
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Peake [6] developed a model for apparent surface
temperature expressing the emissivity of a smooth surface
in terms of its scattering coefficients, which he
empirically derived. His expression for the apparent
temperature, which is the sum of the above four'major

contributors, may be expressed generally as

Zr:("";w * lolorophere "‘E«Jw +Z:/l-m.¢,m-.::;..

It was found that the contribution from the quasi-
point source, mostly from the sun, is negligible and
therefore, can usually be neglected. The contribution
of the reflected sky temperature to the total apparent
temperature is in the vicinity of one to two degrees,

therefore, generally it can be neglected also.

Passive Microwave Radiometer System

and Its Fundamentals

The microwave radiometer is essentially a high gain,
low noise receiver which detects thermal radiation of
objects. It is capable of detecting very small radia-
tion power level (-90 to -100 dBm) cf most natural bodies
[31), [32].

The passive microwave radiometer system is composed
of four basic subsystems. The tour basic subsystems

are (1) the spectrum surveillanie subsystems, (2) the

M oS TN e B0 e Tl A
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RF subsystem, (3) the receiver subsystem, and (4) the data
processing subsystem. The spectrum surveillance subsystem
includes the antenna, mixers, filters, and spectrum
analyzer. The RF subsystem consists of a modulator head
of specific frequency band and the reference noise genera-
tors (RNG). The RF head performs RF switching between
the antenna and the RNG, filtering, frequency conversion,
and IF preamplification. The receiver subsystem is the
key of the radiometer system. It consists of a broad-
band IF input, square law detector, low-noise and low-
offset dc amplifier, Y-factor measurement circuitry,
tim.ng and control circuitry for Dicke switch operation
and synchronism, alarm and band selector logic, and the
data multiplexer. The essential part of the receiver
subsystem is the Y-factor measurement circuitry. The
Y-factor measure circuitry is basically a digital measure-
ment technique (similar in operation to the AD converter)
that enables the radiometer system to act as a form of a
gain modulated radiometer. A detailed discussion of the
Y-factor measure circuitry can be found in reference
[32]. Finally, the data processing subsystem consists
of the digital computer units for apparent temperature
conversion, data interfacing and recording.

There are two basic types of microwave radiometers:

the unmodulated type, and the modulated type (or "Dicke"

i" we } *mi! e PR i Lot 1 b
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type). These two types of miciowave radiometers are shown
in Figure (II-1(a) and (b)) [30]. The early microwave
radiometers are of the unmodulated type. They have
limiting sensitivity caused mainly by internal noise
of the amplifier, and the fluctuation of the amplifier
gain, Modern microwave radiometers are mostly with
"Dicke" type radiometer. 1In 1946, Dicke [33] developed
the "switching radiometer" which reduces the effects of
gain fluctuation at a small tradeoff with the analysis
time. The "Dicke" type microwave radiometer utilizes a
ferrite device which modulates the incoming antenna power
against a stable reference source. The ferrite switch,
or the "Dicke" switch, is driven by a reference oscillator,
alternately connects the output of the antenna port and
a reference source to the input of the RF amplifier. A
square wave modulated signal is produced for any difference
that occurs between the antenna temperature and the
temperature of the matched basc load. The amplitude of
the modulated signal is matched to the corresponding
temperature difference. This square wave modulated signal
is then represented by a DC voltage proportional to the
temperature difference of the apparent antenna temperature
and the known reference source.

The absolute accuracy of the radiometric brightness

temperature depr nds on the fineness of the calibration.
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The reference noise generators (RNG) are the key of the
calibration. Absolute accuracy of the brightness tempera-
ture is achieved by minimizing the uncertainties of the
RNG thermometric temperatures.

Besides calibration, two other factors play important
roles in making valid measurements of the brightness
temperature of radiating objects by the microwave iadio-
meter. These two factors are the sensitivity and the
stability of the system.

The sensitivity of a radiometer can be described

in terms of the equivalent rms noise (T___) at its inputs:

rms

vz T
A = -
T '/-;——r—?— (11-10)

where Top = Ta + Te

and Ta = equivalent noise of thc antenna referred to the
receiver input in Kelvins
Te = equivalent noise of the electronics

B = prediction bandwidth in Hz

1 = postdetection time constant in seconds

To reduce the effect of gain fluctuation and thus
improve the stability of the microwave radiometer, the

Y-measurement technique was designed. The Y-measurement
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technique is a gain modulation technique that automati-
cally changes the gain of the radiometer in synchronism
with the switching between the antenna and reference anoise

generator. The Y-factor is defined as

Y___-i .—M (11_12) *

@G L+Ts

where GA system gain when the radiometer is connected

to the antenna
GR = system gain when the radiometer is connected

to the reference noise generator
T_ = the equivalent electronics noise temperature

of the radiometer system
TA = the antenna temperature .
TR = the reference temperature with which the T

A
is compared

Solving for TA from (I11-12):

T - HtRo=Y)

\’ (IT-13)

therefore TA can be determined by determining Y and is

independent of the gain. A linear radiometer with a

squarelaw detector will have detector output voltages

VA due to (Te + TA) and VR due to (Te + TR). Thus, the

Y-factor measurement is a measure of the ratio VR/VA' *
For the microwave radiometer system used in this study,

i , - i R <

-
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this is done by attenuating VR by a factor A until
IVRA - VA|5 E, where E is determined by the required
measurement resolution. Setting the error voltage E to
zero, the following is obtained

A =_%. - Tt Ty (I11-14)

% Tt

The incremental changes in A relative to incremental
changes of TA can be determined by taking the derivative

of A with respect to A in (II-14). Therefore

44 . _/
37 7+ (11-15)

o f= s

Features of the Tassive Microwave

Radiometer of the Experiment

The passive microwave radiometer system used for
the field experiment of this study is a dual frequency
radiometer built by Airborne Instrument Laboratory (a
division of Cutler-Hammer, Deer Park, Long Island, New
York) for NASA. The two frequencies of the radiometer
system are 1.41356 GHz (21.13 cm, L-band) and 10.69 GH:z
(2.81 cm, X-band) respectively. This dual frequency
microwave radiometer system is one of the most advanced
svstems now in operation.

The L-band RF and receiver sybsystem are essentially

the same as the S-194 radiometer used in the Skylab/EREP
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program. There are a number of unique features about this
dual frequency microwave radiometer system. These are:
(1) it is a mobile system, the radiometer system is mounted
on a flat bed truck with a 75-foot articulated arm serving
as the sensor platform, Figure (I1I-2), (II-3), and (II-4);
(2) it is a self-sustained system with a 25 kw electrical
power generator; (3) this radiometer system employs the
Y-measurement techniques which makes it possible for the
radiometer output to be essentially independent of the
receiver gain fluctuations; (4) it processes a computer-
ized data processing subsystem. The hardware consists of
a ruggedized minicomputer, a teletype w.th paper punch

and reader, a magnetic tape uiit, a control panel, analog
strip chart recorder, and interface units.

The Y-measurement technique employed and the data
processing subsystem of this system are the two most
significant improvements over other microwave radiometer
systems. The radiometric data, in the form of a serial
digital data train, is formatted in the receiver and outpurt
to the computer., Sirultaneously, the data are processed
by the computer, then the reduced and formatted data are
stored in the seven-track magnetic tapes. This computer-
ized data system allows large amounts of data to be
collected in short periods of field work. The data are

readily evaluated in the field as to data quality, so that

e



Figure IT-2. The Dual Frequency Passive Microwave
Radiometer System in the Field.
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the acquisition of poor data can be avoided.

A block diagram of this dual frequency radiometer
system is illustrated in Figure (II-5). A list of some
system parameters are shown on Table (II-1). A parabolic

dish shaped antenna is used for the X-band system, and a

64-element dipole phased array is used for the L-band

system. These two antennas are shown in Figure (II-6)

(a) and (b). Figure (II-6) (a) shows the frontal view of
the X and L-band antenna (the L-band antenna is the square

shaped one), and the television camera (the box below the

X-band antenna) for pinpointing the observing target.
Figure (II-6) (b) shows the hind-view of the antennas with

their receiver and RF subsystems.
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CHAPTER III

APPARENT TEMPERATURE MODELS

Background

As discussed in Chapter II, it is known that all natu-
ral objects above absolute-zero temperature'radiate
electromagnetic energy. In this real world where all
radiating objects are considered non-ideal radiators, this
radiated electromagnetic energy can be measured in terms
of the apparent temperature of the body. The radiant power
and the apparent temperature is approximated by Planck's
blackbody radiation law [28]. In the resea -h of remote
detection of soil moisture by passive microwave radiometer,
the soil moisture conditions are inferred from the apparent
temperature measured. To obtain a meaningful interpreta-
tion from the apparent temperature information, the emis-
sion process of electromagnetic energy originated from
within the natural terrain must be carefully studied.

For the purpose of generalization in the examination
of electromagnetic radiation from the terrain to the
receiving sensor, the natural terrain is assumed to be
vegetated in some manner. Basically there are six pro-
cosses that determine the apparent temperature of the

vegetated natural terrain [0], [27]. First a portion of
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electromagnetic energy originates from the sub-terrain

surface and is transmitted across the boundary toward the

sensor. This transmitted field experiences attenuation

? as it propagates through the vegetation canopy. There is

the electromagnetic radiation from the canopy which aug-

; ments the radiation from the ground. The other processes

: that contribute to the apparent temperature are the scat-
teresd diffused radiation of the atmosphere between the
antenna and the terrain surface, the scattered radiation
from quasipoint sources such as the sun, and the reflected
sky temperature.

The scattering and emission of electromagnetic waves
in the course of journeying from the terrain to thc sensor
are very complicated processes. Completely satisfactory
descriptions and explanations on these processes have not
yet been achieved. However, progress has been made in
identifying and describing some of the factors which affect
the scattering and emission process from the natural ter-
rain. Experimental results [6], [14]), [12] and theoreti-
cal studies [6], [27], [10], havc revealed that permitti-

vity values (soil and vegetation), terrain surface rough-

ness, and vegetation coverage are playing important roles
in affecting the electromagnetic emission and scattering
q - process. Sibley [27] has made extensive theoretical

studies on the effect of vegetation. He has developed
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apparent temperature models incooperating with the vege-
tation and surface roughness effects for the natural
terrains. He has shown that vegetation has a masking
effect on the soil moisture dependency. Figure III-1,
Figure I11I-2, and Figure II1-3 show some of the key theo-
retical predictions about vegetation effects according to
Sihley. Figure III-1 and Figure III-2 indicate that the
sensitivity of apparent temperature to variations in mois-
ture content depend on the vegetation volumetric density,
vegetation height, frequency, and incidence angle. Figure
I1I-3 is a plot of the height-density product against
measured soil moisture content. As the height-density
product incrcases, the apparent soil moisture that could
be measured decreases. As shown from these three figures,
Sibley shows that as the density or the height of vegeta-
tion increases, the apparent temperature increases and
becomes less sensitive to variations of soil moisture.
The significance of the contribution of the canopy to the
apparent temperature also ¢Fpends on the frequency of
radiation considered, the dependence on soil moisture
gradually disappears with the higher frequencies (Figure
I11-1).

In the remote monitoring of soil moisture of natural
terrains, there have not been adequate controlled experi-

mental data to test the validity of the theoretical models
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developev and to determine the exact natures of the sur-
face roughness and vegetation cffects. It is the goal

of this study to attempt to determine, with the suppor:
of some controlled experimental results, the vegetation
cffect and surface roughness effect on the feasibility of
the passive microwave radiometer to monitor soil moisture
content of natural terrains.

The state-of-art of remote monitoring of soil mois-
ture content of natural terrain is still at its infancy,
so is the modeling of thc emission of natural terrain to
determine soil moisture. The most significant theoreti-
cal modeling effort has been that by Peake |[6], and later
by Peake and Chen {7], Stogryn (8], and Johnson [10].
These models are generally too simplistic and too much of

an artificial derivation to account for the many param-

36

cters that affect the emissive properties of the very com-

plicated terrains. At the same time, these models have
made no distinction between bare and vegetated surfaces.
Nevertheless, these theorctical studies have made impor-
tant contributions to the understanding of the problem
and the development of better models. Bascd on .Johnson's
theoretical developments, Sibley developed an apparent
temperature model which would account for the effects of
vepetation and surface rougiie:s [27]. Before going into

Sibley's model it is appropriate to review the model for

mo" R . . “n + . , '
'
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the thermal emission from a rough surface developed by

Johnson [10}.

Johnson's Model for the Thermal Emission

From a Rough Surface

In developing his model for the thermal emission
from a rough surface, Johnson [10] attempted to provide
a direct visualization of the physical situation. His
approach to the thermal radiation problem is that of the
Planckian Method [10]. In the approach, it is assumed
that the radiation source is an isotropic material in
thermal equilibrium and that the internal spectral gonio-
metric irradiance upon the surface is independent of
direction and is randomly polarized (Lambertian). However,
the emitted radiance for the upper side of the suriace is
not necessarily Lambertian, alihough this often is the
case. Johnson actually computed the energy generated and
subsequently transferred across the rough surface inter-
face. The term known as directional transmittance is used
to characterize the sur”ace boundary and to relate the
emitted energy to the internal thermal irradiance.
Johnson's model expresses the radiation refracted
into dirzction (65, ¢s) in terms of the radiation incident
from (ei, ¢i), and the surface characteristics. The inten-

sities of the refracted radiations are given by the
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transmissive scattering coefficients. The surface char-
acteristics are specified by the "surface roughness
factor", &8, and the ''coefficient of effective area", B.
The surface roughness factor is defined as the actual

surface area per unit projected area,

_ s
. J

\!

J( (II1-1)

The coefficient of effective area is defined as

c//i/f‘*/a’é' ; 05_/3_4./ (111-2)

relating the effective area to the actual surface area.
The effective area is that area which is oriented in such
a way as to cause specular refraction.

Johnson defined such parameters as local surface
normals, local incidence angles, and local polarization
to describe the statistical properties of the rough sur-
face. The spatial distribution of local normals, which
are defined to completely describe the surface character-
istics, is represented by the joint density of its zenith
and azimuth angles, fe¢(en,¢n). The surface characteris-
tics are expressed in terms of these localized parameters
and the marginal density of the zenith angle of the local

normal. The surface roughness factor is expressed as
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/

5 = (II1-3)

(-]
and the coefficient of the effective area is

‘Kf — ‘tsai)

Lysmw b,

(I11-4)

The spectral radiance of a rough surface can then be
determined in terms of the internal radiation, the trans-
missive scattering coefficients, and the surface charac-

teristics [10].

Sibley's Model for Apparent Temperature

of Bare Natural Terrain
Apparent Temperature for Bare Smooth Surface

In Sibley's modeling of apparent temperature of
terrain as a function of soil moisture content, he only
considered the thermal emission of soil and vegetation.
The contributions from the atmosphere, quasi-point source,
and reflected sky temperature are not included in his
model because they are not of the main concern in his
modeling and their effects are often negligible.

As the apparent tempera.ure of any object is a
measure of the thermal radiation emanating from the body

in a particular direction with a particular polarization,
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the apparent temperature of the object can be measured in
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term of the transmission coefficient, Ti’ of the two media.

Transmission coefficient is a function of the permittivi-
ties of the two media, which in this case are the soil
and the air above it. The transmission coefficient is

defined by

- Power transmitted with polarization i (IT1-5)
i Power incident with polarization 1

The transmission coefficients for the vertical and hori-
zontal polarizations are determined from Poynting's

theorem

-~

L, = L R (EXA"]

(I11-6)

They are determined respectively as [27]

7; _Z_Z_Z,'//&(Z/)jl Cos6 (111-7)

cos ;0

2
7‘ /7;/ / ‘/Cosé
-y ey e

Where Ty < transmission coefficient for the horizontally

polarized wave [34, pp. 492-496]

Ty = transmission cocfficient for the vertically

polarized wave [34, pp. 492-496]
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N, = the intrinsic impedance of the air =377 ohms [35]

n o= the intrinsic impedance of the soil

¢ = angle of incidence of the incident field in the
soil

8 = angle of transmission of the transmitted field
in the air
'Thus assuming negligible effects from the atmosphere,
quasi-point source, and reflected sky temperature, as it
is the case in this ground-based experiment, the apparent
temperature for a bare smooth surface is equal to the
product of the ground temperature, the emissivity of the

soil, and the transmission coefficient [27]

(Z;') = TE_,T (I111-9)

Somoomy sou b4 4
Where Tg = ground temperature
€g = emissivity of soil
T. = transmission of coefficient for polarization 1.

Apparent Temperature for Bare Rough Surface

The rough surface model adoprted for this study is
the one developed by Johnson {10i. Sibley modified
Johnson's rough surface model and applied it to the
measurement of apparent temperature. Applying the defi-
nition of transmission coefficient, (II1-5), and the

results of Johnson's devcelopment, Sibley derived a

R
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"transmission coefficient'" expression for the rough sur-
face case. The expression is expressed in terms of the
surface characteristics (B and &), local angle of inci-
dence from the surface to the receiving antenna (ein) and
the angle below the surface from which energy is refracted
into the local angle of incidence (Si), and the trans-
missive scattering coefficients [10]. The transmission

coefficient for the rough surface that Sibley used is
dcosg,
Ve
(4

The first subscript of the transmissive scattering coeffi-

cients indicates electric (E) or magnetic (H) scattering
coefficient; the second indicates the polarization of -
the scattered field; the third indicates the polarization

of the incident field. Assuming the refracted radiation

can be confined into a direction (es, ¢S) through the

various orientations of the surface elements and assuming

that the vertical and horizontal components of the inci-

dent radiations are equivalent, Sibley's ag; arent tem-

perature model for a bare rough surface is [27]

- éé‘co.w( (I11-11)
;Z;-'_ ;:égwﬁ/ﬁyﬁ Ziuaku*25w7ku)°05'
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Where the subscript I denotes either vertical or horizon-

tal polarization.

Sibley's Model for Apparent Temperature of Uniformly

Vegetated Natural Terrain

The approach that Sibley used to model the apparent
temperature of uniformly vegetated natural terrain is
straightforward. He characterizes the vegetated natural
terrain, composing of the soil and the vegetation-air
medium, by their respective permittivities. According to
fibley, there are three basic processes that make up the
total apparent temperature. These are: 1) thermal
emission from the soil, 2) attenuation on the soil emis-
sion by the canopy, and 3) thermal radiation from the
canopy. Sibley developed apparent temperature models for
a uniformly vegetated surface and a surface with row crops,.
In this study, only the case of uniformly vegetated sur-
face is investigated. For th~ uniformly vegetated terrain,
the vegetation is described by its height, volumetric
density, water content in thc plant, and a mixing term
called Formzahl [27].

In determining the total apparent temperature of the
vegetated terrain, a knowledge of the permittivities of
the soil and the vegetation canopy is very important. The

permittivity of soil determines the transmission
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coefficient of the soil surface which affects the emission
process. It is a measurable parameter, a detailed dis-
cussion on one of the measurement methods will be given

in Chapter IV. The vegetation canopy is a mixture of
plant material and air. The permittivity of this canopy
is needed in the calculation of the attenuation constant
of the canopy; thus it determines indirectly the amount

of attenuation imposed on the thermal emission from the
ground by the canopy. The attenuation constant of the

canopy is given as

X = ‘/é‘___'t(‘//:(_sm_)‘ ; (I11-12)

whers Yo = permeability of free space = 4 x 10'7
henry/meter
e", = imaginary part of the permittivity of
canopy the vegetation canopy
1
Ecanopy = real part of the permittivity of the

vegetation canopy

The permittivity of the vegetation canopy is approxi-
mated by Weiner model for a dielectric mixture as pre-

sented by Evans [36] as

E EL1 +PU)+ U(/-P)
o= £, (/- Py Pt (111-13)
where e, = permittivity of the vegetation
P = volumetric density of the vegetation




o g ey oo

e

e

45

U = Formzhal, which describes the dispersion of
one medium within the other. Generally it
is assumed to have a value between 10 and 25.

The permittivity of the vegetation is approximated by

Peake and Oliver [37]. The approximation is
F .
&, = z&(f“’)*-/ _-35./;"(6”) (I11-14)

where F = fraction of water by weight in the plant

€y = permittivity of water

The permittivity of water was found experimentally making
use of its Debye type relaxation [38]. Debye relaxation is
defined by the exponential behavior of the displacement
current in a dielectric to which an electric field is

suddenly applied [39]. The permittivity of water is given

by
E =& 4 _éa—_f?cp;
W 00 £ .
/ J4 (111-15)
]
where €, = instantaneous dielectric constant = 5.5 [36]
e = static dielectric constant
f = frequency of observation
fo = relaxation frequency
= 9,0 + 0.405 (T-273) GHz
N - i d. i
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Therefore the net contribution of the soil to the

total apparent temperature is [27]

=20 Hs0c@®
(L) =T8T - :
‘"”lnm 27 S /¢ (ITI1-16)
where Tg = ground temperature
€ = emissivity of soil

T. = transmission coefficient for polarization i
a = attenuation constant of canopy
H = canopy height

8 = angle of observation

The contribution from the canopy thermal emission

is given by [27]
—20<HaecO

(Z‘):WP;—"Zf(/—‘e ) (111-17)

where Tc canopy thermometric temperature

f = energy transfer factor

This expression is developed from the apparent temperature
of a dielectric layer model by Fung et al. [9]. The
energy transter factor, f, tas a value of less than one

if there is a gain of energy by the plant, and it is
greater than one if there is a loss of energy by the
plant. The first case is generally true for the daytime;
the second case represents water stress condition and the

phenomenon at nighttime.
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The total apparent temperature representing a smooth,

uniformly vegetated natural terrain is th-arefore
200K/ SEC O
7 -7§T-¢ -{-Tf(/-e ) (111-18)

Since (III-18) is a special case of the formulation of a
rough surface, the total apparent temperature of a rough,
vegetated terrain is formulated in the same manner except

T. is replaced by (III-10)

/../'L'osg IV //IV + EIH //IH)‘/A

The rough vegetated surface apparent temperature is

- ‘:3"”530/ 050, |
L= By, 7 ¢ airs)

£zﬁ ﬁm)‘/ A(] * 7_7[ (/-2 N ")
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CHAPTER 1V
CONTROLLED EXPERIMENTAL PROGRAM
Introduction

In the past few years attempts to measure soil mois-
ture remotely had heen made with aircraft ‘equipped with
passive microwave radiometers [24], [14]. Most analysis
of the collected data suggested that ground based studies
of the problem should also be conducted to examine the
characteristics of various parameters in the problem and
to gather the basic, rigidly controlled data for the
improvement of remote sensing techniques and the proper
interpretation of the remote collected data [12], [14].

0f the many parameters that affect microwave emission
of soils and thus the remote sensing of soil moisture,
three parameters appear to be more important than the
others and special investigation on these are desired. As
remote sensing of soil moisture is to use the electrical
parameters of the soil as a diagnostic signature, it is
therefore necessary to establish the definite relationship
between the complex dielectric constant of the soil
observed and its water content. The second and third
parameters concern the effects of the terrestrial surface

roughnesses and vegetation on the ability to measure soil
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moisture content by passive microwave radiometers.

This chapter describes the ground based experimental
program that was conducted for this study. In the follow-
ing, a description of the field preparations and a dis-
cussion of the ground truth measurement techniques
employed during the experiments are presented. In addi-
tion, an investigation into the permittivity of the soil

of the experiment is included.
Controlled Field Experiment

The primary investigaticns in the ground based exper-
iment were devoted to the study of the ef.vcts of surface
roughness and vegetation. A bare field experiment was
first conducted, followed by a vegetated field experiment.
The field activities involved the preparations of the
field, collection of information on various parameters,
and the radiometric measurements. The ground based passive
microwave radiometric measurement was conducted in coopera-
tion with the Johnson Space Center, and Lockheed Elec-
tronics Co. The experiment site was located at the E29
plot of the Texas A§M University Farm in Burleson County,

Texas. The plot has an area of 50 meters by 50 meters.

et o



50

Bare Field Experiment

The bare field experiment began in June 1973. This
experiment mainly concerns the effect of terrain rough-
ness on the detection of soil moisture by passive micro-
wave radiometers. The observed field was totally harren.
The field was partitioned into three equal areas of 50
mete:ss by 17 meters each. Three types of surface rough-
ness were created for the study. The first area was made
very smooth, the second area was disced to give a medium
rough condition, and the third area was plowed to give a
very rough surface texture. These three types of surfaces
are shown in Figure 1V-la, 1-b, and Figure 1V-2. The
rclative locations of thesc three surfaces and the field
labellings are as shown in Figure IV-3.

The roughnesses of the surface were described by a

parameter I', which is defined as

soil surface area above a level area of one foot
o= squared

reference lavel area of one foot squared (i.c.
1 ft. %)

The sail sarface area above the standard level area was
approximactcd from the conformed area obtained by overlaying
a very thin plastic sheet on top of the soil surface.

With I' as the roughness characterization, thc following

[I——
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Figure IV-la. The Bare Smooth Surface.

Figure IV-1b. The Medium Rough Surface




Figure IV-2. The Rough Surface.
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average values were obtained for the three surfaces:

Smooth surface, FS = 1,1527
Medium Rough Surface,-TM = 1.617
Rough Surface, FR = 2.49

Other soil roughness narameters for the three bare fields
were noted and their statistics are shown in Table IV-1.
To determine the ability of the passive microwave radiom-
eter to detect soil moisture and the variation of soil
moisture content, the field was irrigated and several
radiometric measurements were made at various time periods
after the irrigations. The irrigation technique used was
the sprinkling method of irrigation. The field was irri-
gated to the extent that the soil was saturated with water
to a depth of about 0.4-0.6 meter.

Extensive soil sample collection for determination
of soil moistures and soil temperature thermometric mea-
surements was conducted simul. -~cous with the radiometric
measurements. Soil samples anc¢ s0il temperature measure-
ments were taken at the locations shown in Figure IV-3,
Soil samples were taken at the depths of 0 cm (the sur-
face), 4 cm, 5 cm and 18 cm. The top surface soil samples
were obtained by scrapping the top soil with a flat
scraper. To collect the subsurface soil samples, two

techniques were possible. The first technique was to dig

b
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into the soil to the deepest depth of interest (18 cm)
then soil samples at various desired depths were extracted
on the wall of the hole. The second method was to dig

out a large vertical profile of soil, then this soil block
was leveled to various desired depths and the soil at
these depths was extracted. The first method worked for
both wet and dry soil. The latter method worked best for
relatively wet soil.

The soil samples collected were taken to the labora-
tory and the determination of the percentage of soil
moisture was processed the sare day. Soil moisture pro-
files were then plotted after the percentage of soil mcis-
ture were determined.

The moistucre content of the soil was determined by
the gravimetric methods with oven drying to remove the
water in the soil. The gravimetric methods involve weigh-
ing the wet sample, removing the water, and reweighing the
sample to determine the amount cf water removed. The

percentage of soil moisture is determined from the formu-

la below:
w - wd
$soil moisture by weight = X 100 (1v-1)
Wy
i !
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where Ww = wet soil weight

Wd = dry soil weight

The soil samples were dried in a ventilated oven at

a constant temperature of 105°C and a drying time of

approximately twenty-four hours [12}, [40], and [41].

o e e T

Soil is made up of coloidial and noncolloidial mineral
particles, organic materials, volatile liquid, water and
chemical substances dissolved in water. A drying temper-
ature of 105°C and a drying period of approximately twenty-
four hours is the standard laboratory procedure to deter-
mine soil moisture content. These specifications are
adopted to avoid excessive oxidation and decomposition of .
soil organic matters in the drying process. Many soils
contain only small amounts of organric material, much of
which is fairly stable. Inaccuracies introduced by
uncertainties in the drying of organic materials can often
be neglected {41].

At the same time the soil samples were taken, soil
temperatures were taken. Soil temperatures at the sur-
face, 2 cm, 4 cm, 8 cm, and 16 cm below the surface were

recerded. Thermister probes and platinum-resistance sen-

sors were used for soil temperature measurements.
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Vegetated-Field Experiment

This experiment was devoted to the investigation of
vegetation effects. The experiment began in early Sep-
tember, 1973. Oats were planted on September 3, 1973.
QOats grass was chosen primarily because it can survive
through the winter and st can grow to the desired height
of about two feet above ground. One hundred pounds of
oats seed was sown evenly on each of the three 50 meters
by 17 meters partitions. The amount used gave a uniform,
thick vegetation coverage on the soil when the plant was
full grown. Pictures of eight-week oats on the three
types of surfaces are shown in Figures IV-4a, 4b, 5a, and
S5b. The oats as shown on these pictures were about twenty-
five centimeters tall. A close up view of eight-week old
oats on the rough surface is shown in Figure IV-5b.

During the radiometric measurements, the same soil
sample collection and soil temperature measurement rou-
tines were performed, with the additional task of oats
sample collection. The oats samples were taken for the
determination of the percentage of water that was in the
plart. To further characterize the oats vegetation,
photographs were taken, the height of the oats was mea-
sured and the volumetric density of the oats vegetation

was estimated. The volumetric density of the oats
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vegetation is taken tc be the volume of oats vegetation
in a cubic foot. The method used to determine this
volumetric density required the use of the density (mass/
volume) of the oats vegetation. After the density was
determined, the volumetric density (volume of vegetation
within a cubic foot) was obtained simply by dividing the
mass of oats clipped from a one cubic foo* volume by the
density of the oats vegetation.

A listing of the entire soil moisture and thermometric
temperature data is given in Appendix A. Soil moisture
profiles for all the radiometric measurements are also

presented. The vegetation characterizations are given in

Chapter V.

Laboratory Measurement of Dielectric

Constant of Soil

The first phase of the ground based experiment pro-
gram was the measurement of complex dielectric constant of
the scil from the experimental fields, observed as a
function of soil moisture content. This information is
important because it is known that *he emitted energy
measured by the microwave radiometer is Jlependent on the
dielectric constant of surface being scanned [42]. The
soil moisture and dielectric constant relationship is a

key parameter used in the theoretical models for the
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prediction of the soil apparent temperatures from which
soil moisture conditions can be inferred.

To provide true characteristics of the electiical
property of the soil observed for the experiment, soil
samples used for the determination of relative dielec-
tric constant of soil were taken from different locations
distributed rerresentatively over the entire experimental
field. Soil samples were collected to a depth of about
0.4 meter. The soil samples were analyzed by the Soil and
Crop Science department at Texas A&M University. The
result indicated that the soil for this experiment obser-
vation is very homogeneously Miller Clay type, which is
composed of 49% clay, 35% silt, and 16% sand. The result
of this soil chemical analysis is indicated in Table IV-2.

Clay tends to be very difficult to work with when
it is moistened. A special technique for handling clay
or similar soils for dielectric constant measurements is
presented in the Appendix B. In the hope of preserving
the soil's genuineness, distilled water was used to
moisten the soil. After the distilled water was added to
the so0il, *he soils were allowed to set for at least 24
hours Jore any dielectric constant measurements were
made, this insured resemblance with the irrigated soil

conditions in the actual field observations.
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Different methods of measuring the dielectric constant
of soils or other materials have been investigated by
many investigators. Some of these include the "phase
shift method proposed by Rouse and Giarola {[43], the
radar power reflectance technique employed by Davis,
Lundien, and Williamson [19], the "impedance method"
proposed by Rouse and Giarola {43], the tim~-domain
reflectometry introduced by Hewlett-Packard Co. [44], the
"free space method" investigated by Hertal et al. [!5]
and Wiebe [46], and the "waveguide method" investigated
by Wiebe [46].

In this study, the measurements of the complex
dielectr.c constant of soil were performed at the Remote
Sensing Center, Texas AEM University with the waveguide
avstew intcoduced by Wiebe. As a check of the results
obtained, the complex dielectric constant measurements of
the same scii{ typc were pertfarmed with the modified Wiepe
waveguide syst:m proposed by Giavnila {47] at Texas AGM

University.
Measurements with Wiebe Waveguide System

A block diagram of Wiebe's waveguide system 1s sh.i»
in Figure IV-6 and a phatogre™ «.f the experimental
apparatus is shown in Figuse 'V-7. To facilitate rapid

dielectric constant measuremecuts oz lar .« scale, a
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Figure 1V-7.

Wiebe's
Constant

"Waveguide Method" Dielectric

Measurement System.
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special sample hclder (Figure IV-8) was used for accomo-
dating the section of the waveguide which holds the sample
of soil. The frequency used for the dielectric constant
measurements for this study was 10.5 GHz which closely
approximates one of the two frequencies used in this
study. This frequency was provided by a waveguide cavity
Gunn Oscillator (MA86131).

The complex relative dielectric constant of the soil
was determined from the curves of attenuation and phase
shift versus the soil sample length. Each of these curves
ic the end product of an iterative process for each value
of soil moisture content. For each soil moisture value,
the measurements of attenuation and phase shift are made
for at least five different sample lengths. The length
of the soil sample used for attenuation and phase shift
measurements varies with the amount of moisture that is
in the soil. For very dry soil, soil sample length can
begin from 3 cm and be incremented at increments of 1 cm
up to beyond 7 cm. But for very wet soil, sample length
might begin from 0.35 cm (shortest length that could be
handled) and be incremented at increments of about 0.15 cm
up to about 1.15 cm. at the operating power level (100
mw), the attenuation can be measured accurately to about
28dB. This attenuation value can serve as a guideline

for the longest sample length that could be used to still



Figure

[V-8.

The Piece of Sample-Holding Waveguide
and the Special Waveguide Connector

(the Sample Holder).
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obtain a meaningful measurement.

Working with a specific soil moisture content, the
iterative process of measuring phase shifts and attenua-
tion begins with placing small amounts of soil into the
sample-holding waveguide section. The detector »utput
1s connected to channel 1 and channel 2 of a dual beam
oscilloscope, the input polarity of channels 1 and 2 are
to be of 6pposite polarities. The attenuator and the
phasv shifter are adjusted to give a null on the oscillo-
scope. The null occurs when the waveforms of channels 1
and 2 barely touch, any non-null values of phase shift
and attenuation would cause the two waveforms to diverge.
After the attenuation and phase shift values at the null
are recorded for this sample length, the same process is
repeated for another incremented sample length. These
measurements of attenuation and phase shifts at different
sample lengths constitute the attenuation and phase shift
versus soil sample length curves for a particular soil
moisture content value. Several of these curves over the
0% soil moisture to the saturated soil moisture range are
necessary to compute the complex dielectric constant of

the soil.
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The relative complex dielectric constant, k'-jk",
for the waveguide method are computed by the following
formulas [48]:

. 2z s 2
,él— & A=+ K
= =7 (IV-2)
° A
&

= (Iv-3)
° A,
where 8 = %1 = 2n
o Wavelength in the free space
- : . - = __A
a = attenuation constant in neper = z—ze , A

is the slope of the attenuation curve plotted
in db per meter and 8.686 is the conversion
factor for nepers and decibels.

g = B+60, B is the slope of the phase shif* curve

in radian per meter.

2w
¢ cutoff wavelength of the waveguide [35]

To facilitate the computation for the relative
dielectric constants of the soil, a computer program was
written [49] for such a calculation using the attenuation
and phase shift measurements taken in the laboratory. The
slopes of the attenuation and phase shift curves, A and B
respectively, are determined with a least mean squared

error technique subroutine.
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Relative dielectric constant measurements as a
function of soil moisture were made on the soils taken
from five different locations with’n this test field:
L

L and R2 respectively (Figure IV-9). The

1 Lz» My
results of the relative complex dielectric constant mea-
surements as a function of soil moisture of these five
so0il samples are shown compositely (five sets of curves
were generated) in Figure IV-10. As can be seen, the
results of the five disjoint measurements results were
nearly identical. This checks the point that the soils
are of the same type as reported from soil analysis, and
indicates that the relative dielectric constant of the
s0il of this project is accurately represented by the two
composite curves the real part k', and the imaginary part
k'". An estimate of the relative dielectric constant from
the composite curves was made with a Statistical Analysis
Systein (SAS) computer program which employ:d nonlinear
regression techniques to generate best fitting curves for
data supplied. This SAS best fitting result representing
the relative dielectric constants of the soil of this
project is shown in Figure 1V-11.

Several parameters that might affect the accuracy
of dielectric constant measurements were investigated [12].
These parameters include the accuracy in sample thick-

ness measurements, accuracy in attenuation and phase shift
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Relative dielectric constant (at 10.5 GHz)
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Miller Clay
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Figure IV-10.

Percent soil moisture

A Composite Representation of the
Relative Dielectric Constants ol Soils
from Five Different Locations in the
Field. Results of RSC's Wiebe-System.



Relative dielectric constant (at 10.5 GHz)
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Figure IV-11. The SAS Best-Fitting Re 'ult of
the RSC's Wiebe-System.
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measurements, and the effect of compaction on the soil
samples. Assuming the thickness of soil sample measure-
ments could be measured to within 0.05 cm, and the
accuracy of the phase shifter and attenuator are within

+ 1.5° and ¢t 1.5 dB respectively, the following values
were determined for the accuracy of the real and imaginary

par. of the relative dielectric constant.

Real Part Accuracy = * 1% (1v-4)

Imaginary Part Accuracy = * 1% (IV-5)

To eliminate the effect of compaction, a device which
provide constant and uniform compaction was used [49].

The compaction force generated by this device gave the
scil a compaction simular to most natural soil compaction.
This device was applicable to relatively dry soil samples.
For wet clay samples, the clay was packed to a degree

that resembles the natural wet clay.

Measurements with Giarola's Modified

Waveguide Method

As a check of the dielectr.c constant measurements
obtained with Wiehe's waveguide system at the Remote

Sensing Center, the same soils measu.c¢d at the same
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frequency (10.5 GHz) were tested with Giarola's modified
waveguide method uat the Electrical Engineering Department,
Texas A§M University. A block diagram of the system used
is as illustrated in Figure IV-12 [47]. The medification
made to Wiebe's system was the addition of the loop 1
which helped to reduce reflections occurring at the first
interface of air and dielectric, and also additional
tttenuators in the upper arm of loop 2 allowed for cali-
bration purposes.

The results of measurements of dielectric constant
on soils at different locations are shown in Figure IV-13.
A comparison between this measurement result with the
SAS fitted RSC-system result indicated two things. First,
it shows that there is good agreement between the results
made with two slightly different systems. Secondly, the
comparison sugyests that for the present sy<tem setups,
the effect of reflection is not significant. (A technique
for handling clay and for reducing the possible reflec-
tion effect of clay is discussed in Appendix B).

After many extensive measurements on both Giaroia's
system and Wiebe's system, it was concluded that both
systems were essentially the same. The additional attenu-
ators for the calibration of the empty sample-holding
waveguide section is not necessary because the dielectric

constants are obtained in terms only of the slopes of the
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Figure TV-13. Results Obtained
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attenuation and phase shift values. The calibration pro-
tcss only enables the measurements to start out on a zero
reference level (Figure IV-14), the slopes of the attenua-

tion and phase shift curves do not change.
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CHAPTER V
RESULTS AND ANALYSIS
Introduction

Remote sensing of soil moisture by passive microwave
radiometry cannot be perfected until the effects of a few
important parameters which possibly affect the emission
process are determined. Two of these parameters appear to
be particularly influential, yet their effects have not
been well documented or clearly understood; they are the
surface roughness and vegetation coverage of the natural
terrain. This chapter presents the results and analysis
of the effects of these two parameters on the data obtained
in the ground based experiment program discussed in
Chapter IV. The objective of the analysis is to determine
the potential of passive microwave radiometer as a remote
sensor for soil moisture detection. Results calculated
from Sibley's theoretical models for the bare smooth
surface case and uniformly vegetated smooth surface case
are compared with the empirical results. Recent soil
moisture detection experimental results by other investi-

gators are also presented for comparison.
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Experimental Results and Analysis

Before presenting the experimental results, a few
comments are helpful in following the analysis of the
experimental data. The first concerns the soil moisture
information obtained in the experiment program. This
is very important information because the ultimate
objective is to correlate the field soil moisture with
the apparent temperature measured. A tabulation of the
soil moisture information is given in Appendix A,

Table A-1. From the study of these data it was found
that the range of surface moisture contents observed
was quite variable from almost 0.0% to 40.0%. The
subsurface moisture content was more uniform, ranging
from 5.0% to 35%. Histograms showing the distribution
of the 0-2 centimeters average soil moisture and 0-18
centimeter average soil moisture (of all three fields
for the entire experiment) are shown in Figure V-1.

As it is customary in other investigations to
choose a "most representative'" soil thickness to relate
the microwave signal to water content, the 0-2 cm.
average soil moisture and 0-18 cm. average soil moisture
are used for the following data analysis. However, it
was felt that such a "representative" thickness is too

arbitrary and most likely inaccurate, the approach of
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using a "skin depth" thickness of soil and the concept cof
"equivalent soil moisture" at skin depth [50] was also
used.

The skin depth is conventionally defined as that
depth at which the electric field is attenuated by a
factor of 1/e. The "equivalent soil moisture'" is defined
as that soil moisture content that would, if constant with
soil depth, produce the same skin depth as the actual
soil moisture profile of the soil. The "equivalent soil
moisture" at the skin depth is also used as a soil
moisture parameter in the correlation of the apparent
temperature with soil moisture in the following data
analysis.

A discussion on the determination of skin depth and
the corresponding '"equivalent soil moisture content" is
given in Appendix C. 7The skin depths and "equivalent
soil moistures'" for X- and L-band for the three surfaces
are shown in Figures A-1 through A-6.

The second comment concerns the precise knowledge
of the radiometer null-to-null ground coverage for the
acquisition of apparent temperature at different angles.
This knowledge helps to pinpoint the exact area at which
the radiometer is sensing, therefore provides a better

correlation between the apparent temperature and soil
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moisture content at that particular observation angle.
X- and L-band radiometric measurements were obtained at
both vertical and horizontal polarization for observation
angles from 0° to 50°, generally in 10° increments. An
illustration of the scaled beam footprints at these ob-
servation angles with respect to the scaled field size
is shown in Figure V-2. A listing of all the soil
moisture data at various angles within the antenna beam
footprints for the three surfaces on all measurement dates
are given in Appendix A, Table A-2. These soil moisture
data are inferred from the soil moisture contour maps
which are constructed from the soil moisture data of
Table A-1. The corresponding radiometric apparent tem-
perature data are g'ven in Appendix A, Table A-3.
Finally, to facilitate the interpretation and
analysis of the data the following legend is adopted

throughout the data analysis (pages 87 and 88):
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Inscription Representation

. Bare, July 23, 1973.
Rough surface.

. Bare, July 24, 1973.
Smooth and medium
rough surfaces.

. Bare, July 26, 1973. i
Three surfaces. g
L) Bare, July 30, 1973. Five ;

days after irrigation.
Three surfaces.

o S"*0ats, September 25, 1973, !
Three surfaces. %

o} 10" oats, October 30, 1973.
Smooth and medium
rough surfaces.

o) 11" oats, October 70, 1973
Rough surface.

Q 11" oats, November 9, 1973. i
Smooth surface nine
days after irrigation.

a 13" oats, November 8, 1973.
Medium rough surface
eight days after
irrigation.

TR

a 14" oats, November 8, 1973,
Rough surface eight
; days after irrigation.

e veaar s

Bakh o Mk B s 3 et b

e g
=3

* This length is not the actual length of the plant but
the mean height of the plant from the ground.
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Representation

12" oats,

14" oats,

14" oats,

Effects of Surface Roughness

February 12, 1974.
Smooth surface.

February 13, 1974.
Medium rough surface.

February 13, 1974. .
Rough surface.

Smooth surface.
Medium rough surface.
Rough surface.

L-band (1.41356GHz,
wavelength=21.1339cm).

X-band (10.069GHz,wave-
length=2.81cm).

Vertical polarization.

Horizontal polariza-
tion.

Slope of the line
(degree Kelvin/percent
soil moisture).

The effects of surface roughness on the capability

of the passive microwave radiometer to detect soil

moisture was studied.

Bare field condition exists for

the July 23, July 24, July 26, and Suly 30, 1973 measure-

ments.

The three fields (smooth surface, medium rough
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surface, and rough surface) were irrigated in the ssme
manner on July 25, 1973, Generally the three si.faces §
had very similar soil moisture conditions and thus a

comparison of the apparent temperatures for the three

different surface roughnesses is possible.

Figures V-3 through V-11 are plots of the bare field
apparent temperature measurements on the rour dates.
Apparent temperature is plotted for the various observation
angles for X- and L-band and for the vertical and horizon-
tal polarizations. The 0-2 centimeter average soil
moisture contour maps are shown below the apparent
temperature plots. The crosses on the soil moisture
contour maps indicate the locations at which temperature
data were taken. The dependence on polarization is clear-
ly illustrated. The vertical polarization temperatures
are higher than those of the horizont.al polarization. On
the whole, it appears that temperatures measured are
fairly independent of the observa:ion angles, but are
dependent on soil moisture variat:onms.

From these measurement data, the data obtained at
the 30° observation angle are chosen to investigate the
surface roughness effects. This choice is quite arbitrary
as it is seen that apparent temperature measurements are

fairly independent of the observation angles.
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Field on July 24, 1973.
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Apparent Temperature for the
Smooth Field on July 30, 1973.
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Figures V-12 through V-23 are plots of apparent
temperatures of the three surfaces versus soil moisture
content. These plots are shown for both X- and L-band
frequencies at vertical and horizontal polarizations.
The 0-2 cm average soil moistures and 0-18 cm average
soil moistures are used to correlate with the apparent
temperatures. The parameter of equivalent soil moisture
at the conventionally defined skin depth is also used to
correlate with the apparent é mperature, but the apparent
temperature used is that of tE% average of the apparent
temperatures of the various obs%rvation angles. The
equivalent soil moisture represéﬁts the effective soil
moisture condition of the field an the particular day.
Its accuracy was computed to be within minus seven-
percent and plus five-percent for any particular day and
field. Stﬁdying the correlations ¢f these three soil
moisture parameters with apparent temperature, an
attempt was made to determine an optimal soil moisture
parameter.

Examining the L-band results (Figures V-12 through
V-16) and X-band results (Figures V-17 through V-19),
several observations can be made of the effects of
surface roughness, regardless of the measurement
frequencies. The data seem to indicate that for wet soil

there is a monotonic increase in apparent temperature as
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Figure V-12. Apparent Temperature versus

Soil Moisture Content, Bare
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Average of apparent temperatures at
various emission angles (°K)
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Figure V-16. Apparent Temperature versus

Soil Moisture Content, Bare
Condition.
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Figure V-17. Apparent Temperature versus
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Condition.
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Figure V-18. Apparent temperature versus
Soil Moisture Content, Bare
Condition.
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Figure V.19. Apparent Temperature versus

Soil Moisture Content, Bare
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surface roughness increases. This phenomenon is due to
the fact that as the surface roughness increases, the
surface area available for emission also increases.
However, it is interesting to note that for the lower mois-
ture range, the apparent temperatures for the very rough
surface fall below those of the medium rough field for the
L-band measurements and fall below those of the smooth
surface for the X-band measurements. But the behavior

of the available rough surface data suggest that as the
moisture content increases, the apparent temperatures
would exceed those of the medium rough field.

Another observation that can be made about the
roughness effects is its effect on polarizations, this
effect can be readily seen from Figures V-12, V-13, V-15,
V-16, and V-17. It is shown that roughness has little
effect on vertical polarization measurements; whereas
at horizontal polarization the effects of roughness are
readily apparent. This effect is particularly pronounced
for the X-band measurements of the smooth surface on July
24th and July 30th, Figures V-17. For these two dates,
the 2 cm. soil moisture averagc is essentially the same
despite the fact that the field was irrigated on July 25.
Assuming that the irrigation process (a sprinkling
process) caused the field to appear smoother than it

was on July 23, the data indicate that horizontal polar-
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ization is affected by surface roughnes< to a much greater
extent than vertical polarization.

The sensitivities (degree Kelvin/percent soil mois-
ture) of all the measurement results are calculated and
are indicaied within the parenthesis on the figures.
Examining these data, it is noted that the response to
soil moisture decreases as the surface gets rougher. This
pattern of behavior is apparently independent of the
observation angles, as indicated on Figures V-20, V-21,
v-12, Vv-13, V-22, and V-23. It should be noted that
sensitivities stay essentially the same at all observation
angles. While the horizontal polarization is more
sensitive to surface roughness than the vertical polariza-
tion, it is also more sensitive to soil moisture variations
than the vertical polarization for both L-band and X-band
and for all three surface roughnesses. There are good
sensitivities for the smooth surface and medium rough
surface measuréments at both L-band and X-band. However,
the available data suggest that the sensitivity almost

disappears for the very rough surface of this experiment :

PR

(the roughness characteristics are given in Table IV-1).
Comparing the L-band and X-band measurements, a choice

for the more optimal frequency for soil moisture detection

is obvious. It can be seen that the L-band is more b

sensitive to soil moisture variations than the X-band for .
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all surface types. This is another effect of surface
roughness, as roughness is not an absolute measure,
but a relative measure expressed in wavelength units.
For surface roughness much less than a wavelength, the
surface appears smooth, while for surface roughness on
the order of a wavelength or more, the surface appears
rough [17]. For the field surfaces of this experiment
(roughness characteristics shown on Table IV-1), the
surfaces appear rougher to the X-band (wavelength A = 2,82
cm) than they are to the L-band (wavelength A = 21.2cm).
It therefore is not a surprising observation that the
X-band measurements are less sensitive in detecting soil
moisture than L-band, since it was observed that sensitiv-
ity decreases as roughness increases.

After studying the correlation of apparent
temperature with the three soil moisture parameters
(0-2 cm average soil moisture, 0-18 cm average soil
moisture, and equivalent soil moisture a. conventionally
defined skin depth) several observations can be made.
For the X-band the 0-2 cm average soil moisture and the
equivalent soil moisture parameters give better correlation
than the 0-18 cm average soil moisture parameter. The
correlation is reasonably good for the 0-2 cm average

s0il moisture parameter and particularly good for the
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equivalent soil moisture parameter. It therefore appears
that for X-band, the equivalent soil moisture at skin
depth would be a valid and perhaps the optimal soil
moisture parameter.

For L-band, the case is a little different. For
the medium rough and rough surfaces, the equivalent soil
moisture parameter gives better correlation with apparent
temperature than the 0-2 cm average and 0-18 cm average
soil moisture parameters. It appears that the equivalent
soil moisture parameter is again the optimal soil moisture
parameter to use for the medium rough and rough surfaces.
However, its validity for the smooth surface case is
questionable. Examining the data, the apparent temperature
of the smooth field for July 24 and July 30 plotted as a
function of average soii moisture in the 0-2 cm depth
fall very close together. However, plotted as a function
of equivalent soil moisture, they spread apart. It
is difficult to draw conclusions as to the validity of
the equivalent soil moisture parameter for the smooth
surface case from this observation, since there are only
two data points in this soil moisture range available
for comparison.

From these measurement results it is clearly

indicated that surface roughness has a definite effect
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on the radiometric apparent temperature measurements for
soil moisture on various rough surfaces. It has also
demonstrated that there is a definite correlation between
the apparent temperature of the soil and the soil moisture
content. Based on the correlations with equivalent soil
moisture as the optimal soil moisture parameter, the
following sensitivity values are observed: for the '-band,
sensitivities of vertical polarization measurements are
3.75, 2.45, and 0.5 degree Keivin/percent soil moisture

for the smooth, medium rough, and rough surface respective-
ly; likewise, sensitivities of horizontal measurements

are 4.6, 3.25, and 0.99 degree Kelvin/percent soil
moisture. For the X-band, the vertical polarization
measurement sensitivities are 1.5, 1.37, and 0.15 degree
Kelvin/percent soil moisture for the smooth, medium rough,
and rough surface respectively; the horizontal polariza-

tion measurements are 1.9, 1.66, and 0.18 respectively.
Effects of Vegetation

Effects of vegetation are observed from the results
of the entire experiment program, from the period when
the fields are bare and throughout the period when the
fields are vegetated. Since the field roughness remained
essentially the same throughout the entire experiment,

any new effect observed after the fields were vegetated

0P ey B o e e bk
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would come primarily from the vegetation.

Oats were sowed on the three fields on September 3,
1973. The vegetation characteristics necessary for the
evaluation of Sibley's model [27] were noted on each
radiometric measurement. This information is provided
on Table V-1. From this table it can be seen that the
oats of this experiment exhibited roughly three stages
of growth. It was a very young vegetation in September,
1973; it b2came full grown and healthy throughout October
and November, then it exhibited retrogradation in
growth by February, 1974.

An unusual behavior in the polarization dependency
of apparent temperature was noted when studying the mea-
surement data. The phenomena observed are the change in
dependence on polarization and the lack of dependence on
polarization. Thes2 observations are noted on October
30, 1973 for the smooth surface and medium rough surface,
on October 30 and November 3, 1973 for the rough surface.
They are a- suown on Figures V-24 through V-27. Notice
that this change in dependence on polarization seems to
occur only for the X-tand measurements. The horizontal
polarization data are consistently higher than the vertical
polarization data. There is also a lack of dependence
on polarization for these X-band measurements, this

behavior is particularly apparent on November 8, 1973 for

b e
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the rough field (Figure V-27). These are some observat-
ions made for the vegctated fields, at the present the
available theoretical models are still inalcquate to
explain such phenomena.

Effects of vegetations are investigated from Figures
V-28 through Figure V-41. Although the 0-2Z ~t average
and 0-18 cm average soil moisture parameters are used in
the analysis study, the observations presented below will
primarily be pertaining to those shown for the equivalent
soil moisture parameter. This is because the equivalent
soil moisture parameter appears to be the optimal soil
moisture parameter to be used from the bure field
roughness effects analysis.

The vegetation measurement data and the comparisons
between the vegetated measurements and bare field
measurements are very encouraging. They tend to support
Sibley's model [27] which predicts that the vegetation
is essentially an attenuator at low vegetation density and
a predominant emitter at high vegetation density. As an
attenuator, the vegetation lowers the apparent temperature
measurement; as a predominant emitter, it contributes and
raises the apparent temperature.

Figures V-30, V-32, and V-34 illustrate the effects

of vegetation at L-band for the three surfaces. It is
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obvious that for the vegetation conditions of this
experiment, the vegetation generally exhibits an attenuat-
ing effect such that the apparent temperature of the
vegetated fields is significantly lower than the bare
fields at the same moisture content. The degree of
vegetation effects on the detection of soil moisture
varies with the surface roughness. The smooth surface

is least affected by vegetation while the medium rough
surface and the rough surface are affected to a greater
degree. As the vegetation density increases, Sibley's
model predicts that emission from the vegetation becomes
more predominant, though the vegetation still attenuates.
This prediction appears to be verified from the October
30, 1973 data indicated on Figures V-30. On October 30,
the oats were at its maximum growth and healthiest condi-
tion. Therefore the effect of the emission from oats
vegetation is the gieatest on this date and this is
indicated as such on Figure V-30. For the smooth surface
on October 30, the vegetation apparent temperature
measurement is shown to be about the same as the bare
field measurement for that particular soil moisture.

This seems to suggest that on that day, the contributing
emission from the oats "equalizes'" its attenuation

effect. For the medium rough surface, the effect of
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vegetation is mainly that of attenuation; however, the
effect of contributing emission from the vegetation is
observable. Based on this line of reasoning, the data
point of October 30, 1973 on the rough field is an
uncertainty. It is shown that the opposite is true

for the rough field on October 30, the data suggest that
the attenuation effect of the oats is the predominant
effect on that date. Aagain, a conclusion cannot be
drawn for the rough surface from such a limited amount
of data.

The underlying effect of surface roughness is also
indicated on the vegetation measurements. The data show
a trend toward a monotonic increase of apparent
temperature with increasing surface roughness. Also,
the response to soil moisture variations decreases with
increasing surface roughness. The vegetation effect
on sensitivities at both polarizations of the three
surfaces are only slightly affected relative to their
sensitivities at bare conditions. These data indicate
that the L-band is a promising frequency to u~2 for
soil moisture detection.

For the X-band, the analysis was made primarily
from Figures V-37, V-39, and V-4). Overlaying these
three figures, an interesting result is revealed. It

can be seen that the sensitivities at both vertical and
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horizontal bolarizations of the three vegetated surfaces
are essentially the same; practically no response to

soil moisture variations. It is also noted that the

data of the three different roughnesses are falling in

the same general vicinity. These two observations

suggest that for X-band, the oats vegetation had completely
masked the soil contribution, regardless of surface

roughness. The apparent temperatures measured are merely

those of the oats.

Although the amount of data available is limited,
the effects of vegetation are apparent. It appears that
the L-band passive microwave radiometer has high potential
for remote sensing of soil moisture of natural bare or
vegetated terrains. However, the data suggest that the
X-band passive microwave radiometer is only capable of

deteciing soil moisture for some bare terrains.

Theoretical Predictions

Theoretical predictions were computed from Sibley's
model, Equation (III-18)
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bare and vegetated conditions. An evaluation on the
validity of Sibley's smooth surface model for bare or
uniformly vegetated terrain is attempted through the
comparison of the theoretical predictions with the
experimental results. Theoretical predictions will
not be made for the medium rough and rough surface
cases based on Sibley's rough surface model. It is
felt that Sibley's rough surface model (Equation I1I-19)
which is derived from Johnson's model [10] is still
inadequate to actually be applied to the very complicated
real world rough surfaces. For example the joint
probability density f9¢ (en, ¢n) or the distribution of
normals in (III-19), a necessary quantity to evaluate
the rough surface model (II1-19), is an extremely
difficult quantity to obtain in the real world.
Comparisons of the theoretical predictions and
experimental results are presented on Figures V-42
through V-47. The analysis employs to the equivalent
soil moisture data (Figures V-42, V-43, and V-44).
Analyzing first the bare field condition, it is
noted that the theoretical predictions for botn L- and
X-bands are significantly lower than the experimental
results. Studying the model, it appears that the
discrepancies could have resulted from three factors.

They are namely the emissivity of the soil, the
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permittivity of the soil, and the antenna pattern, which
is not accounted for in the theoretical model used. Note

that in the model for bare smooth surface

Tai® TgesTy

1

Tg and €g are assumed to be constant, the only variable is
the transmission coefficient, Ti’ which is a function of
the permittivity of soil. It can be seen that the
accuracy in predicting the apparent temperature of the
soil depends heavily on the absolute correctness of the
soil permittivity (dielectric constant). Documented
dielectric constant measurements of soil are scarce,
the only Miller Clay measurement data were that of
Wiebe [46]. The comparison of these measurements
is shown on Figure V-44. Differences are shown, however,
it is not known if this discrepancy has been caused by
the differences of chemical and physical properties
between the two soils compared. While the Miller Clay
dielectric constants measured for this study differ
from Wiebe's measurements, they match reasonably well
with the dielectric constant measurements by Hoekstra,
et. al. [51] on certain clays.
Apparent temperature predictions computed for the
X-band using Wiebe's Miller Clay dielectric constant :

values are shown in Figure V-45. It was observed that
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the predictions computed from Wiebe's dielectric

constant data compare to the experimental results better
than the predictions based on the dielectric constant
values obtained in this experiment. Further investigations
on soil dielectric constant measurements are still
necessary.

For the bare field comparison, it is also noted
that the L-band theoretical results and X-band
theoretical results are almost identical, which is
definitely not the case for all the experimental data
shown. This could possibly be explained by two key
parameters of the bare smooth surface model 'rsed. The
first possible explanation concerns the value of
emissivity that should be used. As emissivity is a
function of surface ccnfiguration, polarization, and angle,
it might not be valid to assume the customarily used
and reasonable valiue for emissivity (between 0.5 to
1.0 [11], [13]) in the computation fecr the apparent
temperature (a value of 0.98 was used for the emissivity
in the theoretical predictions). The other possible
explanation concerns the behavior of dielectric constant
of soil with regard to variation in frequency. The
dielectric constant measurements nade at 10 GHz are
also used for L-band theoretical predictions. As the

transmission coefficient which is a function of dielectric
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constant, is the only variable in the model, naturally
the L-band and X-band apparent temperature computed
would be the same.

Despite tne discrepancy in magnitude, the sensiti-
vities of the theoretical predictions for both L- and .
X-band compare quite favorably with the experimental
results.

To conclude for the bare smooth surface case, the
uncertainty of the actuai value of the soil dielectric.. .~
constants has affected the comparison between the theo-
retical prediction and the experimental results.

Comparisons of theoretical prediction and experi-
mental measurements in the vegetated case show some
encouraging observations in regard to Sibley's uniform
vegetation model for smooth surface. Despite the discre-
pancy in magnitude, which is inherent from results of the
bare smooth surface model, the predictions for the vege-
tated case of both frequencies agree reasonably well with
the behavior experimental measurements. The attenuating
and contributing effects of the vegetation apparent temper-

ature measurements are clearly indicated. A significant

IR e

observation is the prediction for October 30 for the L-
band measurement, the model predicts exactly the same
vegetation effect as that which happened in the experiment.

The very close comparisons of the theoretical predictions
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of the cther dates with the respective experimental
results support the validity of this prediction.

For the X-band, though the theoretical predictions
also compare well with the experimental results, the model
shows a stronger contributing effect of the vegetation
than indicated by the experimental results. Again, as
shown by the experimental results for X-band, a complete
masking of the soil by vegetation is predicted by the
model. From these comparisons, it appehrs'that theﬂu. -
uniform vegetation model for smooth surface has given a

reasonablec prediction of the effects of vegetation on

masking soil moisture dependency.
Comparison with Recent Research Effort

Many past investigations on remote sensing of soil
moisture have shown that there is a definite relationship
between the measured soil apparent temperature and soil
moisture content. The results ob- :ed from this ground-
based control experiment have again affirmed and supported
such a relationship. A summary of the results of this
experiment are shown pictorially on Figures V-48, V-49,
V-51, and V-52. They are the results based on the
equivalent soil moisture as the soil moisture parameter.
Recent research effort such as those by Jean [13], Schmugge

[11], and Kroll [14] are reviewed and their findings will
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be compared with those of this experiment.
Jean has investigated some airborne microwave
radiometer measurements (taken at a 915 meter altitude)
over selected flight lines near Weslaco, Texas. The fields
over which the measurements were made were mostly barren
and plowed. The surface roughness of these fields are
estimated to be in between the roughness of the medium )
rough field and the rough field of this study. It was
determined that the 1.42 GHz data were sufficiently
correlated to moisture content data. His results are
shown on Figure V-48. Each data point corresponds to
each field. The agreement between Jean's results and
those of this study is strikingly good. If a least
squares straight lines was fit to his data, the resulting
sensitivity would very closely approximate that of the
medium rough field.
Another airborne passive microwave radiomcter remote
sensing of soil moisture was conducted by Schmugge, et. al.
The measurements were made over some barren agricultural
areas in the vicinity of Phoenix, Arizona. The radiometers
covered the wavelength range 0.8 cm to 21 cm (37.5 GHz to
1.4 GHz). Schmugge's results are compared with this
ground based results on Figures V-48, V-49, and V-50. The

soll moisturce parameter he used was the 0-15 cm average o

ko e

soil moisture.  Schmugge's results compare favorably with
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the results of this study. The effects of roughness on :
various frequencies measurements are shown. It was noted
(11] that the 10.6 GHz radiometer was especially sensitive
to the surface moisture. Those fields which had soil ;
moisture above 16% were irrigated within one week prior
to the flight and probably had soil moisture values
greater than 10% in the top half cm of the soil. Once the
moisture content in this layer drops below 10% the apparent
temperature measurements showed poor sensitivity. On
the other hand, the emission appears to be a linear func-
tion of soil moisture over the range of 0 to 35% for the
1.42 GHz measurements. For the 37.5 GHz measurements, the
results indicate that measurements at this frequency is
sensitive to surface moisture only, because the coldest
measurements belong to the fields that had been irrigated
three days before the flight and were flat.

Kroll also has investigated some airborne
passive microwave measurements on soil moisture. His
data from Chickasha were chosen for comparison. The
measurements were made at 1.4 GHz. The fields were mostly
medium rough surface with vegetation coverage and were
fairly dry (<20° moisture content). His results are shown
and compared with the vegetated measurement results of
this study on Figures V-51. The effects of vegetation

and roughness are shown very pronouncely on his results.
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However, a conclusion concerning the comparison cannot be
drawn because Kroll's data were made at soil moisture
ranges chat this study unfortunately did not cover.

The measurement results of this study have identified
and shown the effects of surface roughness and vegetation.
The comparisons of this ground based experimental results
with some recent airborne measurement results have
demonstrated that airborne passive microwave radiometers

have the potential to monitor soil moisture variations.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

This research study has presented the results of
a series of controlled ground based passive microwave
radiometric measurements on soil moisture. From the
ground based experiment, certain effects of surface
roughness .nd vegetation, which partly determine the
capability or nassive microwave radiometer to detect
scil mristuie, -rere identified and studied.

Raciometric measurements were made at 1.42 GHz and
10.6 CHz from an aititude of about 50 feet and for angles
frem 0° to 50°, generally in 10° increments. Ieasurement
results have demonsirated that surface roughness and
vigetation have definite effects on the microwave cmission
prrcess. Their effects are in some cases very intluential
and they play decisive roles in regard to the capability
of the passive microwave radiometers to detect soil mois-
ture.

Comparing the measurement results from the smooth,
medium rough and rough bare surfaces, several effects of
roughness were readily identified. The data show that for

the wetter soils, there was a monctonic increase in
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apparent temperature as surface roughness increases, !
regardless of the measuring frequency. It was also

noted that sensitivity (degree Kelvin/percent soil

moisture) changed with regard to surface roughness;

the response to soil moisture variations decreases as

the surface gets rougher. This phenomenon is apparently

independent of the observation aangles. For the rough ;
field of this study, the X-band measurements showed no
apparent sensitivity, while the L-band measurements
still indicated a low sensitivity. It was clearly
indicated from these data that the L-band radiometer

is more applicable to detection soil moisturc than the X-

band radiometer. It was observed that the horizontal
polarizatir - is more sensitive to surface roughness than
ibe vertical polarization and it is also more sensitive
to soi} meisture variation than the vertical polarization
for boti. frecuencies, and all ~hree surfaces.

In ccrrelating the apparant temperature with soil
moisture content, three soil moisi:vi parameters were
investigated. They were the 0-2 cm averazs and 0-18 cm
average soil moisture, and *the ecuivalent soil moisrrre
at conventionally defined skin deyth. It was found thc
the equivalent soil moisture parameter was the optimal
. soil parameter on the whole, in fr%.n sense that it

provided the best correlatiou het .een apravert temperature
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and soil moisture,

Vegetation effects for the three surface roughnesses
were observed from the entire measurement program
data by comparing the results of the different vegetated
conditions to the results of the bare condition. An
undetermined abnormal behavior in the polarization
dependency of apparent temperature for some X-band
measurements among the data was observed.

For the vegetation of this study (having a height of
only about 0.4 meter at full growth), the vegetation
behave. - r-imari.y as an attenuator for the L-band
measurement, and it exhibited a masking effect over the
soil for the X-band measurements, recgardless of surface
rouchness. In another words, the X-band radiometer is
incapable of soil moisture detection unde the ve ctated
condition of this study. The L-band radiometer on the
other hand, appears to be highly applicable. While the
attenuating effect of vegctation lowered the apparent
temperature magnitude, the sensitivities were hardly
affected. The data also slow that the vegetation was an
attenuator as well as a contributor to the soil emission,
as predicted by Sibley.

Theoretical predictions were made only for the
smooth surface case and were computed from Sibley's

apparent tcmperature model for bare and vegetated smooth
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surface. The magnitudc of the predictions were all
significantly lower than the experimental results,
though the sensitivities compare reasonably well. It
was suspected that the values of the soil dielectric
constant measured, an important parameter in the theo-
retical model, were too high.

The vegetation model has demonstrated to be a
valid model, it predicted essentially the same vegetation
effects as shown by .he experimental results. Good
agreements were seen for the comparisons between the
results of this study and the results of some recent
research effort (all airborne).

The results of this conjunctive study effort have
indicated that despite the existance of the vegetation
and surface roughness effects, the application of the
passive microwave radiometer for remote sensing of
soil moisture of natural terrains has bright promises
and high potential. Passive microwave radiometers in
the lower frequency band are the more useful and capable

radiometers for this purpose.
Recommendations

Based on the findings of this study it is recommend-

ed that:
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Soil dielectric constant measurement. Although

careful attention was given to the dielectric constant
measurement procedure, the repetitiveness of measurements,
the sample handling, the homogeneity of soil, and the
ex.ect of compression on soil, the absolute correctness

of _he results obtained was still not established. This
conclusion is based upon the comparisons between the theo-
retical predictions with the experimental results. Future
study on dielectric constant measurements should examine
the effect of power reflection by the soil sample during
the measurements. To insure that the correct dielectric
constant values would be generated by the measurement sys-
tem, the system should be initially calibrated by measur-
ing a material of known dielectric constant which has

been measured by other investigators in the country
working this field. In addition to improvements on the
measuring network, the relation of soil moisture to its
dielectric constant with regard to the effect of frequency

must also be investigated.

Continuation of the groundbased experiment and

improvement of the data acquisition scheme. The

importance of a groundbased experiment, while considering
the effects of various parameters that determine the
capability of the passive microwave radiometer to monitor

soil moisture, is clearly recognized through the various
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observations of this study. Tuturce rescarch involving

the remote sensing of soil moi:ture by passive microwave
radiometers should be continued with ground based study
efforts which adopt a revised data acquisition scheme as
proposed in the following. The study of soil moisture
profiles indicates that the drying stage of the soil,
particularly that in the top 6 cm, is very dynamic. It
was observed, for example, that it took only 30 hours

for the soil in top 2 cm to completely dry. Since the
passive microwave radiometric response to soil moisture
comes primarily from the top soil layers, it 1s necessary
to take frequent measurements throughout the drying
process after irrigation. It is recommended that measure-
ments be made initially at six hour intervals until the
most dynamic stape o soil drying has been completed, then
increased to longer intervals until the desired soil
dryress 1is reached.

Optimal soil moisturc parameter. In correlating the

radiometric apparent temperature with the soil moisture
content, there is a neecd for a soil moisture parameter
to which the radiometric temperatiure correlates optimally.
[t was determined {rom this study that the equivalent soil
moisture at thc conventionally defincd skin depth was a
reasonably satisfactory soil moisture parameter. However,

future rescarch should investigite the possibility of a
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more optimal soil moisture parameter at the soil depth
where the electric field is attenuated by a factor other
than ehl. One approach to such a determination is by the
trial and error method. This is done by plotting the
apparent temperature data set against the various soil
moisture data sets for different values of e-x, where x
is any real number including 1.0. The e * value that
gives the best correlation between apparent temperature
and soil moisture would then be the most optimal soil

moisture parameter.

Improvement of theoretical models. There is a common

deficiency shared by the existing apparent temperature
models. This deficiency is that the models are considering
only a single ray path of thermal emission. Future re-
sea-ch in theoretical modeling should work toward a model
which would account tor intcgration of emission over the
entire antenna illumination afea and the range of angles
actually viewed. This would require the incorporation of
the antenna pattern in the model. In describing the
emission problem, the intrinsic properties of the radiating
medium, the diclcctric constant and the thermometric
temperaturc which vary with depth, have to be considered.
The work by Stogryn [52] and England [53] are two recom-
mended wodeling efforts that are working in this direction.

in treating the emission problem of natural terrain., .
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it is also suggested that the thermal emission should be
dependent only on the intrinsic properties of the radiating
medium and be independent of the surface roughness charac-
teristics. Roughness models should be developed indepen-
dently and be treated only as an imposing factor on the
thermal emission to cause its magnitude to vary with
respect to the particular surface characteristics.
Improvements regarding to the vegetation models, uniform
vegetation case and row crops case, cannot be suggested

at the present. These models still await further

expe rimental observations and verifications.
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APPENDIX A
REDUCED SOIL MOISTURE AND
RADIOMETRIC TEMPERATURE DATA

3 i This appendix contains tabulations of reduced soil

‘ moisture and apparent temperature data for the entire
experiment, they are presented in Table A-1, Table A-2,
abd Table A-3 respectively. Soil moisture profiles were
constructed from the data of Table A-1 and are shown in
figures A-1 through A-6. Skin depth and "equivalent soil
moisture content" for both L- and X-band were calculated

and are indicated on these soil moisture profiles.
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Table A-1. A Listing of the Entire Soil Moisture
and Ground Thermometric Temperature
Data of the Experiment.

RUNATH CINEAE

LOLAYINON SNt AVE 3 AVE. AT SO1L
NFPTH  MOTST,S DEPTA LNCATION TEMP

L-sAND X -SAND

TASULYI4SK IN NEPTHE10.3? 4, ".55C Rl O C™ 7.00 5.97 94.0000 AT 2fM

SQSva10,31 , 4,23 ¢ 4 8,49 R,26 #9,0000 [
] 11.06 11.13 0.5660 8

L] 19,25 20,73 11.4% 05415 16

2 0 T.%2 $5.92 99,0000 4
4 .16 8.29 Q96,0000 4

6 12.2R 11.13 0.5699 8

18 19,82 20.73 11.99 0.5478 16
LX) 5.52 5.92 99,0000 2
4 T.97 R.29 92,5000 &

[ 9,71 1l.13 0.5691 8

R 18,91 20,73 10,53 n.5679 16

&y 0 5.69 5.92 9K,N000 2
4 LIS R,29 97.9N00 4

5 11.0% 11.13 0.5114 8

13 19,40 20,73 11,23 D.%4T1 16

as N b1 5.92 99,0000 2
) AL12 8429 93,0000 4

L 9,89 11.13 0.5691 8

18 2131 20,73 11,34 N54T7 16
M0 5.91 9,92 101.0000 2
“ 1.7 R,29 93.0000 L}

6 15.04 11.13 n.57138 L}

1n 20,44 20,73 12,208 0.%4n2 16

a? 0 5,40 6,02 105.0000 ?
[ 4,10 n,29 97,0000 4

] 11.49 11.12 0.5757 [}

ia 107 20.7T% 11,70 D.5484 16

AY N 8.7 b6 101,000 2
& 8.52 A6 $4,0000 “

[ 9,44 11.13 0.5767 [}

18 19,74 20,72 10.88 0.549% 16

N 0 5,20 5,92 100.0000 ?
[ 7.6}3 f,29 95,0000 3

6 10,41 11,11 0.570) ]

1A 22,0A 20,73 11.61 0.549% 1s

ay 0 5.29 5.92 99,0000 2
4 8,52 8,29 94.0000 4
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and
Ground Thermometric Temperature Data of
the Experiment.

[} 10,92 1t.11 0.573R

18 ?25.0) 20,73 12.46 0.550%
TIIULY2ASKIN DEOTHe A,4T o N 4ACM RL 0 CH ?26.39 29.30 Q1, 5000
FQSM=229,00 ,29,35 ¢ L3 2R.62 20,87 89,0000
6 28.0 2R 65 85,9000

18 ?2%.41 25.17 28,61 0.5404

rR2 0 27.56 29.30 97 .5000
3 28,61 29.67 89.5000

[ 28,67 28,65 82.0000

1R 25.96 ?5.17 27.70 0.5%47)

R}y O ?28.07 29.30 92.0000
[ 26,87 28.67 5.0000

6 21.22? 28,565 90.5000

18 22.87 25.17 26,46 A4, 7000

A% 0 30.52 29.70 0.54Re
4 28,32 2R, 617 94,5000

] 6 28,36 28,65 90 9000
18 23,26 25.17 27.62 86,9000

RS n 31,4% 29.30 0,54°3
4 29,38 2R. 67 92,4000

[] 292,78 20,65 R9, 400N

18 24,71 25.17 28.58 O.5%06

AY O 29.1¢ 29,30 R6,5700
4 29.50 2R.67 85,0000

6 24,80 28.65 83,1000

18 23,96 25.17 27.85 0.5440

42 0 LA A 29.130 85.0000
L) 28,36 28,67 R4 .5000

6 28.99 2R, 65 82.5000

13 25.40 25.17 27.58 N.54N3

A3 O 29.57 29.30 86,7000
4 2R, R4 28,47 64,5000

6 2R, 27 28. 65 A3,5000

19 21.85 25.17 27.64 0.5469

a4 0 27.47 29,130 86,0000
&4 28.A1 2R.67 86,0000

6 10.%8 28.65 87,4000

1R 25.00 25.17 2799 0.5459

A5 0 29,34 29.30 R2.,RONY
4 29,135 28.67 B7.1000

h 29,14 28,65 84,5000

18 29,27 25.17 29.02 0.5408
TIJULYIOSKIN NEOTH2 6,24 4 Joa7'°M B1 0O C™ 1,73 Se86 103.A000
FNSY=]15,40 4 R.42 X 4 22,20 21.63 100.5000
[ 22 .98 ?22.%8 96,9000

18 27.65 27,36 117.89 0.5517

B2 0 6,h2 586 105,6000
4 21.06 21.67 97.5000

[ 21.25 22.8R8 94,5300

1R 20.3n 23,36 17.93 N.5641

R} n he62 5. R6 110,99%0
o 20,73 21463 104.5000

6 21.54 22.R8 S4,0000

1R 22.22 23.36 17,28 0.5554

R¢ O T.79 S5.86 108,2000
4 ?1.067 21.63 103,5000

& 22,71 27 .9R 9R,2000

1R 224 R6 73,36 18.6% 0.5554

a5 0 6,52 f AL 110.0000
4 22.11 21,63 102.0000
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and

Ground Thermometric Temperature Data of

the Experiment,

(o]

AR et s o % e Avertpwarvees < 4o e e e s e

23.38
24,51

T.4?
18,58
20,7
22,01

9,53
zol‘q
23.23
23.17

.11
22.52
23,78
z‘ .z‘

4,22
23,87
25.39
26,89

A.M
23.08
24.21
26.99
13.0¢
22,54
22425
22493
17.0%
22,49
22,21
20.31
17.07
22,73
23,48
21.67
12,27
16,48
15'36
19.49

9,09
10.36
12,75
17,22
14.16
14,45
16,27
20.24
12.04
19,67
17,78
21.01
16.08
20,37
18.9
18.3%0
10.17
13,58
‘~.7‘
19.40

%.n7
1.9

22,58
23,36

L3875
21,63
22.08
23;?“

5.8%
z‘ !6‘
22.%8
23.36

5.88
21,63
22,88
23.36

5.88
21.63
22,88
23,248

5.R6
2t.63
22.08
23. 3“
13,00
l’l 65
17.76
19,74
13.00
17.68
l’. "
19,74
13.00
17.68
17.74
19.74
13.00
17.68
17.74
19' "
13,00
17.68
17.74
19,74
13,00
17,68
17.74
19,74
13,00
17,68
17.7%
19,74
13,00
17.6%
17.74
19,74
13,00
17.68
17,76
19,74
13,00
17,68

18,62

17,39

19.10

1842

20,10

19.57

20,19

20,51

21,24

15.90

12.350

18,78

17.62

18,6}

14.46

95.0000
08.8%20
LoR.50N0
91,0000
1.5000
DeB%41L
106, %000
1031.5000
97.0000
0.5536
110.0000
107.%5000
99.2000
0.555%9
109.5000
104.%5000
£6.0000
0.5581
110.0900
106.5000
96,5000
0.5571
95,8900
92.3000
89,1000
#3.0000
86,7000
87.6000
84,7000
82.0609
90,0000
89,9000
27,4000
82,5000
92.7000
93.6000
88,9009
84,8000
94 .9000
98,1000
91.9000
84 . ROND
92,8000
88.6000
R8,3000
84.6000
100.5000
93.0000
91.7000
R6.1000
92,0000
89.6000
88.5000
83,4000
96,5000
$5.3000
87.8000
84,3000
100.0000
95.0000
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Continuation of Table A-1. :
A Listing of the Entire Soil Moisture and i
: Ground Thermometric Temperature Data of :
. the Experiment.
:
H
H
[ 13,60 17,74 89,2000 . s
18 16.01 19,74 12.7% 45,9000 s -
TVICTS QRN NEPTHA 3.4% , D,44CH AL 0 CH 21,37 30.88 68,7000 AT OCH ;
£0SHe20,67 410,92 T . 27,87 28,02 67,6000 2 :
i [ ?T.00 27.84 66,R000 4
i 1n 26,71 22,9 27,96 £6.6000 8 o
f "2 o 32,75 30.A5 64,4000 0
5 4 29.80  ?7%.02 68,2000 2
1 & 29,68 27,M4 67,5000 .
18 22,95 22,94 28,19 67.1000 s
Moo M. T4 30,8 58,3000 0
. 25,57 28,02 67,5000 2
Iy 20,61 27.84 66,8000 .
1) 19.60  22,9¢ 24,60 66.6000 s
Moa 30.69 30,95 69.2000 0
. 27.03 29,02 68,5000 2
8 27,30 27,84 67.5000 .
) 23,36 22,94 21,09 67.2000 .
a5 0 30,74 30,88 69,5000 0
N 29,83 20,02 67.8000 2
s 29,93 27,M% 67,0000 4
18 23.99 22,96 28,82 66,7000 s
TINOV. OSKIN NEPTHa 4,45 , D.60CH 8] 0 CM 22,16 20,48 67,8000 AY OCWM
EASMa20.90 ,20.4) B . 22.49 21,61 65.3000 2
6 21,42 21,79 65, RO00 n -
18 23,30 24,09 22,34 66,5000 .
R2 0 19,87 20,48 85,7000 0
o 21.04 21,61 65.7000 2
6 23.30 21,19 66,3000 .
1 26036 264,09 22.14 66,8000 S -
: " 0 19.8% 20,48 64,2000 0
i 4 20,57 21.61 84,8000 ?
s 21.97 21,79 65. 3000 4
1A 21.4% 26,09 20.97 66,5000 8
; R O 23.9% 20,40 65,1000 0
! . 23,96 21,61 ©5.8000 2 :
} 8 22.58  21.19 66,2000 .
1 23.61 26,09 23.50 66,8000 ) :
N " 0 26,43 20,4R 6%5.3000 o ¢
[ 23,70 2191 6%.P000 ? :
[ ?21.68 21,719 66,4000 &
18 23.19 26,09 23,25 67,0000 P :
Al O 20,52 20,48 04,2000 0 :
a 21.26 21,81 46,0000 2 3
[ ?21.41 21,79 66.4000 [ i
- 1 26,06 264,09 21,80 £7,3000 M £
»” o 17,57 20,48 65.0000 0 i
‘. 15,11 21,61 65,6000 2 i
Y 20,68 21,79 66,4000 4 z
18 21,81 24,09 20.17 67.3000 e 3
A} O 21,45 20,48 65,2000 0 ¥
‘ 22,28 71.61 6%.9000 2 H
6 19.7% 21,719 66,5000 . 3
18 23,56 26,09 21.76 67.2000 s %.
4 % 0 1%,92 20,49 £5,5000 0
4 20,24 21,81 66,5000 2 %
o 264,03 21.79 67,0000 4 i
11 2%.46 24,09 ?1.4) 6A.1000 ® -
s o 19,15 20,48 66,5000 o ¥
s 21,67 21,61 £5.9000 2 N
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and
Ground Thermometric Temperature Data of
the Experiment,

[ 21.2% 21.79 66,5000 L}
AR 2R .35 264,00 22.56 67,5000 [}
TAFFR, LISV IN NEPTHS1I,30 o 0.9RCM AY N M 1,59 12,09 107,100n AT 4(M

ENSM=1T.50 4 3440 % L) 17.17 20.93 105, 7000 L
& 17.14 20.36 102.60G60 16

1n 21,30 ?27.5% 16.80 101.4000 32

R2 O 9.56 12,09 107.9000 4
4 22.9) 20.93 106, 6000 8

6 23.79 20.36 103.5000 16

18 22.81 22.58 19.76 101.9000 32

83 o 12.51 13.0% 109.0000 4
& 22.28 20, 9) 106.7000 8

6 23.55 20.36 103.5000 16

18 23.01 22.58 20.3¢ 102.0000 32

8 0 12,70 13.09 107, 7000 4
b 24,09 20,93 106.7000 8

6 24,07 20.76 103.3000 16

18 23.92 22,58 21.19 1n1.9000 32

85 0 11.90 13,09 108.2000 L
& 24,48 20.93 102.4000 8

0 20, 34 20,36 103.8000 16

18 25.90 22.58 22.15 102.0000 32

At O 11.08 13,08 107.3000 4
4 20.50 22,93 107.1000 L}

[ 21.26 20.36 104.0000 16

18 22452 22,50 18.84 102,2000 32

A2 O 2t.12 13,08 106,.5000 L]
4 19.22 20.93 105.6000 L}

[ T.40 20.36 102.7000 16

18 23.73 22.58 17.M7 101,3000 a2

A3 0 11.95 13.09 107.5000 L]
s 20.67 20.93 106, 3000 8

6 20.80 20.36 102,900 16

18 21.13 22.58 18.56 101.5000 32

A6 0 15.38 13.99 1n7.7000 4
L] 720.21 20,93 106.7000 8

] 20.72 20.3% 103.2000 16

19 21.31 22.50 19,61 101.7000 32

a5 0 16,06 13.09 107.7000 L)
L 17.76 20.93 106.7000 8

& 18,57 20,36 103,5000 16

18 19,53 22,58 17.48 101,7000 32
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Continuation of Table A-1. !
A Listing of the Entire Soil Moisture and ;
Ground Thermometric Temperature Data of the 3
Experiment. é
&
N E:
MEDIUM ROUGH SURFACE
1
ik
5
'
LOCATION  §NIL AVF 3 AVE, AT SO1L ?
DEPTH  MNIST,t DEPTH LOCATION  TEMP )
! TISULY24SKIN DFPTHE12.50 » 4.46CM F1 0 €M 1,97 2,642 105.0000 AT &CM
! EOSMa 8,88 , 3.86 % 4 5.47  5.40 0.5903 ')
¢ 6 7.97  8.31 0.5545 16
g 13 18,13 19,42 8,37 0 546% 32
£ F?2 0 2.50 2442 10,9000 3
i 4 $.29 5,40 n.5419 R .
! 3 R.95 8.31 0.5%36 16
{ 18 10,36 19.47 8,77 0.5408 22
. £3 0 2.56  2.42 101.5000 4
i 4 5.99 §.490 94,1000 L]
' L3 T.54 R.31 0.5547 16 -
i 18 19.54  19.42 9.01 0.54R0 37
{ £ O 2.0 2.42 102.5000 &
i 4 6.R2 5440 93,7000 8
; 6 7,99 A. N.5541 16
‘ 18 19.27 19,42 9.10 0.5472 32
| £ 0 3,05 2.42 105,2000 4
i 4 A.70 5,40 91,5000 8
i 6 11.59 8,31 0.5521 14
t iR 18,10 19,42 10,11 0.56475 32
i 1 0 2.1 2,47 106.0000 4
§ L 5.30 5.40 98,0000 L]
6 .61 8,31 0.5521 16
18 16,83 19,42  8.62 0.5467 32
F2 0 2.21  2.42 105.0000 4
4 4,08 5,40 91,5000 "
6 Te54 8,31 0.5572 16
18 17,52  19.42  8.10 0.5475 37
0 1.99 2,42 104.5000 4 )
. s 4,02 5,40 92,5010 8 ;
k 6 5.8R R.31 0.5504 16 :
! 18 1H.80 19,62  T.67 0.5406 32
; k% 0 .21 2,62 104,0000 P i
3 4,73 5.40 95,0000 8 :
s .08 8.31 045512 16 K
18 21,93 19,42 9.19 0.5463 32 ‘
£5 0 2.55  2.42 102.5000 4 :
4 5,56  5.40 92,7000 8 ;
» Y
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and

Ground Thermometric Temperature Data of
the Experiment.

TIJUL Y26CK IN NEPTHE 3,76 4 0,52CY

€0SM=23,60 424,15 ¢

TAUJULYSOSKIN NERPTH= § .44
EQSN=1T,35

o 1.26CH
010,99 &

El

F2

3

€5

Fl

F2

F3

F4

2]

€l

E2

£3

B4

€S

oo - - [l - [ - [l L - - - [ -
P OICLrOBPIDPFPIODCLODIFIFLODCLrODIILODCGLIrOITLrODOIOIR>

PORXRCLOICFLrOICILrOoO®OC

-

(2
=z

(4]

T.78
23.74
23.21
2¢ .04
26 .62
264422
25.49
25,69
25.79
23.65
23.01
27.m3
27.70
20,99
25.50
26.74
2T.73
24.19
ssses
30.19
25.13
23.5)
2%.22
25.36
26,28
22.06
25.37
26.6%
26,05
22.27
2R.24
27,93
29.32

T 2%.17

18,01
26.38
24.75
24416
£l.16
32.18
30.82
segen

7.13
22.35%
21.06
22,80

5,49
20,02
21.3%
20.54

4,75
20425
214259
22.42

5.27
19,27
22.26
23,44

5.65
22.13%

A, M
19.42
72,91

21,50

27.42
23,40
23.91
271,50
27.42
23444
23,91
27.50
27.42
23.40
23.91
27.50
2T.42
2346
23.91
27.5%50
27.42
23.46
23.91
27.50
27,42
23046
22.91
21,50
27.42
23,46
23,91
27,50
27.42
23,46
23,91
?27.50
21,42
23.‘6
23.91
27,50
27. 42
23,46
6,32
20,83
21412
22,29
6'.‘2
20.83
l.1?
22.25
6.32
20,83
21.12
22.25%
6.32
20,82
21.12
22,25
6.32
20.83

9.91

2%5.02

25.15

24,680

26.04

27.60

24.73

25,34

21.67

23.32

28,05

10.33

16.85

17.17

17.%5¢6

I TR S

0.9%01
0.5406
98,5000
95.5000
21.6000
0.5%2AR
100.0000
94,5000
90,6000
0.5528
97.5000
92,4200
90.0000
0.5%02
99,5000
96.0000
89,5500
0,5432
99,5000
96,5500
90.5000
0.56R0
101,0000
97,5000
92,5000
0.5502
101.5500
98,5500
91,5000
0.5489
98,5000
95.5000
89,5000
0.5476
99.2000
97,0000
92,0000
0.5472
99.0000
95,2000
91.0000
Ne5476
107,A000
105.0000
93,A000
0,% %65
107.1000
102, 5000
91,5000
0.55%21
110,0000
101.5000
94,0000
N 5545
10%.1000
99,7000
93,2000
0.5505%
100, 3000
97.3000

AT
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Continuatien of Table A-1.

A Listing of the Entire Soil Moisture and
Ground Thermometric Temperature Data of
the Experiment.

L) 22,19 ?l.12 91 .0000 L}

18 27 .96 22.7% 18,61 N.5%3A 16

fF1 0 620 6432 95,6000 2
4 19,98 20.83 92,4020 &

] 20,61 21,12 47.0000 [}

18 20.97 22,25 16.95 0,5649?2 16

F2 N A, 87 6,32 §7.5000 2
. 19,58 20,43 93,5000 'y

6 19,R] 21,12 86,5000 [}

18 20,23 22,25 17.12 0.54%0 16

3 0 5.12 62 103,0000 H
L) 19,32 20,83 98,4000 )

6 20.26 21.12 95,0000 L}

18 20,24 22.7% 16.24 D549 16

Fs 0 5.91 6432 104,2000 2
4 20,90 20.83 102,4000 4

6 18,75 21.12 92,5000 L]

18 22.98 22.2% 17.14 V.5%08 16

F5 0 A T4 6.32 104.1000 2
4 23.4R 20.83 99,2000 4

[} 23,08 21.12 90. 5000 [}

i8 26 .05 22,25 20.34 0.9508 16

T3SEOT2SSKIN NEPTHS 6,22 o 1,08 F1 0 (M 13,48 12,35 87.1000 AT OCM

FQSM=]15,44 412.35 % o 19,84 17.79 97,2000 2
[} 19.91 17.85% A5,R000 &

18 20,29 19,75 18.38 R1.5000 ]

€2 0o 14, 7% 17.35% 8%,4000 (]
4 21.40 17.39 85,3001 2

6 20.96 17. A5 82.7000 4

18 19.01 19,75 19,03 80, 7000 []

F3 0 17,51 12,35 <6000 0
4 21,71 17.39 /6, 00N0 2

6 27.67 17.8% 81,5000 L)

1] 21.06 19.75 20.74 B0.90NNO [}

Fs 0O 8,7t 12.35 AB.5000 0
Y 14,35 17.39 A5,6000 H

6 15,66 1745 K4,2000 &

18 19,98 19,75 14,63 a1.1000 [}

ES 0 7.73 12.35 90,4000 0
4 10,27 17.19 91 . OUN0 2

L} 11.84 17.R% AT, 4000 4

18 17.42 19,75 11.92 84,9000 8

3 ] 17.10 12.35 92,7000 0
[} 21.79 17,79 86.7000 2

[ 20,12 17.8% ®3,9000 4

1R 22.03 12,75 20.14 ROL.AHNO0 L}
L] 14,1R 12.3% H9,1000 0
[ 20,24 17.39 A9 ,AN00 2

[ 20,49 17,85 A2.9000 4

1R 19,84 19.75 18.69 80,0000 8

f3 0 11.01 12.35 49,5000 0
4 17.94 17.39 87.2000 2

6 1%,00 17.8% f6.0000 4

18 LA A L 19.75 16,39 80,%000 8

Fe 0 10.2% 12,35 BA.30N0 0
4 164,23 17.39 48,9000 2

[ 164,16 17.85 A3,7900 4

18 20,29 19,75 14,73 91.9000 (]

L T R,R2 17.38 09,4000 [}
. 12,61 17.39 82,7000 2

5
£
2

,m»,,.i . R ,."J et e ] s wr — sem—— vt

i

LT

< e




W

b
¥
I

Tt

B s e

183
Continuation of Table A-1.
A Listing of the Entire Soil Moisture and
Ground Thermometric Temperature Data of
the Experiment.
. [} 14,80 17.AS8 84,0000 4
10 18,99 19,75 13.81 83,0000 8
TINCT L A0S IN NFPTHE 3,33 , 0,430M F1 O (M 32.64 32,50 68,0000 AT oCw
EQSue3],56 33,46 & L3 3,30 29.56 67.2000 2
6 31,30 29.98 66,6000 4
18 26,49 20,22 30.4) 66,0000 8
€ 9 33,14 32,98 67.6000 0
4 29.10  29.%¢6 66.8000 2
] 2R. 49 29.98 66,6000 4
* 18 26,05 24,22 24.74 66,3000 8
€3 0 32.06 32,98 6A,0000 0
[} 26.29 29.56 67,7000 2
[ 26,00 29,998 67.2000 4
18 21.57 26,22 26.48 66,1000 ]
F4 O 22.47 22,98 69.2000 0
3 31.9) 29,56 67.6000 2
[ 33,93 29.98 66.8000 4
1A 24,75 24,22 130,67 66,5000 8
3 TINOV. BSKIN NEPTHE 3,99 4 0.52CM E1 O CM 24,40 24,11 75.3000 AT OCH
EOSME22,67 424,26 % [ 23,50 22,91 75.1000 2
[} 23,03 23,26 74, 8000 4
L 26,24 23.15 24,29 73,7000 8
E2 0 27,03 24,11 75.3000 0
. L 25.6}) 22.91 7%.1000 2
3 ) 26,46 23,24 T4.6000 .
4 la 22.0! 23-15 2‘." 7‘.‘000 5
£ £ o 22,33 24.11 75,3000 0
1 ‘ 21,06 22,91 75,2000 2
. 6 22.06 23.24 75.00600 L]
18 19,60 23.15 21.26 14.2000 ]
€4 O ?23.8? 24.11 75.9000 0
[ 20.96 22.91 7%, 7000 2
6 20,95 23.24 75.5000 4
| n 21.4% 23,15 21.77 74,5000 L]
ke FS 0 22.99 24,11 74,5000 0
4 23,862 272,91 14,5000 2
L3 25.78 23,24 74,3000 [
18 25,65 23,15 24,46 73.8000 8
TOFER1BEYIM NEPTHSEI3,30 4, 0.93CM F1 0 CM 11.57 11.72 106, 6000 AT 4CM
FNS4e]7,50 4 5,40 % L} 20.60 20.35 106,.7000 L]
[ 20.99 20. 64 103.6000 16
18 22.R3 2l.98 19,00 102.2000 32
£2 0 15.50 1l.72 106,4000 L)
4 22.98 20.3% 106.1700 8
[ 23.41 20.64 103,5000 16
18 22.%% 21.98 21.11 102.1000 32
E3 0 10.26 11.72 106.6000 L}
. 20,45 20,35 106.2000 8
6 21.07 20,64 103.5000 16
18 21,38 21.90 18,37 102.1000 32
Ee 0 10.46 11,72 in6.5000 L)
4 20,02 20,35 106.2000 8
L} 2142% 20,66 103,5000 16
18 22.%6 21,98 18,57 102.1000 32
s 0 12.97 1t.72 1064, 9000 4
' [} 21,9 20.35 104.4000 ]
. 6 22.93 20,64 101, %000 16
1L} 23.58 ?1.98 20.3% 102.1000 32
FlL O 12,93 11,72 107.3000 4
4 20,77 20.35 . 106,6000 B

RN e

[
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Continuation of Table A-1.
A Listing of the Entire Soil Moisture and Ground
Thermometric Temperature Data of the Experiment.
[ 21.7% 20,04 103, 6700 16
in 2311 21,97 19,70 102, 1000 3 3
fF2 0 inen? 11,72 107.4000 [}
4 22.32 20,35 106.,1000 a
6 LTen? 20.64 107 ,4000 16 . ,§
. 18 20,30 21,98 17,78 102,200 32 3
. 3 0 0,25 11,77 107,7000 . :
) 18,15 20,38 106, 7000 8 i
[ 19.37 20.064 102,7000 18 {
18 165.66 21,98 lo,71 1n2.3000 32 :
T A2l 11,72 107, 1000 “ 7
" 17.48 20,35 106.6000 s :
. 6 10,69  20.64 103, 6000 16 L
‘ 18 20,32 21.98 16,18 102.2000 32
B £ 0 15.29  11.72 1017.0000 . 1
4 18,88 20,15 106.5000 ) v
6 19,28  20.64 103, 8000 16
1R 22,59  21.9% 19.00 102.2000 32
] ROUGH SURFACE
LOCETINN  SNTL AVF & AVE. AT enyL
; DEPTH  MOIST.t OEPTM LNCATINN  TEwmp
i .
§ T3JULY2ISKIN DEPTH=10,47 o 1.68CY O1 0O CM 7.3 9.6 95.4000 AT 2CM
5 FOSM=10.21 4 8.78 ¢ 4 1.97 f.19 94,9000 4
§ 6 12,83 11,62 0.5450 a
18 11.84 13,56 10,20 0.540 1¢
N o 11.57 9,064 94,300 2 .
4 P, 06 8,19 91,1000 L)
6 10,60 11,62 0.5450 8
18 11.76  13.5¢ 10,51 0.5%00 16
: m oo 10,32 964 95, 000 2
L) 10.16 A 19 94,5090 &
& 6 in,16 11,42 De5470 L}
18 14463 13,54 11,32 n.5810 16
DA O 12.61 9 & 93,5000 2
4 4,31 A.19 93.2000 4
[ .M 11442 N. %606 L]
1A 16,03 13,56 10,69 0,550 16
n o 11.91 9. h6 93,1000 4 N
h He®T A.19 91, 7000 . :
[ SRR 11,42 0.5640 R :
18 16443 13,54 11,20 0.5%30 16 ;
¢ty o 9,05 9, 64 81.1000 ? '
L] Reld R, 19 93,2000 LY ;
: 18 the?28 13.5¢ 10.88 0.5520 16 N
2 0 T.10 C.hé 91.00n0 ? %
4 8.20 8,19 93,4000 . é
6 12.53 11,42 0.5400 [} ;
8 1481 12,54 10.8) 0.5520 16 %
cy 0 n.20 9,54 90.1000 2 g
4 LIS} A, 19 91,2000 4 a2
6 13,09 11,42 0,5410 " g
in 12.91 13,54 10.75 0.5500 16
C4 0 LINY .54 90,5000 2 3
4 8451 8. 19 92,9000 3
[ 11,7% 11,62 0,5500 []
18 17.30  13.% 10.34 0.5510 16
s 0 9,11 9.66 a1, 1039 2
it 9.13 8.19 91,0000 4

bt SRR SRR U

i 4
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Continuation of Table A-1.

A Listing of the Entire Soil Mdisture and
Ground Thermometric Temperaure Data of

the Experiment.
. 3 16 11,42 0.%470 )
19 12,46 13,564 10.46 0.5520 16
TINN V248K IN DEPTHe 4,82 4, O.,77CH N1 0 CM 8.%6 15.90 106,5000 AT 2CM
FOSME19,40 416,30 ¢ (] 18,60 22.66 102,5%000 L)
[ 19,46 23,28 99.2000 L}
. 11} 22.17  23.98 17.20 0.%500 16
€2 o0 8,26 15,90 105,0000 2
4 19.18 22466 103.0000 4
[] 19,94 23.28 96.5000 [ ]
11 20,65 23.98 17.01 0.5%30 16
03 o 9,28 15.90 102,4000 2
[ 20,11 2206 100,0000 [Y
) 20.11 23,28 95.5000 L)
18 2111 23,98 17.63% 0.5500 16
Dé O 14,75 15.90 99,5500 2
4 22,04 22466 99,5000 [}
6 23,33 23,28 95,5000 L}
18 22,40 23,98 20.88 0.5512 16
05 0 9,29 15.90 107.5000 2
. 23,11 22,66 116.0000 &
6 2%.79 23.28 99,5000 ]
18 25.08 23,980 21.03 0.5490 16
[4 S ] 28,03 1%.90 100.0000 F
4 26,29 22,64 . 94,%000 4
[ 26,95 23,28 95,0000 ]
18 28.70 23,98 27,49 0.5%20 16
3 €2 o 18,46 15,90 101.5000 2
; 4 22455 22.66 100,5000 L3
- 6 22,13 23,28 96.9000 L]
18 22,62 23.98 21.72 0.5510 16
c3 0o 24,27 15,90 99,5000 2,
1 . 21,99 22,66 100.0000 4
] ?23.%9 22,78 95,6000 8
19 25,Nh 23,98 24,10 0.5530 16
Ce O 20,71 15,90 100.0000 2
L] 2%.3% 22.66 $9,0000 4
6 24,87 23,298 97,0009 [}
1A 21.66 23,98 23,464 0.5%20 16
£5 0 17.45 15.90 100,0000 2
4 25,26 22,66 95,5000 &
L 25,79 23,28 94.0000 L]
in 26,55 23.90 23,76 0.551% 16
TIJULYIOSK [N NFOTHe 6,10 4 1.32¢% - Nl 0 CM 8,38 961 83,0000 AT 2CM
FOSM=15.71 410,61 % & 17,39 18,66 81,5000 (]
5 20,52 51,00 82.0000 8
18 21.70 21.86 16,99 0, 5400 16
n o (YL} ] 961 87.0000 2
“ 17.%% 18,64 82,5000 L)
] 18,28 51.00 82,0000 [}
© 18 19,58 21,86 15,46 0,56485% 16
0y O T.12 9,681 84,5000 2
4 18,13 10,64 82,5000 L}
[ 18,14 51.00 82.5000 ]
18 20,15 21,96 15.89 0.54A8 16
DA 0 9.28 9,61 82,5000 2
L 20,07 18,64 82,5000 )
6 20,49 51.00 A2.1000 [ ]
- 18 20. 86 21,86 17.87 0,5480 16
ns o 71.%6 9.61 85,5000 2
4 18,91 10. 64 82.5000 4
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and g
Ground Thermometric Temperature Data of z
the Experiment. H
5
%
%
E]
6 22.6% 51,00 a3,2000 " H
11 21,31 2l M6 LML 0.5470 16 .
[4 S 10.15 9,61 A6, %000 ? k-
4 20,24 1A H4 B OO0 4 ;
[ 2%, 15 51,00 A7.1000 A b
L] 24,27 21,86 19,40 D.5410 16 :
e o 10.19 9,61 87,5000 2 -y
4 20,27 18,64 81U ,0000 4 3
s 20.5% 51,00 87,5000 8 .
1 22,26 21%6 18,31 0.9418 16 :
€y n 10.10 9, A1) AR 9000 ? ;
4 18.7% 18,68 85.5000 . ‘
[ 19,17 51,00 83,5000 L}
19 20,11 21,86 17,18 0,978 16 N
(L] 19,22 9,61 86,1000 2 :
. 12.82 18,64 29,5000 4
[ 26,05 S1.00 81,5000 ]
1N 21,08 21,86 19,32 0.5479 16
s o 7,54 9.6 87,5000 ?
[ 22,31 18,66 82.%000 4
6 22.39 51,00 AN,5000 L]
1 T,68 21,06 19,23 n0,5645 16
TISEPT2SSKIN DEPTHE 6,28 4 1,02(M 01 O CM 11,52 13,03 79,0000 AT OCH
EOSMR1S, 38 412,92 % . 12.7%  1e,02 78,3000 2
I 18,46 18,59 77.9000 [ .
18 26447 20,05 16,80 TR.AN00 ]
0 o 12,99 13,03 79,4000 0
4 12.19 16,03 TA.3000 ?
s 16.R1  1R,59 19,0000 4
1 1A 21.1h 20006 15,74 78.5000 8 .
”M o 11,02 13,n% 79,9000 -}
& 13.01 16,03 TH, 9000 H
S 16.9¢ 19,859 18,6100 4
18 17.8R8 20.R6 14462 19,7000 L}
Ne 0 1.7 13,03 A0.00NN 0
. 13,54 16,03 TR, 4000 2
6 14.12 17.99 78,5000 [}
1 19,60 20,86 14,78 TR.8000 L]
oo 11.3% 13,0y 75,1000 0
. 172.09 15,03 74,9000 2
s 17.7% 18,%9 71, 7000 [}
18 19,53 20,86 15,98 T4,7000 L]
[4 S 12,70 13,03 80,7000 0
4 21,46 16,0 78.0000 2
[ 22.59 18,59 74,6000 .
T L) 24479 20,86 20,20 79,5000 8
€2 o 11,79 13,07 80,7000 0
. 20,49 16,03 79,9000 2
6 20,61 IR,59 19,2000 4
18 20,31 20,A6 18,63 TR, 2000 [
¢’ o 10,63 131,03 at,7000 0
. 19,7% 16,03 79,9000 2
6 20,58 18,59 79,2000 4 4
18 19,84 70.86 19,70 TA,R000 L]
Ce 0 12.86 13,03 79,9000 [ ‘
. 18,73 16,0 79,3000 2
6 20,47 18,49 TR, A00N s
18 19,97 20.A6 18,01 74.7000 ] ~
5 o 11.51  13.0) 82,2000 0
. 15.08 16,03 A1,5000 2

" -~ . "
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Continuation of Table A-1.

A Listing of the Entire Soil Moisture and
Ground Thermometric Temperature Data of the

Experiment.

6
| &
TINCTLI0SKIN DEPTHe 3.60 4 O.406(% 0N 0O Cw
FOSM27,26 ,28.00 ¢ 4
[}
1R
02 o
8
[}
1n
03 0
S
6
18
o 0
4
[]
18
0% o
s
[}
18]
ct o
[
(]
L]
c2 o
&
[)
18
¢y o
L]
6
1 1]
Cé O
&
L]
L]
[ )
4
&
18
TINOY, OSKIN NEPTHe 4,78 o 0.67C D1 O CM
FORWale,54 418,38 ¢ L
' [}
- 18
0> o0
[ Y
[}
1s
0y o
4
6
11.]
D4y 0
[}
[
18
s o
L)

19.9%
21.82
29.27
29.46
3. 66
22.02
29,22
27.9%9
20,78
24,00
26,93
2%, 4)
24,14
22,00
24,61
23,98
26,%)
18,00
64,00
30,64
30.72
30,5%
21.0M
29,78
27.86
20,19
23,90
2R, 41
24,39
25.38
23,61
22,48
22,69
22.19
‘a .qq
25.66
23,12
22,29
23,62
31.28
27,82
27 .44
24,22
2‘ .'0
26,10
26,9
lb."
21,00
21.%2
20.9%0
20 .46
19.01
20.53
22.42
19,69
20,71
21.08
23.28
27,18
22.117

1R.59
zol QQ
21. 13
26,29
26,60
22.57
27,93
26429
25,60
22,57
27,93
26.29
26,00
22.57
21.93
25429
26,60
22.57
27.93
26,29
26,40
22.57
27,93
26,29
26,40
22.5%7
27,93
2h,29
26.60
22.517
27.93
26,29
26,60
22.57
27.93
26429
26,60
22.57
27.93
208429
26,80
22.57
18,21
20,70
22.21
22.3%
18,21
20.70
22.21
22.35
18,21
20,70
22.21
22,38
18,21
20,70
22.21
22.3%
10.21
20.70

16.94

20,05

27,44

24,462

22.94

28.24

27.36

25.47

21.8)

23.9¢

208,48

25.08

l .."

20.81

21.19

79,%000
79,9000
67, 4000
68.1000
67,5000
64.2000
67,3000
66.%5000
65,4300
64,1000
67,9000
66.0000
66,2000
64,7020
67,8000
66,8000
6%.7000
64.9000
69,3000
67.9000
67,2000
65,3000
6R.2000
66, R000
36. 700
0

00

)00

- 1000

- 000
o 7.8000
66.A000
66,2000
6%.%000
68,5000
68.1000
67,4000
66,0000
70,1000
8R,.%000
67,4000
66,4000
77,4000
17,0900
76,4000
75,4000
80,1000
79,1000
76,9000
74,4020
02,9000
80,5000
79,1000
T76.8000
80.%000
80,1000
70,5000
11,0000
79,2000
17,8002

AY
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Continuation of Table A-1.
A Listing of the Entire Soil Moisture and
2 Ground Thermometric Temperature Data of
the Experiment.
. o 22.89 27,01 1. 000 .
: In 22,83  22.%% 22,71 T4, 0000 n
$ €L 0 ssssr 18,21 . 1000 ]
3 &4 sarne 20,10 71,8000 2
% 3 sente 77,21 11,700 .
: 18 serer 22,15 estes 74,4000 n
: €2 o esser  |R,2] 17,4000 [
: 4 seres  20.70 17.3000 2
’ 6 23,91 221 78,8000 “
: in srasa 22,15 eeese 75.2000 ]
§ (4 I 12.40 18.21 79,9000 0
i 6 16,41 20,70 79,3000 ?
6 vanes 22,21 70,6000 4
18 20.69  22.3% 16,50 77.0000 s
ce 0 12,61 18,21 11.2000 0
" 18,63 20,70 76,4000 2
6 20,33 22,2} 16.2000 4
; 18 0,13 22,35 11,92 75,0000 8
s 0 16,37 18.21 74,9000 o
4 2196 20.70 74,8000 2
[ 21.92 27.21 74,5000 o
, 18 26,31 22,35 21.11 71.9000 A
TAFER IS IN NFPTHE10,80 o 1,20C% N1 O CM 14,97 10,47 106,5000 AT &€
FOSMul5.80 4 6,05 ¥ . 17.99  18,0% 106, %690 s
6 17.66 22,38 104,4000 16
18 20,93 20,67 17,88 102.5000 32
n o P03 10,47 10k, 4000 4
4 16,39  18,0% 106, 3000 3
IS 17.47 27,38 103.9090 16
18 19,09 20,67 1%.17 102.3000 ?
Py o 7.5%  10.47 106, 1000 4
4 17.74  18,0% 106.7000 "
6 14, 23P 22.A 103, 7000 1%
18 1,83 20,67 15,63 102.2000 32
fe 0O 8,29 10,47 16,6000 &
) 1R.1Y 18,05 106.1000 "
S 20,53 22,3R 103.6000 16
18 20,70 20.67 16,91 102.2000 32
‘ s 0 11.26 10,47 106,4000 o
. L 16,03 18,05 106,%000 L]
! 6 49,77 22.2M 101.5100 16
. 18 23,55 20,61 25,90 102.7000 32
€1 0 11.23 10,67 106, 5100 .
“ 14,07 18,05 1n6. 3200 A
§ 6 19,89  :2.38 103.8000 1%
: 14 21.11 20067 117.07 102.,7070 32
€2 ¢4 1n.446 10,47 10A.6000 o
; 4 11,77 18,05 106, 5010 A
: 6 19,90  22.398 103.7000 16
; 1% 1R, 7A 20,67 16.66 102.1000 32
! (S R.TO 10,47 104,2000 %
f 3 1p.37 18, 0% 10A.OND0 a
: L3 0.9 22,38 103.5400 16
; 1" 19,76 720,67 16,43 1412,0000 32
. 6 0 12,77 10,47 106,3000 4
i 3 17.72 1R, 0% 1001000 ]
! 6 18,91 22.3¢ 103, 6000 16
f 18 20,25 20,67 11,79 102,3100 32
; s o 1l.66 10,67 104,2000 .
g 4 22.08 19,05 10%,9000 8
£ 6 22.60 22.38 103.3000 16
g 1 23,79 20,87 19,98 101,9000 32
E
B
:
a " JRvE N ) ~ D . - P . - o e o . i




189

Wz p S W S - il S g RS n ot o

*9d2BFING Yyjooug sIeg ayl Jo ,,S3udl1uo)
2a4N31STON [TOS juafearnby, pue syidoag uIyS
Surpuodsaiio) 9yl pue SI[TJOxd 9INISTON [0S °T[-V 3xndtyg

£L61°0E LInr

£L61°9Z LIne

€L61°9Z LInr
[ 8T
® - zZHY Z¥°I
O - zH9 9°0T | 91
t3e
sanjstow [TOos juarearnbas | PI S
pue yidap urjs =
- 21 =
pde
=
- 01 S
w
$9°91 - 8 2.
¢ wog * /. —
-9 @
$6°82 3
aEUQ v v
$S°9°‘wdQ"¢
- 2
*N-@N “O.mnEUOoN
‘wd6S°00
O ' 0¢ o1 0
arnisTow JTOS 3UdD19d
S ——— S ——

B e e Lt

——



|
.

‘
TS SN

|

AR 3t e

190

1 2 S BRI S hKGefr AT U Dk 0 N A LS A AR AT T T ALY

*9doe3INg yjoouws parelafap 8yl jo ,,$3UsIU0)
9AN3}STIOW [TOS 3JuareArnby, pue syidoeg uIjS
Jurpuodsaiio) oyl pue SIITFOld SINISION [IO0S ‘Zz-V 2indrq

vL6T°ZT"qad
€L6T°6° AON

€L6T ‘sz-ides

® - ZHD Z¢v°1
O - ZHD 9701
13e
dinisTow [TOS 3U3TeAINbS

€L6T1°0€°320 pue yidsp uryjs

$Z7°9T WIS,

$6° LT wD

$T°TZ wo9°g

$v-67°‘uwop ¢

$8°0¢ $T pTwdZ 1

‘waLs 9

wm.oN.Eumn.oo $9°¢1 w7

| 81
- 91
X
L 21
- 01

- 8

A

-y

i | T

T T
o¢ 0z 0ot

2anjistouw TTIOS 3IUIDII

(wd) 11o0% o3jur yadag




——

191

‘9dejing ySnoy unipap aI1eg ayi Jo ,,SIUSIUO0D
2INISTOW TTO0S IudleAaInbyg, pue syidsg urys

Surpuodsaixo) ayl pue SI[IJold SINISTOW [TO0S °'§-V ¥indrg

[P P i

€L6TC0E LIng, L6T‘vZ LAIng
€L61°9Z LInp _
- 8T
® - ZH9 Z¥°1
O - ZH9 9°0T —9T1
$.°6 :3e
‘udg * sanjsicuw [TIOS JuaTeArnbs |1
€1 pue yadep urys
A
— 01
- 8
$2°81
AEUO'O O
=
$6°Sz°‘wdg ¢ $T ¥ ‘Wd6
L ¥
L 2
§7° 9z WIL9 0O $9°TT¢ wds'| ~ ——
| | ¥ T 13 d T
0¢ 02 01 0

oanistow [TOS 3JUIDIIJ

(ud) 1t1os o3jur yidag



192

*ad2eyang y3noy unipsy poleladap aya jo ,,S3IU31U0)
2INISTON [Tog udTearnby,, pue syidaq Uurys
Sutpuodsaiio) ay3 pue Sa[TJOld 9INISTON [T0S ‘*p-V 2In31g

PL6T°ST°qad
€L6T°6 AON

€461z 1dag

81
® - ZHD Zv°1
O - ZHD 9701 - 91
13e
P ainjisyow [Tos juajeArnbs |
$L6T°05°3°0 pue yadep uryg | V1
KA
01
LoLT $6°ST wWo9", -8
€ Uw.
2 ﬁo
$€°1¢ ‘wat"§ ﬁ
‘wsg- ¢ 14
=4
$e°¢ce
wIsS * 0, $9° 2T WISE" T $9°Z1‘wdg" 1
4 Y - ¥
0¢ 02 0t 0

ainistow TIOS 3IUSDIdJ

(wd) tros ojur yida(

T e g

]



193

L R ¥ 5 ¥ [ T RN Lo TR WU, P G SRR S W RS S 3 % W nmt /v n TAr £ e s s v T s eeare oy S

*9deyang y3noy sieg a9yl 3jo ,,SIUdIUO)
9IN3ISTOW [T0S jualearnby,, pue syidaqg urysg
3urpuodsaiio) 9yl pue SI[TJOIJ SINISTION [IOS °G-y aInd1g

(xemoys e
I9313e 3ystx paydues)

é
£L61°9z AInr £16T°0s Atnp S$LET°€T AIne
81
®- ZHD Z¥°1
O- ZHY 9°01 - 91
:3e axnjisiouw
ITOS juareAInbs |41
$L9°0T pue syidap urjs
‘wds 'zt A
01
— 8
$L°9T°wdg "/
$1°0Z°ud96°S -9
- ¥
$v-8‘uoz -2 —Z
‘wng -1
$90°91°wWd/6°0 _
T v T v M
0g 0z ot 0

9IN31STOW [TOS 3JUSDIIJ

(wd) 1T1os ojur yideq

[




Wemree e v s s ame 4 e s o om 4 - - FVa B . F e S e n g T e T, e

mfw [
*
|.‘¢4W,m -
¥
3
! — *9oeyang y3Inoy poieladap ayi jyo ,,sjuajuo)
£ 9IN3STIOW [TOS juafeArnby, pue syidag uijg t-
11!% Burpuodsa110) 2yl pue SO[IFOIJ SINISTON [I0S '9-y axnd1g
A
w €L61°5Z"3dag
i SL6T6 °AON PL6T°CT°qod
')I\I«fﬂ” . L
W €L6T1°0£°3°0 - 81,
®- ZHOS Zv°1
. - 2 d
j o) HO 9°01 - o1
3 :le .
! 2InisIow [TI0S JUSITEAINbD | o
pue yidep urysf YT &
(a4
21 =
e -
11:4 0T m.
: 8 w
4 $6°ST‘wWd59* i o
[
w - O WJ
$1°LZ°wdZ9"p bl
ﬁv
$0°€T - ¢
Y $86°L2°wd9"0 *m.wﬁ.suhm.qlo ‘wdg-y $T IT‘wo8S" 1
1 v | § T 1 T
A 13 02 0t 0
m 3INiSTOW [IOS 3JUIIIdJ

A
.

s .5 SR v Gt B WL B X B AR R R S




REPRODUCIBILITY OF THE 195
ORIGINAL PAGE IS POOR

Table A-2. A Listing of the soil Moisture Data
Within the Antenna Footprints at
Various Observation Angles.

SMOOTH SURFACE

DATE OBSERVAING 0-18 CM 0-2 CM
ANGLE AVERAGE AVERAGE
728473 . ) o 12.0 7.
10 12.1 7.0
20 12,0 7.0
30 11.7 6.7
40 11.3 6.6
50 11.8 6.2
55 11.9 5.9
1726/73 0 28,2 29.3
10 26.0 29.0
20 27.8 28.7
30 27.5 28.2
%0 27.2 28.3
50 B 21.0 28.6
55 27.3 28.8
1730/73 0 18.0 6.5
10 18,2 6.8
20 18.3 7.1
30 18.3 1.5
40 ‘ 18.0 7.5 .
50 18.1 7.5
55 18.6 . 7.2
9/25/13 0 18,5 14.0
10 18.7 164.8
20 19.0 15.1
30 19.2 15.0
40 20.0 16.0
50 19.5 16.3
55 18.0 15.0
10730773 0 21.1 31.2
10 27.1 31.2
20 27,2 31.3
30 21.0 31.0
40 25.5 30.0
50 26.8 29.3
55 25.2 30.0
11/09/13 0 22.0 22.0
X 10 217 20.6
20 21.6 19.8
30 20.8 18.8
40 20.5 18.2
50 21.5 20.5
55 22.0 21.7
2712717 B 0 11.6
10 12.1
20 13.7
30 15.2
40 13.9
50 11.9

5S 12.7

s 2 ash
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Continuation of Table A-2.

A Listing of the Soil Moisture Data Within the
Antenna Footprints at Various Observation Angles.

MEDIUN ROUGH SURFACE

DATE DBSERVAING 0~18 CM 0-2 CM i
ANGLE AVERAGE AVERAGE Lo
T726/T73 0 8.5 2.3 '
10 8.4 2.3 .
20 8.3 2.3
30 8.1 2.3
49 8.1 2.3
50 8.5 2.3
55 8.7 2.3
1726/73 ) 25.0 24,0
10 25.2 24,9
20 25.5 25.2
30 25.5 25.6
40 2643 27.0
50 2%5.5 26.0
55 24.5 22.0
T/30/73 0 18.2 7.0
10 18.0 7.2
20 17.5 7.6
30 16.9 7.0
40 16.5 5.5
50 16.8 4.9 ;
5% 17.2 5.0
9725/13 0 19.4 15,2 R
10 20.0 15.1
20 20.5 15.0
30 20.8 14,8
«0 20.5 14.4
50 18.5 12.8
55 16.0 11.5
10/730/73 0 29,0 32.0
10 29.2 32.2
20 29.0 - 32.5 :
30 28.5 32.7 ;
40 21.5 32.4 ¢
55 26,2 31.0 i
11709/1 0 24,0 23.5 i
10 2442 23,3 é
_ 20 24,2 23.4 i
30 23.5 23.0 3
50 21.0 20.2 4
55 21.1 20.8 3
2713/ 14 0 12.0 i
10 . 12.3 Z
20 12.7 i
30 13.0 :
%0 11,9 T
50 10.1 1
55 9.7 %

- gk e
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Continuation of Table A-2,

A Listing of the Soil Moisture Data Within the
Antenna Footprints at Various Observation Angles.

ROUGH SURFACE E

OATE OBSERVAING 0-18 CM 0-2 ¢m
ANGLE AVERAGE AVERAGE
71 : 0 10,7 8.5
10 10.8 8.6
20 11.0 9.0
30 11.0 9.4 :
40 10.9 9.4 '
50 10.8 9.4 ’
55 10.7 9.4
1726773 0 22,9 15.0
10 21.5 14.0
20 20.0 13.0
30 19.5 12.8
o0 20.0 14.0
50 21.5 . 16.0
55 22.0 17.0
1730773 0 18.3 9.1
10 18.0 9.0
20 17.5 8.9
30 16.7 8.7
40 16,2 8.5
50 16.6 8.9
, 55 17.5 9.3
9/25/13 0 18.5 12.0
10 18.0 12.5
20 17.2 13.0
30 16.8 13.1
40 16.4 13.5
50 16,3 13.8
55 16.3 13.8
10730773 0 21.8 24.8
10 21.5 25.5
20 21.2 26.0
30 26.3 26.2
40 25.0 26.3
50 22.8 25.2
55 22.0 24.0
11/09/73 0 22,0 25.0
. 10 20.0 23.0
20 19.0 21.0
30 18.2 20.0
40 17.8 21.0
50 18.0 19.0
55 19.0 18.0
2/13/74 0 13.1
10 12.3
20 10.8
30 9.3
€0 8.8
50 8.2

55 9.1
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Table A-3.

DATE
T/24/73

1/26/73

1/30/73

9/25/73

10730773

11/709/73

2/12/74

PAGE IS POOR

OF THE

Temperature Data.

OBSERVATICN
ANGLE,(*)

0
10
20
30
40
50
L1
0
20
30
40
s0
0
20
30
40
50
0
20
30
40
50
180
0
20
30
40
50
0
20
30
40
s0
180
0
20
30
40
50

SMOOTH SURFACE

1,4153GHl 1.41536H

HORT IONTAL VIRTICAL
21246 2Tl .6
270.9 274,68
267.6 277.7
261.4 284.5
285.9
241 .7 293.1
223.6 296.9
198.2
188.5 210.1
186.5 221.2
178.4 2294
161.5 248.9

276.2
266.9 278.1
261 .4 280.6
251.3 286.3
240.7 291.8
253.8 2649.2
. 245.0 246.4
241.0 253.8
235.3 259.6
224.1 265.8
12.4

211.0
204.9 205.7
191.4 215.5
186.3 226.0
188.0 264,07
226 .4 226.1
215,.1 222.9
205.7 230.9
1913.1 2641.0
192.1 250.0
11.1
231.0 231.0
240.0 243.0
216.0 250.0
207.0 258.0
209.0 265.0

10.6GH2
HOR I ZONT AL
2719.0
280.5
270.8
273.1
26640
263.7
251.5

236.0
226.2
230.8
211.2
276.3
262.8
259.2
254 %
24644
26643
263,17
259.4
257.0
250.3

17.8

26649
268.3
265 .7
263.0
258.0
253.8
251.4
248,.,6
249.8

252.0
251.0
2‘5.0
240.0
238.0

A Listing of the Entire Radiometric

10.66GH2
VERT ICAL
27402
279.7
28042
279.0
279.8
279.9
280.8
237.6
24049
251.6
249.9
242.9

272,0
274.0
276.8
281.9
266.4
264.5
263.8
264.4
261.8

260.1
259.9
259.6
257.2
253.2
258.9
253.7
25446
255.3
256.4

18.1
253.0
259.0
259.0
258.0
259.0
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Continuation of Table A-3.

A Listing of the Entire Radiometric Temperature Data.

MEDIUM ROUGH SURFACE

DATE D8 SERVATION 1e4153GHL 1.4153GH2 10.606M2 10.6GH2
ANGLEV () HORIZONTAL VERTICAL HORIZONTAL VERTICAL
1724/ 73 0 297.8 288.7
10 296.8 296.9 282,)

20 . 295.5 . 299.6 281.4 290.2

30 294 .4 300.5 281.6 285.0

40 290.1 299.6 278.1 28%5,5

50 279.0 300.3 . 27%.1 281.8

180 8.5 3.4

1726/73 0 251 .4 258.8
20 .. 249.5 251 .2 254.0

30 245.8 260.3 251.8 256,17

40 24C.8 264 .4 248,9 256.7

50 221 .4 2713.0 240.3 255.8

180 Teb 10.5

T/30/ 174 0 270.0 273,17
20 219.1 282,5 273.2 . 275.0

30 276.9 288.5 273.4 211,.8

40 271.2 290.2 265.3 279.4

50 262.0 293.,0 266.0 273.6

180 8.6 13.2

9/2%/13 0 249.7 239,2 263.8 260,.2
20 239.4 239.9 26G.1 257.8

30 233.9 2643,6 255.3 251.9

40 221.3 268.4 248.5 250.7

50 210.1 258.6 265.6 252,0

180 12.3 10.3

10730/73 0 200.0 197.6 263.7 264.3
20 200 .8 208.0 265.5 261.9

30 19647 213.9 270.5 2664.9

40 189.0 227.4 261.5 263.4

50 187.6 239,.6 265.4 262.0

11/08/73 0 228.5 225.5 256.3 263.9
20 219.7 233,0 265.9 267.2

- 30 210.8 239.9 238.8 2%9.4
40 204.0 249.8 255.4 262.0

30 194.6 258.4 255.8 260.6

2113/7% 0 237,0 236.0 257.0 T 25%.0
20 232.0 240.0 25%0.0 258.0

30 229.0 247.0 269.0 26..0

40 . 2l2«0 258.0 244.0 264.0

50 207.0 267,0 245.0 262.0

At
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Continuation of Table A-3.

B T

A Listing of the Entire Radiometric Temperature Data.

ROUGH SURFACE

DATE OBSERVATION 1.41536HL 1.4153GHZ 10.6GHL 10.6GHL
ANGLE, () HORTZONTAL VERTICAL MOR 1 ZONTAL VERTICAL .
T7/23/13 0 281 .6 276.9 274.6 276.4
114 280.6 278,.8 268.3 271.8
22.6 279.2 281.1 268.8 2T6.4
33.4 2746.3 281.0 264.5 269.3
43.8 2710.8 281.1 261.1 266.7
83,7 260.8 280.4 258.7 267,17
180 4.9 14.2
1726/73 0 267.6 268.9
20 274,17 2T4.9 269.6 273.5
30 269.3 27844 263.2 267.0
40 267,.3 278.9 264.0 272.17
50 254.3 278,0 263.5 270.3
7730/713 0 . 273,.6 260.2
20 21643 274.9 262.2 264,17
30 274.1 278.2 260.1 267.0
40 272.9 279.8 262.2 266.3
50 261.3 280.9 258.,9 269.9
9/25/73 0 251.2 263.6 266.6 265.0
20 2643.2 243.9 256.8 . 261.3
30 231.2 244.9 252,.1 255.8
40 233.2 250.7 252.1 25743
50 228.7 257.8 249.5 252.9%
10/730/73 0 218,7 22C .6 255.9 258.4
20 22443 221.1 262.8 258.,0
30 217.4 226.0 259.0 257.6
40 213.0 233.1 253.0 256.2
50 209.5 264.1 244.5 252.7
180 11.1 17.3
11/08/73 0 267.8 260.0 26342 263 .6
20 238.7 241.0 248.0 262.0
30 . 231.6 243.5 242.7 258,.8
40 21 17 255.5 268.5 “5%.3
50 228.1 267.2 255.6 258.5
160 10.5 ' 8.7
2/13/ 14 0 251.0 268,0 260.0 261.0
20 243.0 2648.,0 263.0 253.0
30 238.0 250.0 25%.0 260.0
40 228.0 251.0 249.0 257.0
50 22140 258.0 243,0 257.0
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APPENDIX B
A TECHNIQUE TO HANDLE CLAY
IFOR DIELECTRIC CONSTANT MEASLREMENTS

The soil for this study was clay. Clay is a very
cohesive substance, especially whenr it is wet. Wet clay
is quite unmanageable for a task 1:. placing a definite
amount into a waveguide for the diciectric constant

measurements. After some studies of the problem, a

technique was found to handle wet clay very satisfactorily.

This technique has three major features. First, it en-
ables the operator to easily handle and place wet clay
into the waveguide without contaminating the waveguide
walls with clay. Secondly, it provides two flat smooth
soil boundary surfaces to reduce the possible effect of
reflection. Thirdly, it provides an easy and accurate
determination of the soil sample length. A picture of
the tools used for this technique is shown in Figure B-1.
Five aluminum plates with a space cut in the middle were
used. The five aluminum plates were of different thick-
nesses and were marked as shown. Using various thick-
ness metal plates would be apparent in the following dis-
cussion.

There are basically four steps for this technique;

they are shown in Figures B2a, B2b, B3a, and B3b. The

}

it

i R DU § . e $- c#as o e sd "wﬂm’hﬂﬂmmﬁwu‘ﬁ e A

-4 - - - 4 - & e 4 . N

abie, BAE Reikns 1 e ik i RENAR

wee o el &

et e ¥ A vl R Sl F ven BN e o



Figure B-1. The Tools of the Special fechnique for
Handling Clay for Dielectric Constant
Measurements,
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first step is to place the aluminum plate on 4 piece of
paper. The second step as shown is to fill the space in
the aluminum plate with clay. The third step is to com-
press the clay to the degree that resembles natural wet
clay, and then the extra clay is leveled off with a
spatula. .The surface is then smoothened as shown. Then
the waveguide is inserted into the clay column vertically.
The fourth step, is to peal the paper away; the open
surface is then further smoothened with the spatula. At
the end of step four, a chunk of clay of known depth (in
this case as illustrated, the clay sample would be 0.6 cm
long) with two flat smooth surfaces would be placed inside
the waveguide. The soil sample is then ready for dielectric

constant measurements.
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APPENDIX C
SKIN DEPTH AND THE "EQUIVALENT
SOIL MOISTURE CONTENT"

In remote detection of soil moisture by passive
microwave sensors, a knowledge of the soil skin depih and
the "equivalent soil moisture content' corresponding to
that skin depth is of assistance in data analysis. The
skin depth provides an indication of the depth of radiation
that contributes significantly to the upparent temperature
measured by the sensor. The ‘equivalent soil moisture
content” is defined as that soil moisture content that
would, if ccnstant with soil depth, produce the same
skin depth as the actual soil moisture profile of the soil.

In a medium which has conductivity, the wave is

-az

attenuated by a factor e as it progresses:

E(/” = Eo'e_d} (A-1)

where a = attenuation constant.
The skin depth, or depth of penetration, of a medium is
defined as the distance at which the electric field is
attenuated by a factor of 1/e. It is apparent from

equation (A-1) that skin depth is that distance which
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makes az equal to one. In terms of the elecirical

properties of the medium, the skin depth is

J=;’=ﬁu‘ﬂ2‘_—6(w *(E%f'/)]‘/ (A-2)

where w = radian frequency
y = magnetic permeanility
€ = permittivity
o = conductivity

From (A-2), it can be seen that the skin depth of soil

is a function of frequency and the soil's permittivity.

The permittivity of the soil is a function of soil

moisture content (Figure IV-1i). From (Figure IV-11),

it should be noted that a direct calculation of skin

depth using equation (A-2) is valid only if the soil

has constant moisture content and essentially constant

electrical properties. In reality, soil moisture

usually varies as a function of depth into the soil. To

obtain the skin depth for such an electrically inhomogene-

ous medium, special considerations and procedures are

required. This is the problem examined for this study.
In dealing with the situation that the soil

moisture varies as a function of depth into the soil, one

is faced with the problem of continual variation of



wr e A

s

208

electrical properties of soil as a function of penetration
into the soil. Recall from (A-1) that skin depth is

that distance which makes the product az equal to one,
therefore, the task of finding the skin depth of soil

with any soil moisture profile is that of carrying out

the following integration

; = SKIN DEPTH

<(3)d3 = / (A-3)

A good approximation to the above integral is

K
(3)A 3 == (A-4)

for very small increments of z, Az's, up to that point
where the summation of the product onk(z)Ak is to
equal to one.

To facilitate the evaluation of (A-4) to obtain the
skin depth, a computer program which employs the sub-
routine "Polynomial Regression" (PLRG) was written [50].
This computer program calculates the skin depth and the

""equivalent soil moisture content'" as a function of soil



moisture profile of any soil for which the relationship
between permittivity and soil moisture is known.

In this program, there are basically four steps in
obtaining a value of skin depth. The first step is to
obtain a fixed relationship between soil moisture and the
corresponding attenuation for the soil type of interest.
It is known that attenuation is related to soil

moisture through the permittivity by equation ([35]:

c><=wl//-;f V/*(é,—':)z ~/) (A-5)

where €, = real part of dielectric constant
(permittivity)
e; = imaginary part of dielectric constant
-12
"o o= " = 1"
. € el x €, el x 8.854 x 10

up = permeability (normally equal to the
permeability of free space)

A polynomial expression describing the relationship
between attenuation and soil moisture is generated by
means of the PLRG subroutine, this equation will be
referenced as equation 1. With the functional relationship
between attenuation and soil moisture known for a parti-
cular soil type, the skin depth for any soil moiséure
profile can be obtained with three additional steps.

The second step is to obtain an equation for
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attenuation as a function of depth into the soil. This
equation is obtained by first using e¢uation 1 to calculate
attenuation as a function of depth for the particular
soil moisture profile of concern. Knowing these values,
the PLRG program can be used to fit a polynomial equation
to these points providing a functional relationship
attenuation and depth for that particular soil moisture
profile. This equation will be referred to as equation 2.
In the third step, equation 2 is then used to
generate a table of attenuation versus depths for an
arbitrarily small increment of depth.
The final and fourth step is to search the table
of atteruation versus incremental depths for the value
of depth that makes the summation of the product ak(z)Azk
equal to one. This depth is the skin depth of the soil

for the particular soil moisture profile given.

llquivalent Soil Moisture

The procedures *to determine the ''equivalent soil
moisture" are as foilows. First, the depth which corres-
ponds to the point where the summation of the product
a(z)Azk ic exactly one was determined. This skin depth
is then inverted to obtain the corresponding attenuation
(attenuation = 1/skin depth). This attenuation is compared

to a table of attenuation versus soil moisture obtained



using equation 1. When an attenuation is found that is
equal to the inverse of the skin depth, then the
"equivalent soil moisture content'" has been found.
Skin depth and 'equivalent soil moisture content'"
were calculated at both L-and X-band for all the soil
moisture profiles of this experiment. The results are

indicated on Figures A-1 through A-6.
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