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ABSTRACT

An experiment was conducted during the late spring of 1974 to study the
scattering properties of wheat in the 8-18 GHz band as a function of frequency,
polarization, incidence angle and crop maturity. Supporting ground truth was
collected at the time of measurement. The data indicates that o°, the radar back=
scaftering coefficient, is sensitive to both radar system parameters and crop charac-
teristics particularly at incidence angles near nadir. Linear regression analyses of
o° (dB) on both time and plant moisture content result in rather good correlation , as
high as 0.9, with the slope of these regression [ines being 0.55 dB/day and -0.275
dB/% plant moisture at 9.4 GHz at nadir. Furthermore, by calculating the average
time rate of change of ¢° (real wnits) it is found that ¢° undergoes rapid variations
shortly before and after the wheat is harvested. Both of these analyses suggest methods

for estimating wheat maturity and for monitoring the progress of harvest,



1.0 INTRODUCTION

For many years the problem of feeding the worlds expanding population has
concerned both the government and civilian populace. As an aid in managing our
food resources certain remote sensing techniques have been implemented. At the
present tme most of the civilian global sensors operate in the visible or infrared
portion of the electromagnetic spectrum. While these sensors have displayed many
capabilities, their use is limited to cloud free weather conditions. In studies other
than reméte sensing of cropland this dependence on clear weather may be tolerable,
but for dynamic targets like agricultural crops the dependence on cloud free condi=
tions is in most cases intolerable. Because it is nearly weather independent, radar
is being investigated as a sensor for agricultural land~use mapping.

Earlier papers [1~ 8] have -dealt with the backscattering properties of certain
agricultural targets as o function of both radar parameters and target characteristics
in hopes of using ¢, the radar scattering coefficient, as a target identifier and as
an aid in estimating perfinent target properties. For a discussion of the relationship
between target properties, system parameters and the measured backscatter the
reader is referred to Ulaby [3].

Nearly 2.15 million hectares of the world's cultivated land (representing
about 16%) are planted in wheat [9]. Radar studies of wheat, however, do nof seem
to represent a proportionate part of the domestic research in the remote sensing of
croplands. During the late spring of 1974 (May 21 through June 25) an experiment
was conducted to study the backscattering properties of wheat as a function of system
parameters and target properfies. This reporf presents the results of the experiment

which indicate a promising future for monitoring wheat growth with radar,

2.0 MEASUREMENT PROCEDURE

2.1 The MAS 8-18

The radar used in this study, the MAS 8-18 (Microwave Active Specirometer,
8-18 GHz), is a modified version of the mobile truck=mounted spectrometer described

by Bush and Ulaby [10]. The modifications include minor antepna changes, improved



IF filtering ond the use of isolators for reflection reduction. All madifications were
made to provide an increased signal to noise ratio. Major system parameters remain=
ed unchanged with the exception of an increase in RF signal bandwidth from 400
MHz fo 800 MHz. Tdble 1 presents the pertinent system parameters..

2.2 Data Collection

Backscattering measurements were made during the period of May 21 through
July 25, 1974. Data was collected for both the like polarized (HH and VV) config~
urations at angles ranging from 0° (nadir) to 70° in 10° increments. These measure=
ments were made at 11 frequencies in the 818 GHz range of the instrument,

Because of its FM character, the system inherently provided fading reduction
by averaging in the frequency domain [11-14], However, due to its limifed resolution
cell size it was felt that spatial averaging was also necessary. Thus, an average of
17 spatially independent measurements were made at 0° with the number of spatial
measutements decreasing to 12 at 70°. The criterion for reducing the number of
spatial measurements made af the larger angles was based on the fact that with a
panchromatic system, return power variance decreases with incidence. angle [12-

14].

The amount of variance reduction provided by frequency averaging is a direct
function of target extent (measured radially from the antenna). Target extent, however,
is not necessarily the physical extent of the target but may be reduced by the range
resolution of the system or by the skin depth of the target. In the case of wheat it is
not possible, as will be discussed later, to experimentally estimate the degree to
which penetration occurs. For lack of this type of information.the following approach
was taken to estimate depth of p;anefrci'ion.

The dielectric properties of several vegetation types have been measured as a
function of plant moisture content by Carlson [15] at_X-bcnd. His results indicate
that vegetation with 40% moisture confent, (the average wheat moisture over the
observation period) has a relative complex dieleciric constant of approximately
€= 12.5 - j5.0. A wheat field however is a mixture of dielectrics (air and
vegefation) so that the effective dielectric constant of the mixture is less than that

of wheat alone. Ground measurements show that the volume of wheat occupying



TABLE 1.

MAS 8-18 System Specifications

Type
Modulating Waveform
Frequency Range
FM sweep: Af
Transmitter Power
Intermediate F‘requenci/
IF Bandwidth
Antennas
Height above ground
Refiector diameter
Feeds

Polarization

Incidence Angle Range
Calibration: -
Interndl

External

FM-CW
Triangulor

8-18 GHz

800 MHz,

10 dBm .(10 mW)
50 kHz

10.0 kHz

26 m

61 cm

Cavity backed,’ log=periodic
Horizontal transmit=Horizontal receive (HH)

Verfical transmit~Vertical receive (VV)

0°(nadir)-80°

Delay Line

Luneberg:Lens



1.0 m3 of free space is approximately 0.1 m3. Thus as a very crude approximation
the average effective dielectric constant of the wheat=free space mixture was faken
to be

€afr = 0.1 €yt 0.9

=2.15-j0.5

where € is the relative dielectric constant of wheat and the relative dielectric
constant of free space is taken as 1.0, Making use of € ¢ethe average skin depth

of the target was calculated to be 2,17 cm at 13.0 GHz, the center of the 8-18 GHz
band. Knowing the skin depth and the range resolution of the system if is possible to
estimate the frequency spacing between two independent samples of the radar return

[12] according to the equation:

_ 150
A‘Fd = T MHz
where D is the target extent measured radially from the radar antenna. By dividing

the system RF bandwidth, 800 MHz, by Af,, the decorrelation bandwidth, it is

possible to determine the number of independent samples, N, averaged by the system

each time a measurement was made. Multiplying N by the number of spatially
independent measurements provides the fotal number of independent samples of the
radar return after averaging. Table 2 presents 90% confidence intervals for the

backscattering coefficient ¢° calculated using this approach.

3.0 GROUND TRUTH

Although described by Cihlor [16], the method of collecting and processing
the ground truth presented herein will be reviewed. Soil moisture, plant moisture,

plant height and precipitation data are presented in Figure 1.

3.1 Soil Moisture

. - . o) . . i
To determine the effects of soil moisture on o, six soil samples were taken

from the wheat field while scattering measurements were made. Their locations are

shown in Figure 2. Locations 1 approximately correspond to scattering manciramants

4



TABLE 2.

Number of Spatially Discrete Measurements
with 90% Confidence Intervals of ¢°(db)

of Wheat
Number of Spatially 90% Confidence
Incidence Angle Independeni Measurements Intervals (dB)
0° 17 +1.8
-2.0
10° 16 +1.8
-2.0
20° 15 +1.1
| ~1.3
30° 14 +.93
' -1.1
40° 13 +0.774
-0.774
50° 12 +0.622
_ -0.622
60° 12 +0.457
~-0.457
70° 12 +0.403
~0,403



made af 07,10 and 207, locations 2 correspond to 30°,40° and 50° while locations 3
correspond fo 60° and 70° At each location samples were taken at various depths

(0-1 em, 1-2 em, 2-5 cm, 5~9 em and 915 cm) to determine the soil moisture profile.
Because of skin depth considerations [4] only the data from the top two centimeters

were used in analysis, These 0~2 centimeter values were then averaged for each pair

of locations, To convert from percent moisture by weight to moisture by volume, bulk
density measurements were also taken. All soil moisture data presented herein are on’

a volumetricbasis having units of grn/cm3. ‘1t should be noted that the measurement
period (May 21-June 25) was characterized by a high mean soil moisture (0.317 gm/cma)
with evtrema valise heing 0,40 gm/cm3 and 0,20 gm/cm3.

3.2 Plant Moisture

As with soils, the water content of vegetation has a direct influence on its
dielectric properties [15] . For this reason it was necessary fo collect such data, During
each measurement period, wheat samples were obtained and processed to determine the
plaht moisture content on a wet weight basis, a measure of the fraction of plant weight
consisting of water. While it is recognized that the effects of moisture on the dielectric
properties of both soil and vegetation will be influenced by the manner in which it is
chemically bound with the plant or soil molecules, such data is not generally available.
Thus, the plant moisture on a wet weight basis w:H be used in the discussions of the data
presenfed.

Of particular interest is the range of variation in plant moisture during the
measurement period. From Figure 1, we see that the plant moisture curve, while mono-
tonically decreasing an average of 1.66% per day, had two regions during which the
plant moisture remained somewhaf constant with time (May 21-31 and June 6-12). The
sscond "plateau” in the plant moisture curve may have been caused by the heavy pre-
cipitation recorded dur‘ing the noted period. _

Perhaps of more importance is the ripening process, the mechanism responsible
for this consistent decrease in plant moisture. Although decreasing plant moisture is
one measurable consequence of the ripening of the wheat, there are certainly othier changes
occurring which may not be readily measured. Thus we should bear in mind that while
consistently decreasing plant moisture may be indicative of the maturation process, there

are certainly other physiological and morphological processes occurring.



4.0 DISCUSSION OF RESULTS

Because of‘i‘P':e" quc’n'i'i_fy of multi-dimensional data gathered during the course of
the exper'imeni' it is nof af this time possible to discuss all of it. Rather, only a represeni-
ative pori-non will be presented in the body of this report wn‘h the remainder of the dafa
made available in the appendices.

4,1 Temporal Variations of o°

o, the radar scattering coetticient, is generally a function of the geometric
and dieleciric properties of the target of interest. Any variation of these target pro-
perties will normally be reflected as a change in ¢°. Thus, if radar is to be useful as -

a tool in estimating crop maturity it must somehow respond with a reasonable degree of
sensitivity-fo the geometrical and electrical variations a plant undergoes during its maru—
ration process. Among the geometric changes in wheat may be variations in plant height,
leaf structure and the appearance of the wheat head. The most obvious dielectric variation is
that of changing.plant moisture which is quite dramatic in the case of wheat during the

final month of its maturity. Thus, while it is recognized that the variations we may

observe in qo are a function of crop characteristics, we should also bear in mind that

these plant characteristics are in turn dependent on the passage of fime. Therefore, this
first section on_temporal variations of o° will serve, among other purposes,. to infroduce

the reader fo i:lr_]e general frends in the variations of the scattering data,

Figurés 3a through 3d present the variations of ¢° with time.at an incidence
qng];% ‘of‘.Op for four frequencies, 8.6, 9.4, 13.0 and 17.0 GHz, The abscissa identifies
the date on which each data set was recorded. Figure 3e presents the results of a linear
regression analysis of o,-ﬁl and g% on time with the number of days after May 21 being the
independent variable, Shown are the estimated. correlafion coefficients, er and rfv,r and
the slopes of the regression lines MfH and va_, (having.units of dB/day). The abscissa-
scale is frequency in GHz. It should be noted that all regression analyses presented in this
repori exclude the data set faken on June25 since it was Faken after harvest,

As a general observation it is immediately apparent that-the radar is responding
to the physnologlca! and morphological changes which occurred during the final month
of ripening of the wheat, At 8.6 and 9.4 GHz OT-T and 0'“ both show an almost {inear
variation with time. At 13.0 and 17,0 GHz however this lmeczr response is not quite as



apparent although data at these higher frequencies still exhibit a dependence on the
passage of time. Figure 3e presents a more complete and quantifiable representation
of these trends. We note that, er and rv ; the estimated correlation coefflmenf's of

°H and ch on time show a decreasing frend with frequency from approx:mcﬁ'ely 0.95
at 8.6 GHz to about 0,85 af 17.0 GHz, ‘This is in agreemenf w:i'h our earlier, more
general observation, that the "linearity” of the variations of o with time undergo a
cerfam amount of degradation as frequency is increased, Cerfamly, however, er and
. rV remain quite high across the 8-18 GHz band.

Of equal importance to rf'H and rV are MfH and Mi;/. These values represent
the slope of the regression lines and may be interpreted as a.measure of the sensitivity
of o to the passage of time. Obviously a very high correlation coefficient is useless
in a practical sense if the sensitivity of o° to temporal changes is small. The respohse of
of Mi_i and Mi:v to frequency (Figure 3e} shows a very inferesting phenomenon nedr
9.4.GHz, At this frequency M? behaves in a somewkiat "resonant" manner with MV
being more pronounced than MfH . This suggests that of 9:4 GHz there exists a certain
characteristic or combination of wheat characteristics to-which the radar is particularly-
sensitive. Whether these characteristics are of a molecular or geometric nature is not
known but it cerfainly appears to merit a considerable amount of future thought and in-
vestigation. At frequencies above 11,8 GHz the curves depicting MH and va appear

%

to be practically frequency and polarization independent,

Aside from the."resonant" phenomenon occurring at 9.4 GHz, the general
increasing trend of ¢° is also quite difficulf to explain adequately. If the regression
lines exhibited a negative slope it would be possible to argue that the phenomenon
observed is due to a decreasing moisture content and thus, decreasing dielectric constant
of the target. Since the slope is positive, such an explanation can be discarded. A
decreasing dielectric constant does, however, imply decreasing attenuction within the
vegetation canopy. This decrease in attenuation within the vegetation canopy would
then allow the radar fo "see™ more of the generally wet underlying soil causing an
increasing o. Although this may be a partial explanation of the phenomenon it does
not seem to be entirely consistent with the observed data or with the approximated
skin depth (section 2,2). Consider, for example, the increase in 0%, by about 1.8 dB
between June 12and June 17 during which the soil moisture decreased from 0.35 to
0.18 which clearly indicates no response to soil moisture variations. Furthermore, it
does nof seem likely that either the "resonance™ 'phelflomenon} ‘or polarization depen-

dence at 9,4 GHz would result from soil conditions alone. Also, the difference in

8
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M’ dnd My, indicates’a preferred target geometry. Visual inspection of the soil
surface indicates-none while the wheat itself does. The wheat was sown in rows spaced
25 cin apart such that at 0% incidence the wheat rows were oriented parallel fo the E
field '6f a horizontally polarized signal {see Figure 4a). At a ground range of 5.3 meters
(corfesponding approximately to 10° ihcidence) the diréction of the wheat rows changed
by 90° such that the fow - E field orientation was similar to that shown in Figure 4b.
At incidence angles greater than 10° the rows were perpendicular fo the E field of o
horizontally polarized sigrial (Figure 4c). - -

"Figures 5a-e present data collected in d manner identical to that presenfed in
Figures 3ae except the incidence angle is now 30°. 1t is immediately obvnous that
“this dafa confrcusi's shorply wﬂ'h the data collected at nadir. ‘We begin by nofmg the
lack of any pecking in i‘he Mt (Figure 5e) curves alfhough it does appear that MV and
MH trade roles with M ‘being generally higher than M Ve Perhaps more striking,
however |s the response of the correlation coefficients er and rfv. At 8.6 GHz we
note that’ rH indicates necrly no consistent trends of Uﬁ with time although i has a
value of 0.675. However, a small increase in frequency to 9.4 GHz causes r y foin=
f:reqse to 0,65 while rv remains necu:ly consi‘onf. This again suggests that the choice
of frequency in & rather small band around 9.4 GHz may be critical in studying the
temporal variations of the scattering properties of wheat. As we Fun‘her ihcréose frequency
to vqlues above 9.4 GHz we note a marked sepcrahon in er and rv with rH béing con-
Sisfently higher. This is in contrast to the 0° correlation coefficients which showed
practically ho polarization’ dependence ot frequencies highér than 11.8 GHz.,

Again it is very difficult to even qualitatively explain this behavior adequately
although it should be restated that the' row - E field orientation has now, at 30°, changed
from that of the 0° data. Let us, however, reconsider the argument that the fadar is
responding to changes in plant attenuation. As arough estimafe of the amount of loss
expected through the wheat we might use the measured value of de Loor [17] Wwhose
data.indicate: that approximately 12,5 dB total attenuaiion should be expected at 9.3
GHz. If we are to expect this much loss at'9.3 GHz certainly the loss will increase
with frequency (assuming the dielectric constant of wheat does not vary drdstically

with frequency) ‘with a resulting decrease in sensitivity. Although the sensitivity. factor



M’ is less o 30° than at 0° we see practically no dependence of M on frequency
above 11.0 GHz. These data also seem consistent with data pr‘esen.ted by Lundien

[ 18] who measured wheat at X=band for various plant heights. His data indicate

a large degree of plant canopy attenuation at 0°, For a 8.9 cm stand of wheat he
measured a scaftering coefficient of 1.2 dB in contrast to =15,6 dB for a 73.7 e¢m
stand, Soil moisture ranged from 15.2 to 27.7 per cent by weight. A study of
wheat at other frequencies prompted his statement that "this (data) suggests that the
Ka-, X- and C-band results could be used to measure vegetation pélrgmei'ei‘s (heighit,
thickness, moisture confent, efc.) and that P-band frequencies may still be used

for soil interrogation directly or with simple correcting factors.”

His statement implies
_ that plant attenuation at higher frequencies resulfs in.a masking of underlying soil
effects. ’

Figures 6a—e and 7a-e present the variations of o with fime along with linear
regression results for 50° and 70° data. At both angles we note that neither er,
rr\) or MfH, Mrv show much frequency dependence although thére still seems to be
some polarization dependence. This can be observed by the relative values of the
correlation curves at 50° and 70°. At 50° we can see that r"H is consistently highe
while at 70° they are generally close to one another across the 8=18 GHz band.

Again. it can be argued that ot 50° and 700 we expect a considerable amount
of signal attenuation through the canopy simply due to increased path length. Thus if
we are indeed effectively measuring variations in path loss we expect a marked reductior
in the absolute values of the M curves. Although we do observe a small decrease in
MtH and Mt\/ as the incidence angle increases from 50° to 70° it is certainly not as great
as one might-expect, even at the upper end of the frequency band. Anocther possible
mechanism responsible for the general increasing trend of o° with fime is that of changing
target geometry as the plants matured. A discussion.of this mechanism will be deferred ’

however, fo a later section,

4.2 Rate of Change of o

In the preceding section it was noted that the cbility to monitor the ripening
process of wheat was greatly influenced by the choice of radar parameters; nf::mely
frequency, polarization dnd incidence angle.- In this section a second approach to
monitoring wheat growth will be-discussed. While this approach appears to be less
sensitive fo system parameters it is not infended to replace that of section 4.1 but

rather to complement the earlier observations.

10
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As noted in section 3,2, the rate of change of plant moisture {one indicator -
of wheat maturity) did not remain constant throughout the cbservation period. Rather,”
the plarit moisture sometimes remained nearly constant while at other times is decreased
rapidly within a few days. Thus the question may be raised as to how the rdte of change
of ¢° varied during the observation period. ‘

To answer this question the following procedure wes followed. For each two
consecutive data sets the average rate of change of q”o between those sets was calculated.
To increase the sensitivity of these calculations all 'values of o° weré converted from dB
to real valves. Thus as an example the rate of change of o° between May 21 and
Mav 27 was caleulated as follows. At 9.4 GHz, 0°, HH polarization®

- o

1
= —= . =-0,04
S“ days -0 /day

Some results of this analysis are shown below in Figures 8a-8l. Different
ordinate scales were used in these figures (8a~8l) so that the relative variations of
S can be seen more clearly. The abscissa values represent the date midway between
the-dates on which the two datd sets of interest were taken. For example the value
plotted as point May 24 represents the slopes of the line between sets taken on May 22
and May 27. To conserve space, only a representative set of curves is shown. Three
frequencies and four-angles were chosen; 9.4, 13.0 and 17.0 GHz and 0°, 10°, 20°
and 30° respectively. ‘These curves seem'representative of all frequencies from
8-18 GHz and all angles from 0° to 30°. They are not necessarily representative of
all data at angles greater than 30° although the trends observed between 0° and 30°
usually persisted to 40° or 50°. ] ] ) - .

Figures 8a=d present S curves at 9.4 GHz. At 0° (Figure 8a) we note that
S shows a consistent, slow increase between May 24 and June 11. Points at June 14,
19 and 23 howeyer depart from this behavior. Of pcrﬁcula-r interest are June 19 and
23, for these, represent the rate of chenge of o° shortly before and shortly after
harw_s;,si'. Before harvest (June 19) S increases sharply from its value on June 14 .
while S decreases even more markedly after harvest (June 23). It is also noted that
these changes in S are greater for vertical polarization. Similar frends are observed
at 10°, 20° and 30° (Figures 8b-d) although SH shows a sharper increase at 20° on

June 19 than SV.
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This effect is much more apparent in the 13.0 GHz data (Figures 8e=h),
particularly at 0° incidence. From this figure it is seen that the variation of &
from day to day was apparently quite small until it was ready for harvest. During.
the days shortly prior to harvest, ¢° shows an extreme dependence on the passage of
time, particularly qov. The effect of harvest can again be clearly seen in these
figures. It is noted that this trend is not quite as dramatic at angles away from
nadir (10°, 20° and 30°) although the trend is still clearly discernable.

Data at 17 GHz (Figures 8i=l) again exhibit similar frends. In general,
data at all frequencies from 8=18 GHz and at angles between 0° and 30° indicate
that the variations of Sy are much more pronounced than SH before and ofter harvest
.Thus, it appears if wheat fields are monitored by. radar on a regular basis, that the
time rate of change of o° will show a sharp increase prior to harvest followed l;ny a
sharp decrease immediately after harvest, )

If this is indeed the case, this type of analysis may prove to be an effective
means for 1) estimating the proper time of wheat harvest and 2) following the
progress of harvest. If harvest progress can be monitored then the problem of
properly distributing fuel supplies for harvesting machinery and. properly distributing
truck and rail transportation fer the harvested grain can be reduced considerably,

Another appealing aspect of this method.of interpretation is that this method
is independent of absolute levels of ¢°. Thus it would not be necessary fo calibrate
(on an absolute scale) any of the existing uncalibrated imaging systems presently in
operation nor would it be necessary to have a high degree of confidence in the

absolute calibration of a calibrated system if such a system is used.

4.3 Variations of o~ With Plant Moisture

In section 4,1 we considered two possible causes of the increasing trend of o°
with time. The first consideration was that the changes in plant water confent (and
thus dieléctric’ constant) are directly responsible for the variations in 6°. This argument
has been discarded since o° ‘increases as plant moisture decreases which does not seem
at alt plausible. The second consideration is that ¢° is increasing as the radar signals are
better able fo penefrate the vegetation canopy as the plant moisture decreases. This
argument has not yet been discarded a!fhc;ugh apparent inconsistencies have been discussed,

12



_ Variations of ¢” with plant moisture seem to provide additional information,
The reader should bear in mind that the variables, time and plcr;r moisture,, are by
no means independent as can be seen from Figure 1. A consideration of plant moisture
as ‘a varigble can however, provide s‘ome insight into the phenomena being observed.

Consider first Figures 9a-d where ¢° has been plof'fed versus plant moisture for
an incidence angle of 0° at four frequencies, 8.6, 9.4,. 13.0 and 17.0 GHz. Again
the dafa set taken after harvest has been excluded from all regression analysis although
the poinf is shown with the rest of the data. Figure 9e presents results of a linecr re=
g:ression analysis of o° on plant moisture. It is interesting to compare the correlation
coefficients ob’ralned by regressing o° on plant moisture to those obtained by regressing
o on hme. Compqrmg Figures 9e and 3e we see that |iF| > [r [ as a generc:l rule.
This is ceri’amly not surprising since the passage of time does not necessarily imply that
the wheai‘ is mai’urmg whereas cons1si~enﬂy decreasing plant mo:sfure usually cloes imply
a ma{'urmg crop. It should be noted, however, that the trends oF r and P, M" and MP
with Frequency are very compuruble at 0° which again implies a strong dependence of
plqmL moisture on time,

Again after harvest, (plant moisture = 11%), o° shows an interesting trend as
noted in section 4.2. We can see that at 0°, ¢° is generally lower after harvest than
before harvest even though the plant moisture decreased by only an insignificant amount.
This implies that this consistent variation of o° is probably not due to changes in plant
moisture but rather to the dramatic change in vegetation geometry caused by the harvest.
Since harvesting wheat, and thus-altering plant geometry, is manifested as a change in
62, we should certainly consider the normal morphological changes the wheat undergoes
during ifs ripening stages. Certainly these variations will not be as rapid and gross as
those caused by harvest but they bear consideration. We begin by noting (Figure 1) that
from, June 6 through June 12 neither plant nor soil moisture varied fo a significant degree.
Plont moisture varied only 3.5 units {around 50%)‘while soil-moisture varied 0.02 gm/
cms. Thus, for all practical purposes we can consider both plant and soil moisture
constant during this time. Since the electrical properfies of the target were fairly con-
stant over this period, a change in ¢ would probably imply a change in plant geomefry.
At 0° (Figure 9a=d), data at the four frequencies under consideration all show variations
in this reglon. The 9.4 GHz dafa, however, is the only frequency where & consistent
increase ih o is noted during the period from June 6 through June 12, the period where

plant and soil moisture were fairly constant. Similarly af large angles of incidence
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(Figures 10~12) a general trend for &° fo increase during the June 6-12 period is noted.
Thus it may be the case that these variations are due fo a changing plant configuration.
Certainly the most obvious geometrical change that occurred during the observation
period was the appearance of the wheat heads as the plant went from o stage of vege-
tation growth to the reproductive stage. OF particular note is the fact that the heads
appear at the tops of the plants where they are most "visible" fo the scatteromefer.

These heads continue to develop until harvest. A second effect that may occur is the
withering process the leaves undergo as they lose moisture. Since geometry plays o
significant role in determining the scattering properties of a particular target, this effect
should also be considered. Furthermore, the reader should bear in mind that even though
the linear regressions of 6° on plant moisture alone yielded reasonable correlations it is
not necessorily plant moisture to which the radar is directly responding. This was discussed
earlier in section 3.2 where it was noted that although consistently decreasing plant
moisture can be indicative of a ripening crop it is only one of a host of processes simul~
faneously occurring during maturation. Changes in plant morphology should certainly

be included s one of these processes although it is more difficult to quantify then plant

moisture .

4.4 A Further Regression Analysis of o on Plant Moisture

The customary choice of dB units to express o°, is usué:lly for convenience
since. ¢° in real units can often vary by one or more orders of magnitude between
nadir and large angles of incidence. Because plant moisture seems to be an adequate
descriptor of plant maturity and because of the difficulty in quantifying plant geometry,
an-empirical model has been constructed describing ©° (real units) purely in terms of
plant moisture. Qur discussion in the previous section indicated that linear regression
analysis of ¢ (dB) on plant moisture generally provided quite satisfactory results.
Hence, it was decided fo express the dependence of o° trec| units) on plant moisture

in the form of an exponentials
A
a® =A exp (B - Mp) freal units]

where.A and B are constants (for a given frequency=angle=polarization combination)
and Mp is plant moisture in % by wet weight. Using the measured ¢° (real units) and
Mp values, an exponential regression equation was generated for each combination of
sensor parameters. Agdin because of space considerations, only a portion of the results

of this analysis will be shown.
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In Figure 13 the measured data is compared to the regression curves at 8.6 GHz
for 0%, 30°, 50° dnd 70°. At 0° we note that B, the coefficient of M_, has cp-prc;xi-
mctfely ‘the same value for both polarlzchons, whereas at rhe other mcf::lence angles
BV is always larger (in magnlfude) than BH |mp]ymg that o V is more sensitive to Mp
variations than UOH

Similar observations can be made at oi'her Frequenc;es as lllusfrared in Figures
4, 15 and 16 correspondmg to 2.4, 13.3 ‘and 17.0 GHz, respechvely Based on a
subjectwe judgment of the ' goodness of fit" of the generai‘ed exponential curves,

there does appear fo be an exponential trend relating o fo Mp'

4.5 o Dependence on Soil Moisture

Figures 17, 18 and 19 present the variations of ¢° versus soil moisture measure=
ments corresponding to the particular angle shown -(see section 3.1). Only 0° through
20° data are shown because it is-felt that this is where the sensitivity of o to soil
moisture would be:maximum. The apparent fack of dependence of ¢° on:soil moisture
seen in these figures is not surprising in light of previous'discussions which cast doubt
on the ability of radar to penetrate, 96 cm of wheat in the 8-18 GHz band. Note that
even over this somewhat limited range of soil moistures {approximately 0,20 to 0.40
gms/cm3) there are variations in o° from about =1.7 dB to 10.0 dB of 0°, 8.6 GHz,
indicating that a mechanism other than the direct influence of soil moisture may be re-
sponsible for the variations shown. While it is true that the attenuation .of the signal
introduced by the planf‘cunopy is varying with time it is expected that it would vary in
a consistent monotonic fashion as the plant moisture varied. In other words the attenuation
would insert monotonic bias in any data used to extract soil moisture information.
Atiempts were:made to extract such a bias with no definitive results obtained. The
lack of a wide range of soil moisture variations hindered the analysis to a significant

degree.

4,6 Spectral Response of o

Again because of the quantity. of data collected only a general discussion of
the spectral properties of wheat will be presented. Figures 20 through 23 present spectral

curves of wheat between 8 GHz and 18 GHz. Four representative data sets were chosen
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for presentation, The first set of curves, Figures 20a through 20d represent data taken on
May 21 and are plotted af angles of 0°, 30° 50 and 70°. As previously noted there
seems fo be a preferred target orientation as 0'\7 ten_cls to be, on the average, lower
than a‘lj? at 0°. We can also note a somewhat greater frequency dependence near 9.4
GHz where a noticeable minimum occurs in the response. Simiarly we note a frequency an
polarization dependence at 30°(Figure '20b)cll'hough- the polarization effects become more
pronounced. There is, however a small tendency for o?/ to increase to values somewhat
greater than fhose of O'Fl‘ near 13.8 GHz after bemg S|gmf|ccmi'ly lower af 8, 6 GHz.,
This is pamcularly noticeable of 50° where o2 g 2 and cv do not vary much on an absolute
basis but definitely exhibit the crossing effect near 12,5 GHz, Finally at 70° we note
that o-\'-,g, while sometimes practically equal to o—H—o-, is generally a small amount greater
than oﬁ) Thus as a general observation it seems that as frequency and angle increase
O'Fo and oy, V ? tend to approach, cross and finally separate with G'\T‘bemg higher than
o-n- at 70°.

Data taken more than two weeks further into the maturation of the wheat is
presented in Figure 21. At zero degrees we note a somewhat constant response of o°
to frequency although around 13.8,GHz o-H—o exhibits a pronounced minimum. At 3Q°,
(Figure 21b) a sensitivity of ¢° to frequency rear the lower frequencies is noted with
fr\'f being 5.6 dB lower than O_HQ at 9.4 GHz. With increasing frequency however cﬁg
and cvg tend fo approach one another. At 50° (Figure 21c) the same effect -is notice-
able to a somewhat lesser degree and at 70° crvg is always greater than QH—O (Figure 21d).

Figures 22 and 23 present data taken on June 12 and June 21; June 21 being .~
the final data collected before harvest. These data exhibit responses different from
one another and different from the previous two shown. At 0° for example the June’
12 data, (Figure 22a) shows a marked tendency for oﬁo to decrease from 4.4°dB to 0.70
dB as we scan from 8,6 GHz to 17.0 GHz. 0'{70 has a nearly identical response. The
June 21, 0° data (Figure 23a) on the other hand, shows practically no consistent de-

creasing trends although there are small undulohons within the band. At 30° a compiei'eiy
different trend is noted; that being an increasing ¢  for the June 21 dafa with a

relatively constant 6° for the June 12 data. Note also that the éarlier set

exhibits significant polarization differences while the latter shows very little.

The response at 50° and 60° is quite similar to the 30° data in both cases with the

earlier dota somewhat constent relative to the increasina trend in the June 21 daota.
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4.7 Angular Variations of ¢°

Figures 24=26 show the May 21, June 6, 12 and 21 data plotted versus incidence
angle at three- Frequenc:es (8.6, 13.0,'17. 0 GHz) for bofh polarizations. Although
it is merely the same déta discussed earlfier, “this viewpoint can be quite helpful. ‘

‘We cari first note that af the' Iarger cngles the difference in the shapes of fhe
o—}-_lp and - o—\"? curves is' quite pronounced "Atdll thiee frequencies, o—° continues to
decrease” w:rh angle while- ov fidgs a fendency to :ncreqse near the 60 "70 region.
This increase “in- the vertically polarized scdttering coefficient can perhaps be explained
by a consideration of the wheat geometry. Roughly specking, wheat is a long, cylindri-
cally shaped plant which may be modelsd as a dipole. If this'mddel is basically correc
then we would expect the couplifig bétween the incident E field vector and the vertical
array of dipole wheat'plantsto ihcrease with incidencé angle. In other words, the
projection of the E field véctor énto'the wheat stem will increase with angle resulting
in increased curents in‘the Wheat and thus inéreaséd reradiation by the plants.

A second observation which’should be noted is the Tendency for the curves
shown. in Figures24 through-26 to crowd one another in'the ranges between 10° and 30°
and betweeh 60% and 70%, This is' particularly noficeable at 13.0 and 17.0 GHz. At
angles other than those mentioried above the values of ¢° seem to be a bif more dIS"

tinguishable implying a greater sensitivity of o° to furgei"*chcrcci'erlsi'lcs.

This is shown mere clecr!y in Flgures 97a and 27b where the linear regression
results discussed’ in sections 4.1 and 4.3 are now plo’ri'ed versus ‘incidence angle, 8,
instead of” Frequency "Curves are plotied, for three frequencnes 8. 6 13.0, 17.0 GHz,
and both polarizations,’ Becuuse of the dependence of plcmi‘ moisture on time, these two
figures contain bosucqlly the same mformunon and nearly identical trends. Consider
Figure 27a. At 0% we see that both’ MH and MV are maximum, The feneency is then
to decrease to a minimum in the 10°=30° region, increase to local maximum at 40° and
then to decrease to a minimum at 70°. This is particularly true for the horizontally
polarized, 8.6 GHz, data. For the vertical case we again see a tendency towards a max-
imum ot 40° but in general the sensmv:fy factor, MV’ is relatively constant when
compcsred with My . Again this is shown in the curves showing the angular response of
o° where we note a tendency toward greater separation in the o—\-/- curves af high angles
compared to the separation of the 'OT-I_O curves af corresponding angles. On the basis
of this data this phenomenon suggests that if an imaging radar is to be used for the
observation of wheat fields, it should work either quite near nadir or in the 40° region

of incidence angles with vertically polarized antennas.
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5.0 CONCLUDING REMARKS

An experiment was conducted to measure the scattering coefficient of wheat
during the final menth of its growing season. Measurements were made at eleven
frequencies in the 8~18 GHz band at angles from 0° to 70° from nadir. Results in-
dicate that ¢° is quite dependent on the physiclogical and morphological processes
occurring during the measurement period with o° often showing an increase of more
than 10,0 dB as the wheat ripened. Particularly notable were variations of ¢° with
frequency and polarization.

" Because of n;;::;-);‘;.manswared questions it is felt that further studies should
include two additional measurements, The first measurement would be an estimate
of plant attenuation either by a dielectric analysis of the wheat or by an in situ
measurement of the crop attenuation itself. The second measurement would be some
sort of quantifiable study of the wheat morphology. Both studies would be made on
a regular basis at the time of the scattering measurements,

Throughout the discussion of the data presented herein it was noted that the
greater majority of information was obtained from data token af, or very near nadir.
Investigations of the ability of active microwave sensors -fo estimate soil moisture also
indicate that incidence angles near nadir are optimum [2,4,5, 6] (although at lower
microwave frequencies). This is unfortunafe in view of the fact that the state of the art
operational side~looking imaging radors perform poorest at nadir due to resolution
considerations. A recent investigation by Larson et al., however, indicates "that a
microwave hologram imaging radar is realizable for use on an aircraft or space vehicle"
[19]. Furthermore it is noted that the best incidence angle for optimum operation of a
microwave hologram radar is near nadir, In light of the potential for radar to remotely

sense croplands such a system is very appealing.
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Figure 5d. Temporal variations of o3° (dB) and oy (dB)
as measured af 30°, 17.0 GHz.
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Figure 6a. Temporal variations of oFl'o {dB) and 0\70 (dB)
as measured at 500, 8.6 GH=z.
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Figure‘ éb. Temp£o;6] ‘yari'd?ign_s of 5;!':!‘0 (dB) and ovo (dB)
as measured at 50°, 9.4 GHz.

35



Frequency: 13.0 GHz
Incidence Angle: 50°

Polarization: HH Harvested

20

May | june

‘Frequency: 13.0 GHz
Incidence Angle: 50°
Polarization: VV Harvested

} | | I | ] I }

|
25 301 4 9 14 19 24. 29
May : June

Figure 6c. Temporal variations of G'FI'O {dB) and ovo (dB)l
) as measured af 50°, 13.0 GHz.
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Figure 7b. Temporal variations of ogo {(dB) and ovo (dB)
as measured ot 70°, 9.4 GHz.
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Figure 8a. Variations of S (defined in section 4.2) with time.
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Figure 8c. Variations of S (defined in section 4.2) with time.
Frequency = 9.4 GHz, incidence angle = 20°.
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Figure 8d. Variations of S (defined in section 4.2) with time.
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Figure 8g. Variations of S (defined in section 4.2) with time.
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Figure 10a. Variations of oﬁo (dB) and cvo {dB) with plant moisture.
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Figure 10b. Variations of o‘ﬁo'(dB) and cvo (dB) with plant moisture .
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Figure 10d. Variations of cﬁo (dB) and 0'\70 (dB) with plant moisture.
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Figure 11a. Variations of Gﬁo (dB) and ovo (dB) with plant moisture.
Frequency = 8,6 GHz, inciderice angle = 50°.
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Figure 11b.. Variations of_gqo (dB) and 0\70 (dB) with plant moisture .

Frequency.=9%.4 GHz, -incidence angle = 50°,
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Figure 1lc., Variations of o— (dB) and o\—/' (dB} with p!cmf mmsfure

Frequency = ]3 0 GHz, incidence angle =50°.
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Figure 1le. Variations of MH ; Mv , rH , andry, P with frequency. MHP, MV ; er, and rqure the slopes (dB/percenf

plqn’r moisture) and estimated correlation coefficients respectively, obtained by a linear regression of” o (dB) on

pltr:miL moisture.. The.incidence angle is 50°.
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Figure 12a. Vanchons of o— dB) and GV (dB) with p[an’r moisture,
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Figure .12c. variatjons:or Tﬁof(dB) and ovo' (dB).with pldnt moisture.
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Figure 12d. Variations of ogo (dB)} and ovo {dB) with plant moisture.
Frequency = 17.0 GHz, incidence angle 5 70°.
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Figure 13a. Variations of o3° and cvo (real units) with plant moisture.
The solid lines represent the nonlinear regression curve
corresponding to the equation shown with the figure, The
frequency is 8.6 GHz and the incidence angle is 0°.
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Variations of o=° and o7 (real units) with planf moisture .
The solid lines represent the nonlinear regression curve
corresponding to the equation shown with the flgure The
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Figure 13c. Variations of 6=° and 0\70 (real wnits) with p'lcmf moisture .
"he-solid lines represent the nonlinear regression curve
:orresponding to the equation shown with.the figure. The.
requency is 8.6 GHz and the incidence angle is 50°.
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corresponding to the equation shown with the Flgure The
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82


http:0.0128.Mp

B}"

0.150
0.135
0.120

0.105

0. 090

0.075
0. 060
0.045
0.030

0.015
0.000

0. 150
0.135
0.120
0.105
0.090
0. 075
0. 060
0. 045
0. 030

0.015
0.000

1

® Measured

65 = 0.0489 exp (-0,0088 ~N5) (Empirical)
[ncidence Angle: 70°

Frequency: 9.4-GHz.-

l | ] 1

0

1

10 20 30 40 50 60 70 8

- Plant Moisture (Wet Weight Basis)

o Measured

—— 03° = 0.0778 exp {=0. 0144 - M, ) (Empirical)
fncidence Angle; 70°

[— Frequency: 9.4 GHz

1 ' i

1

0

| ] ] 1 el
10 20 30 40 5 _ 60 -0 80
“ Plant Moisture (Wet Weight Basis)

Figure 14d. Variations of o~ and c\—/'o (real units) with plant moisture .

The solid lines represent thé nonlinear régression curve
corresponding to the equdtion shown with the figure. The
frequency is 9.4-GHz and the incideéhce angle is 70°.
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Finure 15a. Variations of c!'_{"o and 0\70 (real units) with plant moisture.

The solid lines represent the nonlinear regression curve
corresponding to the equation shown with the figure. The
frequency is 13.0 GHz and the incidence angle is 0°.
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Figure 15b., Variations of o=° and ov'o (real units) with plant moisture.

The solid-lines represent the nonlinear regression curve
corresponding to the -equation shown. with the figure. The
frequency is 13,0, GHz and the .incidence angle is 30°,
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Figure 15¢c. Variations of o7° and ovo (real units) with plant moisture.

The solid lines represent the nonlinear regression curve
corresponding to the equation shown with the figure. The
frequency is 13.0 GHz and ‘the incidence angle is 50°.
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Variations of -o7° and ov “(real units) with plant moisture.
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corresponding fo the equation shown with the figure. The
fréquency-is' 13.0-GHz and the incidence angle is 70°
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Figure 16a. Variations of c‘H~° and c'\'/'P {real units) with plant moisture .

The solid fines represent the nonlinear regression curve
corresponding fo the equation shown with the figure, The
frequency is 17,0 GHz and- the incidence angle is 0°,
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Variations.of c=° and 'ovo' (real- units) with plant moisture.
The solid lines represent the nonlinear. regression curve
corresponding to the equation shownswith.the figure. The
frequency is-17.0 GHz :and the*incidence angle is 30°.
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Variations of o° and cvo {real units) with plant moisture.
The solid lines represent the nonlinear regression curve
corresponding to the equation shown with the figure. The
frequency is 17.0 GHz and the.incidence angle is 50°,
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Variations of o5° and 659 (real units) with plant moisture.
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corresponding to the equation shown with the figure. The
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Figure 17. Measured scattering coefficient, o° (dB), as a function of soil moisture content by
volume at 8.6 GHz for angles of (a) 0°, (b) 10°, and {(c) 20°.
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Figure 18. Measured scattering coefficient, o (dB), as a function of soil moisture content by
volume.at 13.0 GHz for angles of (a) 0°, (b) 10°, and (c) 20°
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Figure 19. Measured scattering coefficient, o° (dB), as a function of soil moisture content by
volume at 17.0 GHz for angles of (a) 0°, (b) 10°, (and (c) 20°.
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Figure 20. 8 ~ 18 GHz spectral response of o;!'o and 0‘\70 (dB) for May 21, 1974

at angles of (@) 0°, (b)30°, (c) 50°, and (d) 70°,
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Figure 22. 8 ~ 18 GHz speciral response of o and oy (dB) for June 12, 1974
at angles of (a) 0°, (b) 30°%, (c) 50°, and (d) 70°.
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Figure 23. 8 - 18 GHz spectral response of ol“_|—° and ovo {(dB) for June 21, 1974

at angles of (a) 0°, (b) 30°, (c) 50°, and (d) 70°.
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Figure 24, Angular response of (a) oi=° and (b) 0" at 8.6 GHz at various stages of development.
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Figure 25. Angular response of (a) o;"o and (k) o_\_/_o at 13,0 GHz at various stages of development.
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APPENDIX A: Ground Truth Summary for 1974 Wheat
Scattering Experiment.



WHEAT GROUND TRUTH 1974
Soil  Moisture (g/cm3) % Plant ¢ Plant Height (m)
Moisture

Date N M F
May 21 0.37 0.37 0.36 72 0.90
May 27 0.40 0.40 0.40 70 0.96
May 31 0.29 0.31 0.31 69 0.96
June 6 0.31 0.32 0.35 53 0.96
June 10 0.36 0.36 0.36 52 0.96
June 12 0.35 0.35 0.35 50 0.96
June 17 0.18 0.19 0.20 32 0.96
June 21 0.32 0.33 0.31 13 0.84+
June 25 0.22 0.21 0.21 1T 0.32

* = wheat heads nodded

N = neor range sample

M = medium range sample

F = far range sample
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APPENDIX B: Wheat Scattering Coefficients, 1974,



Averaged Sigma0 Wheat, May 21, 1974

ANTENNA ANGLE 0 -

FREG 8.8 et 10.2 11,0 11,8 13,0 13.8 14.E 15.4 16,2 17.0
FOL Hh 0.1 -3.3 -2¢4 -2.:3 =2,2 -1.9 1.7 ~1.9 J43 ~1.5 -249
POL VYV =048 =5.2 =-3.,& ~1.2 0,7 =143 «3.0 =242 =07 =2.5 =2.7

ANTENNA ANGLE 10

FREQ 8.6 Qe 10,2 11.0 1148 13,0 13.8 14eB 15.4 1642 17.0

FoL _HHE 3.9 =Sl -6, 0 =7.1 ~7+E =“Ee7 “7T+1 =7+9 - .8 ’T.3__f9-5

FaL vy ~Be7 =10.0 ~10.3 8.1 -9,0 ~Ta5 ~3.0 =75 *5 .6 -3.3 ~8,.8
ANTENNA ANCLE 2¢

FREQ 3.¢ .4 18.2 11.0 11.8 13,10 13.8 14 .6 154 15.2 17.0

FOL Hk =9y =19.5 =-1f.8 -f.1 ~8.,9 =35 0.6 =104 ~8.,5 =-11.1 =-9,.8
FOL Vv =1247 =13+6 =11,2 -12.1 -12.1 ~-10.7 -311.3 -11.5 =134 =12.L -10.7

ANTENNA ANCLE 30

FREQ 846 9e4 10.2 11.0 11.8 13.C 13.8 14,6 15.4 16,2 17.0

POL HH =8.8 =12.4 =12.4 =11.6 =13.5 =13.0 =14.1 ~13.5 ~12.5 -14.8 =15,2
FOL VvV ~15s3 =153 =15,7 =1lel <1445 -134€ =134 -12.3 =134 =14.3 -13.0

ANTENNA ANGLE 40 ‘

FREQ R 9¢4 10.2 11,0 11.8 13,0 13.8 14.€ 15.4 16.2 17,0

FOL HH _ =12.2 =138 =fbs1 =13.9 ~14.5 =1449 =15.6 =1446 -14sh =16.7 =16.5

FOL vV =1%el ~1740 <1570 ~1£41 ~15,7 -15.c =15.2 =148 -15,4 -156.8 ~15,8

ANTENNA ANGLE 54

FREQ . B.6 9.6 10.2 11,0 11.8 13,0 13.8 14.6 15.4% 16.2 17.0

FOL ¢+ “1Ge0 =16.9 ~16e1 =142 =14,5 «15,3 =16,1 14,8 =15.3 ~16.7 =-16.6
FOL VvV =15.,7 «16,1 «1548 =15.9 «15.2 «14.7 «15.0 =14,.0 =15.1 ~15.5 =149

ANTENMNA ANGLE 64

FREQ 8.6 9sh 10,2 1140 11.8 43¢0 13¢8 14,6 15.4 16.2 17,0

FOL HF  =14.8 =168 =1544 =15.3 =15.4 -1446 ~15.3 =14.2 -14,3 ~15.,9 -16.0
FOL_ WV =156.G =16,1 =15,9 15,4 =15,7 =14,9 =1542 ~13.9 =15,1 =164 =15.7

ANTENNA ANGLE 70

FREQ 8.6 e84 10,2 11.0 11,8 13.0 13.83 14.6 15.4 15.2 17.0

FOL HE _ =1L.7 =15.6 =184% =1445 =15,4 =1447 =15,5 =15.0 =14.6 -16e1 =-15,7

POL VvV 21441 =152 +1540 =152 =14.6 =13,9 =161 -13.3 =14.5 =15.9 =14.1

CH%R}DNZUL‘P
AGE: it2
OF POOR Qg g



Averaged Sigma0  Wheat, May 27, 1974
ANTENNA ARGLE O
FREQ 846  9ub 1047 1140 1148 1340 13,8 1446 _ 154 16+2_ 17,0
FOL hk w241 =347 =2.% =1,2 04t =0.2 f41 1.1 0ot =0.7 -1,1
__FOL_ vV “1e1 =4e9 =148 =1.9 0.3 0,6 1,2 2.0 ___0B.6_=0.2 _ 0.1
ANTENNA ANGLE 10
FREQ Bs6  9ek 1042 11.0 21,8 13.0 13.8 1ue6 15.4 1642 1740
__EOL FE =743 +74f =7.7 =7.5_ -8s3 -B.0 =9,5 -8.,2 -7.4  =-2.9  -9.5
FOL WV “7vE “Be2 ~Bolh —10el <843 <7ufi -T2 =848 =746 ~8a0 =B.6
ANTENMA ANGLE 28 ‘
FREQ BeB  9ob 10,2 11,0 11.8 13,0 13.8 14.6 15.4 16.2 17.0
FOU BF =842 ~11e1 <8043 =Go7 <10.%k <1322 =10+3 <-9ab <32 =1let 1147 o
FOL WV =108,8 =11.3 -12.41 =10.7 =1048 =9.L =3.7 <8.8 <-9.9 =9,8 -10.0
ENTEUNS ANGLE 30 - T
__ERED BeB__ 9elt 10,2 11,0 1148 135 13.8 14,6 15.4 16,2 170
FOL BE  =10.0 ~11.1 ~11.5 =11.7 1243 =12.2 =12.7 =11.3 =11.0 ~12.1 -1240

_EoL vv

ANTENNA ANGLE &40

=11.7 =1248_=11,5 <212 -11.h =11,3 =13.41 =10.2 =10.3 =22.3 _ =11.3

" FREQ

BeB  Geh 10,2 1140 1148 13,0 13.8 14sE 1544 16.2 17,0
_FOL_ME. __ =12,2 -13,2 =12.7, =1646 15,0 _=16,5 =14,8_ ~14,2 =12.9_=15.4_«14,7 —
FOL VY =136 -1339 =13+5 =1642 1343 =13,& =16.0 <1247 =1343 =15.2 =1640
ANTENNA ANGLE 50 l
FREQ Be8  9uk 10,2 11.0 11.8 13.0 13.8 14.& 15.4 16.2 17.0
FOL ht  =15,2 =15.2 <1546 =15.7 ~1645 =1647 =17.6 ~15+8 =15+9 -16.8 ~15.9 __‘
FOL YV ~1842 =15,1 =16.2 =1642 =15.5 =15.1 =15.2 =14+3 <1647 =15.7 ~Lhek
"~ ANTENNA ANGLE 60
__EREQ Beb  9Qab 3042 $5e0 13.8 43,0 13.8_ 1b.E__15.4__ 1642 17.8
FOL kb =15.8 =17.4 =17,1 =165 =1647 =1741 =17.3 =15.7 =15.5 =17.0 =17.2

EOL WY 15,0 «16.0 =1546 =1£,8 =15.4 =f4st =15.9 =14, =15.7 ~16.4 =149
ANTENNE ANGLE 70

FREG Bab  9eb 1042 1140 1148 13.0 13,8 1he6 15,4 16,2 170

_FOL HE  -16,1 =16.9 ~1h,€ -15,2“;16Lﬂ_:15;inz;5.5_115.1_:15.1_:15,&_:1&,7

FOL Vv —i4e2 —15.,8 ~-15,3

1542 =150 =1L,

=14,7 =13.6 "1_3_.6 “14.6 «13.7

R

AL
031% op, @

Bgtlxm
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Averaged Sigma0

Wheat, May 31, 1974

ANTENNA ANGLE ¢

FREQ 8.8 O 10,2 11,0 1148 13,0 13,8 14,6 154 1642 170
FOL HH 0.  =3,2 =3,9 =3.9 =2.5 =~0s7 =04t =0utf 1.2 =1.0 =244
POL vV =140 =-2,9 =33 =2.4 =1.3 0.5 =0.6 1+ =045 =0,5 0.3
ANTENNA ANCLE 18
FREQ B.6 G4 10.2 11.0 11.8 13.0 13.8 14,6 15.4% 16,2 17.0
FOL HH =24l =% .5 «5H 43 il =5 . & -8 48 -7 4+9 -Hed =643 -B,_& L T
FOL vy =-3.8 =5.8 "'609 "E.u -T.a -Ta2 5.7 -B,.7 “Hha.5 =36 ~B.6H
ANTENNA ANGLE 28 .
FREQ 8e6 9.4 10.2 11,0 11.8 13.0 13.8 14.6 15.4 16.2 17,0
FOl HK¥ “Gal “84d =8 =G0 =2B2 7.7 =9,2 «B,?2 =6.6 =8.9 =9,1
POL wV «“1048 ~11.7 ~10,8 =-11,6 -Gef) -2 =-9,8 -3 .4 -9,.,5 ~-11,1 -19,4
ANTENNA ANGLE 30
FREQ 8.6 G.4 10.2 11,0 41.8 13.0 13.8 14.6 15.4 15,2 17,0
FOL HF =947 =9,7 =10.2 =10.8 =113 =11.7 ~12.7 =12.2 =1044 -12.2 =131
FOL VvV =1247 =1446 =1345 =12.9 12,8 ~12.6 ~13.5 «12.4 =1242 =13.7 =12.4
ANTENNA AKGLE 40
FREQ 8.6 Gelr 10,2 11,0 11.8 13.€ 1348 14,6 15.4 15.2 17.0
_FOL HE  -11.2 =-12,.B «12,E =-12,7 '13:2_:}“13“:4§:in:!i-4.113L?"?159?":15-3
FOL Vv =1542 =1B643F ~1E£.6 =1E46 =1645 =15.8 =15.7 =13+1 =15.,1 =16+5 =14.3
ANTENNA ANGLE 58
FREQ 84o 9.4 10.2 141.0 12.8 13.0 13.8 4.6 15.4 16,2 17,0
FOt HH =1l4.5 =15.3 «1S42 =1€.42 =174l ~1648 ~1Bal ~17.0 ~16.2 -18,8 =-18,.0
FOL vV =17¢6 +1849 =18+8 =18,6 ~183¢3 =174 =18.6 <1742 =18.0 =-19.0 =17.6
ANTENNA ANGLE 60
FREQ 8.6 9ol 10,2 141.80 11.8 13,0 13,8 1b,6 15.4 1642 17.0
FOL hH =171 =19.1 ~-19.3 ~1S.4 =20.,2 =18,7 =20 %] «~19.4 =-19,8 =21.0 =20.7
FOL VvV =19,0 -23.3 "29-3 ~19.8 =19.,A =12,1 '1606 ~18.,6 =-19.8 '23-8 "1500
ANTENNA ANGLE 70
FREG BB ek 10,2 11,0 11.8 13.0 13.8 14.€ ‘lioh 1642 17.0
FOL Hh  =1844 =19.4 =19.S «1S.6 =19.¢ 19,7 -21.3 =19.7 =20,3 =20.6 =17.9
FoL vy “1941 =2047 =2043 <155 +19:6 =18.4 -19.,4 =-18,1 ~19.3 ~19.9 ~-18.4
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Averaged Sigma0  Wheat, June 6, 1974

AMTENNA LAMGLE a . i -
FREQ 846 9.t 40e2 11,0 _ 1148 13,0 13,8 1h.6 15,4 16,2 17,0 _
FOL Kk 1.9 2.1 40 347 3.0 <-1.0 =2,8 <047 2.7 0.9 -0.2
FOL vV 202 049 3.2 2.3 3sd_ 3.2 _ 2.l 3ot __ 2.7 5.6 __ 188 _
ANTENNA ANGLE 10
FRER 846  Bah 104% 11.8 1148 1340 13.3 1L.€ 15.4 1€.2 17.8
FOL PF ~609 =88 6.5 =£,0 =10,1 11,5 =9.9 _ =8,5 -10.3 =11.1 =214 o

FOL vy =9k -11.5 ~12.7 <-%.3 ~13.4 -12.3 -$2.1 -10.6 ~-11.2 -12,9 =-11,2

e — ANTENNA AMGLE 20

FREQ 8.6 et 1042 11.0 1148 13.7 13,8 14.8 15.4 1.2 17419

FOL HH  =10e2 =1048 =843  =9,3 =8.7 =11.7 =12.5 <941 <944 ~11+0 -1242
FOL WV =15.3 +1447 =13.0 ~13.7 =1249 ~13.3 =13.9 =11,5 =12,3 =12.6 ~1243

ANTENNA ANGLE 30

o FREO______ 8+E__9ab _184%_11.0 11.8 __13.0__13.8._ 1446 15.4 16,2 _17.0

FOL HF  =18.9 =11,0 =12.,€ ~12.L =10.2 -1l.t =13.3 ~12.4 =5.9 -13,0 -13,2
e BOL YV =13.8_=15,6 =154 =10.b _=12.7 =13,5 _=14,4 -12,7 =13, =138 =182 _

ANTENNA ANGLE 40

FREGQ 8.6 ety 10.2 1140 $1.8 13.0 13.3 14.6 15.4 16,2 17.0

___FQL"rh___;j§L5_;1&:z_:1hgﬁ_“iﬁ-6_715L§,-1515,f15.a ~1h45 ~1441 =15.5 =160 .

FOL vy =1E.E& =17 42 =174t =175 ~17.1 =-16.2 =-17.] 1445 =15.,6 =17.3 =-15.5

ANTENNA ARGLE 50

FREG 8.6 Qe 10,2 11.0 11.8 13.0 13.8 1L.E 15.4 16.2 17.0

FOU FF <16s? <1L¢2 <1545 <1545 =16+ <1643 =17.2 =15at =15.5 <1649 =1648
FGL V¥V =15.6 =17.5 «17.0 ~164Q =1649 =16+5 1748 =15+6 =16e7 ~17.5 1642

ANTENNA ANGLE 60 -

—— FREQ.... . BeG . Se& 10,2 31,0 12,8 135 _ 13.8. 14.56 _15.4__16.2__17.0 —_

FOL bk =15.1 =15.7 +15.2 =1€.7 =159 ~17e3 =18.0 -17.0 =16.% =17.2 =173
FOL VY. =186 =167 =16,3. 71649 =15,7 =~15.3_~18.0 =1247 =13.2_ =17+3 ~16.1___

ANTENNA ANGLE 70

FREQ 8.6  Guh 1042 11.0 11.8 13,0 13.8 416.€ 15.4 1642 17,0

FOL HE - =f4,.7 =1B40 =15.8 =1€.4 =16.5 =15.,6 =17.9_~1€6.4 =16.3 =16.9 =17,3

FoL vv =13.9 ~15.5 ~1Be1 ~1€.2 -15.9 -153.3 =15.9 =14,3 ~14.9 =-15.9 =14,7
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Averaged Sigma0

Wheat, June 10, 1974

ANTENMNA ANCLE O

FREQ 8+6 9.4 10.2 110 1148 13.C 13,8 18.6 -15.4 16,2 17.0

FOL HH Lol 249  2eb 146 2¢€ 1.9 1.0 1.3 3,8 2.4 O

FOL_VV Bol _ 3e6 3ad 2.7 414G 2.9 3.3 3,8 ha7 2.2 1.6
ANTENNA ANGLE 10

FREQ B.€E  Geh 10,2 11.0 11,8 13.0 13.8 1he6 1544 16a2 1740

FOL hk “5e1 =7ed 7.7 =8.0 ~7+f 740 =9.6 =8.1 €45 =746 =-9.1

FOL Vv S5Ee3 =6+5 =841 =8¢5 =B+8 =B.3 ~8.4 <-fiel =B8+2 =9.3 =3,9
ANTENNA ANGLE 20

FREQ B+6  9Geh 1842 11.0 11.8 13.0 13.8 14.6 15,4 1642 1748

FOL HF “846 -0o5 =950 =8.2 =848 =76 =842 -8B4+5 -T.6 =942 =10.1

FOL YV =11.4 =118 =1849 =11.9 =-11,3 =11.3 ~10.6 -1Cs7 =104 ~13.5 -11.4
ANTENNA ARGLE 30

FREQ Be€ 948 10,2 11,0 11,8 13,0 13.8 1446 15.4 1642 1740

FOL HE 9.4 =10+0 =9.1 =9.4 =17,8 =11.1 =11.1 =10.2 =10.2 -11.7 ~11,1

FOL_VV  -13,1 =13.8 =12.5 -12.9 -13,5 =12.9 =13,0 =12.4 =12,3 =13.2 =134
AKTENNA ANGLE &0

FREQ 846  Gub 1042 11.0 1148 13+C 13.8 1.6 15.4 16.2 17,0

POL_HH  =11.0 =12.8 =12.6

=12.08 =13.1 =-12,7 =13.2 <1243 -12.0 -1beb =14.6

FOL WV =143 =158 1541 =1€43 «15.6 =1k ef =1544 =140 =15.1 =1640 ~1540
ANTEMNA ANGLE 50

FREQ 8e6 944 10.2 11.0 11.8 13.0 13.8 1446 15,4 16,2 17.0

FOL Hbh 12,0 =128 =127 =12,9 =14,2 =13.4 1546 =14+6 =1446 -ibeh =1645

FOL ¥V =15.3 =16.7 -1€.5 -1€+0 =16,7 =165 ~16.5 =15.6 -1641 -17.4 =16,3
ANTENNA ANGLE 68

FREQ 846 946 1042 13,0 21.8 13,0 13.8_ 1b4.€ 15.4 1642 1740

FOL KR =13.1 =14.0 =14.5 =143 =15,3 =15,6 =1646 =160 =148 =17.1 -17.6

FOL WV =15,2 =17,7 =173 ~17els =1742 =149 =171 -16.2 =16+5 =18+2 =175
ANTENNA ANGLE 70

FREQ 8e6 9Qof 10,2 11,0 11.8 13.0 1348 1he6 15.4 1642 1740

FOL HF  =124G =13.8 =16,5 =14.7 =15.5 ~15.6 16,8 =15.,7 ~15.6 -17.1 =17.6

FOL VW  ~13.4 -15,9 ~1547 ~16eL ~1645 <1549 <1548 =15e0 =155 =17a1 ~15.7
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Averaged Sigma0 Wheat, June 12, 1974

ANTEHNA ARGLE ©

FREQ 8465 . 94 10s42 21,0 11,8 13.0__13.8 14,6 154 _15.2 170
FOL FF 4ot - 5.2 4,2 2.8 1.7 1.2 2.1 3.0 1.7 0.7
__FOL vV .6 5.5 . B.E b5 b8 2 1.1 1.6 223,042 _~0.4
ANTENNA ANGLE 10
FREQ .8 el 1042 11.0 11.8 13.0 13.8 14,6 15.4 16.2 17.0
_._FOL_¥H “hel =Be0 L€ =S,8 7.1 =7s8 =Bs7 =Tl =347 __-7s6__ =941 __

FOL UV ‘S-Llr '7.1 "?.3 ‘?-5 '6-? "'3.2 “8.2 '7.9 '60"3 -?.? -808

ANTENNA_ANGLE 20

FREQ 8.t 9,4 $10.2 11.0 11.8 13.0 13.8 14 .0 15 .4 18,2 1?-0
FOL HR <7V E =74l =7e8 <7.6 <748 <Ee3 <TeB <843 -~6s8 -8.3 =8.84 -
FOL vy “9et =11el =104l =11.6 ~B4Q =9,5 =0,0 =5,8 =8,4 =G.3 =10.1

ANTENNA ANGLE 30

FREQ 846 _Gef 10,2 11,0 11.8 13,0  13.3 14.E 15,4 1642 17,0

FOL k¢ -85 =9.7 ~9.1 7 =18,9 -9.9. -11,2 -10.1 =9.3 -12.3 -12.1
. FOL WV =12.7 ~13.1 =11.7 -11 9. 7123 =124t =12.3_-11.6_ -11+9_~=13.3_=-11.9

ANTENNA ANGLE 40

FREQ 8e5  Job 10,2 11.0 21,8 12.0 13.8 1Le€ 15.4 162 17.0

—EOL HE___ =10.4
FOL VvV -12,4 =%

9 -19,4 =10,8 =fl.t% =11.5 =12.1 =12.0 -16.9 ~13.8 =13.3
B +134€ =128 =1245 =12.7 =12.9 =12.6 -12ek ~14.5 -12.8

ENTENNA_ANGLE S0

- FREQ 8.6 9«4 10.2 21.0 11.8 313.0 13.8 14.6 15.4 16.2 17.9

FOL HF  =11,Q =11.5 <1241 =12.3 =130 =12+7 ~14.5 =13.3 <1344 -16.6 =14.7
FOL VYV =11,8 +1342 =1341 13,7 =12.7 +12¢3 <1248 =318 ~12+€ ~13.8 =130

ANTENNA ANGLE 60

ERER 8.6 9 10,2 11,0 __ 11,8 13,0 _13.8_ _14.E__ 15,4 16,2 17,0

FOL hF “32.5 =134 -13.. -13 G =14,8 =15.0 —15.9 ~1b.€ =-l4.4% -15.6 -15.9
e BOL_VV ___ =1042 =12.5 -12.7 =13,5 =13¢5 =12.€ =12.9 =120 -12.7 =ius0 -12.9

ANTENNA AKGLE 70

FREQ BaB 9ol 10,2 1140 1148 13.C 1348 1446 15+%4 16e2 1740

__BOLHE 13,1 =13.6 7145 =13a9_21645.-16a7 ~15.3.-14.6 71443 ~15.6 .=15.6
FOU WV =946 1128 <1242 ~1247 <1207 =12.3 =12.5 =11.7 =11.6 =1%.1 =11.9
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Averaged Sigma0

- Wheat,

June 17, 1974

ANTENNA ANGLE 4@

FREG 8,6  9efh 1042 11,0 11,8 1340 13,8 1646 15.4 1B.2 17.0
FOL hF 745 640 4, 2.8 2.5  f.t. 1.1 2 2.6 2.5 2.4
FOL YV G4 7.7 B.7 3.8, 2.7 2,7 2.7 ho3 45,2 3.9 L6
ANTENNA ANGLE 140 '
FREQ Ba6  Gels 10,2 11,0 11.8 13,0 13,8° 1h,€ 15.4 1E.2 17.0
FOL _HE 208 2,9 =3.G" =241 =8,b <bLo€ =5.8 -HsB8 =5.9 '-6.8 -7.2
FOL vy '3-7 “'5.6 "5.6 -5-2 4.3 -5.5 ~Q.8 -7.0 "6.2 -7.8 "’5!3
ANTENNA ANGLE 20
FREQ 846 9uf 10.2 11,0 1148 13,0 13.8 14,6 15,4 16.2 17.0
FOL HH -9.h -8-8 '6-5 ".01 "909 '3-3 -83.1 ‘905 -B.SU-...6 '19.5
FOL vy ~942 =11,5 «10,4 =11, =10,€ =S,8 «3,& =10,0 =9.1 210.3 ~10.90
T ZNTENNA LKGLE 30
FREQ Beb 9.4 10,2 11,0 11.8 13.0 13.8 14,6 15,4 16.2 17,0
FOL HE «104f =11.3 -9, 4 -‘5-2 "10.!'! -glﬁ ~-1i.8 ~11+2 -9-0 -11.2 -9.7
FO_I_. vv -12.0 '13.5 ‘11-1 "12-? '11.2 '1_?_.“ '12._‘_1__-_;1_0_1_‘_‘_110_d__:_1.2|9 '12.5
ANTENNA ANGLE b0
FREQ BaB  QGalb 10.2 110 1148 13,0 13.8 1lbeb 154 1642 170
FOL _kF “10+8 =11e7 -10+8 =10+3 =1042_=10.5 ~11.8 =10s1 =10.7 -12.9 -12.8
FOL VvV =118 +12.9 =12.0 =120 =11.3 =11.2 =11.9 =11.2 =115 =12.4 =11.4
AMTENNA ANGLE 50
FREQ 8.8 9t 10,2 11.0 11.8 13,0 1348 14.6 15.4 16.2 1740
FOL kT 1242 =11,0 =134% =112 =138 =11,7 =13.1 -12.2 -12.1 ~=14,1 =13.6
FOL vv 1248 ~13.7 =12.,8 =128 =12,2 =126 =12.7 =126 =-12.7 =14,0 -13.0
ANTENNA ANGLE &0
FREQ BB 9 ey, 19.2 1100 11,8 __1_,_9'3 13.8 1“.6 15.‘-& 1502 17.0
FOL Hbk ~1Z24G =12.5 12,4 -12.1 =12.0 =12.8 =184.0 12,6 =12,3 ~14.,2 =15,0
FOL VvV ~12e4 =138 =12,3 ~12,6 1243 -11.8 -12.1 "=12,4 =12.8 =1442 <1340
ANTENNA ANGLE 70
ERECG 8¢5  Falhh 1022 11e0 11eB 13.8 13+8 1dbeb 154 16.2. 170
FOL KH ~13.8 ~1344 =1341 -12.7 -13.1 ~13.L -14,9 =142 =14,1 =15,2 =16.1
FOL V\f "11-" -11'9 "11-2 '10n9| "11." -"11.1" -11;9 "11.4 --11-10 ‘-13-5 "12-5
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Averaged Sigma0

Wheat, June 21, 1974

ANTENNA ANGLE 0 -
FREQG BB Gen 1642 11.0  £1.8  13.0 13.8  14.6 . 15+h.. 16.2..17.0 -
FOL HF 9.5 Bu4 840 5,1 Bl TeB  B.1 9.0 18.1 9.7 8.3
FOL_VV 1004 10,3 1048 7.7 8,9 9et 8.5 9.3 __ 940 _ _7eA___ 542
ANTENNA ANGLE 10
FREQ Bet Gl 1042 14.0 1148 1340 1348 1Le6 15.4 1642 17480
FOL kE =leli =lat 42 1,8 =1el =1.5 0.2 =2.9_ 14 =11 =2.2
FOL VvV Be  “Bab =lel =-048 0, 105 243 =042 046 ~Tu1 <0.2
ANTEMNA ANGLE 28
FREQ B¢  9uh 10,2 11,0 11,8 13.¢ 13.8 1ke6 15.4 16.2 17.0
FOL hH “4.8 3.0 <341 +2.3 <=2.5 -3,7 =346 =346 <=Da7 5.5 ~3.9
FOL VV =843 =B.2 =~3.5 =3.2 =345 =3.5 =341 =2.h ~2.3 =3.3 =443
T T ENTENNA ANGLE 30 __ - T -
FREQ .5 9.4 10,2 11,0 118 23.L 313.8 _1i4.,6 15,4 16,2 17.0 ...
FOL HF ~Ba5 =849 =7.C =5.6 =Bah <E.Q 7ol =5.3 =4.7 =£.9 =8.4

e EOL VNV =9e3 <-8e8  =8s1 =742 Baf _=T.0

ANTENNA ANGLE 40

w72 _TBalt 5.2 __=Teh =T

FREQ EWE G ls 10.2 11.0 11.8 13,0 13.8 14.6 1S54 16.2 17.0

L FOL BB __s11,3. 9.4 _ =94k ~B8.8__ w847 . ~TeB _~Bul__ ~7e3 _ 70 ~933._=%eb_ __________
FOL VvV “9,8 =948 8.8 8.9 7.8 =80 =7,2 <Teb ~-Be5 ~9.1 <-B.1 :

—— _AKTENNA_ENGLE S50 - -
FREQ Bab 954 10,2 11,8 11.8 13,0 13,8 14.6 15,4 16.2 17,0
FOL b =11.4 =1146 104G =C0Q ~10s€ ~Gef =10.5 =942 =946 =111 ~1140
FOL YV  -104F =108.2 <-9,3 =104 =0,€ =849 =9.&% =849 =9,9 ~10.8 ~9,9

ANMTENNA ANCLE B0

— FREQ . Befh  Geb 10,2 I1.8 118 _ 13,0 _13.8..15.6._15.9.___16.2 A7.0

FOL HH
EOL_ V¥

~13.3 -13.0 =-11.8 ~12.0 -11.2 ~-11.8

ANTENNA ANGLE 70

-12.0 -10.9 -11.4 -13,0

FREQ 8.6 9.4 10.2 11.0 11,8 13.0

FOL kb
FOL vV

*12+S ~12.,6 ~11.,8 ~10.8 =-10..7 =9,

13.8

-10.7

16,6 1544 16.2

=8+ =-9.9 -17.1

=12.6

11 .8 =11.8 -11.5 =11,5 =11.2 -10.2 =10.5 <10.2 10,4 212.7 =10.8

17.0

-9.9
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Averaged Sigma0

Wheéat Stubble, June 25, 1974

ANTENNA ANGLE 0

FREQ 8.6 Q.4 10,7 11.0 21,8 13.0 13.8° 1.6 15,4 16,2 17.8

FOL HH 742 642  Be? 6.5 TeS. Ba 7.5 Bk Ba8 5,3 4.5

FOL VvV 8.5 7ab 7.5 7.3 8.6 Q.1 8.5 7.1 63 beB 5.4
ANTENNA ANGLE 10

FREG 8.8 Q.4 "10e2 11.0 11,8 13.0 13.8 1L.E 15.4 16.2 17.0

FPL HE =-1.0 =240 -1.7 0.9 —l].1__-_ﬁ_._g__-__?_._:o__-_t_:z__:_1_.1__7_3-6 "1&_:’4

FOL \W 1|3 "1-1 -ucli "102 002 1.3 0.1 1.0 '0.5 '3.1 '3.0

_ENTENNA ANGLE 20

FREQ 846 el 1042 11.0 11,8 13,0 "13.8 1L.E 15.4 16.2 1L17.0

FGL HH ~h o B "300 -0 0 -€el '5.7 5.8 '6.9 "6-1 -5 .0 -5.0 -5-1

FOL Vv ~7el -7.1 "6.& ~65+9 -Bek "‘t-c.' -5,5 =547 -7 ~65e3 "Bll
ANTENNA ANGLE 30

FREQ 8.€ 9.4 10,2 11.0 11.8B 13.0 13,8 14.€ 15.4 16.2 17.0

FOL HH “94h4  =8,3 ~847 =748 «7,7 <T.L «7.0 =646 <747 =7+l -8,6

FQL___VV _:__8_.’4 -~3,9 - a3 =241 -7l -5 4 =1 !_9 "‘5_._&___:@_.‘! =80 -Hsls
ANTENNA ANGLE 49

FREQ B46 ey 1042 11.0 11,8 13,0 13.8 145.6 15.4 16,2 17.0

FOL _HE “1140  _<Se7 1048 =947 =947 <842 =848 ~Te5__=Te8 =96 =91 _

FOL (A" -11.3 '1003- "9-3 "‘906 -3 ,2 -B.1 -Sels "7.2 =7ad ~9,3 -B42
ANTENNA ANGLE 58

FREQ 846 94 1042 1140 1148 13.0 13.8 14¢6 154 162 17 .0

FOL HE =134€ =1249 =123 “1049 =108 =110 =313 -10+E =100 =11.,3 -12.0

FOL VvV 1301 =13.4 =11,8 =1140 =104k =948 =9.9 =9,4 =~9,7 =-11.1 ~-10,.8
ANTENNA AMGLE &8 -

FREQ B.E et 10,2 11,0 11,8 130 1348 14,6 15,4 1642 178

FOL HF =12+8 =13+1 12,4 =11,6 ~11.€ -11.5 ~-12.6 =-12.3 -11.4 -13.2 -13.1

FOEL vV #1228 =13.6 -11.8 =11.4 =10,7 «10,5 —1042 =103 -10e3 ~11.5 ~-10.7
ANTENNA ANCLE 70

FREQ 8:6- Gueh 10,2 11.0 11,8 13.C 13.8 145 “15.4 16,2 17.0

FOL HH wilyg =1645 =144l <124 =13,2 =13,% =14 .5 -13g%w5121§“:lklﬁ_:l#|5

FOL vv =13e1 =1342 127 ~1242 ~10e8 =109 =10.8 =10.2 -11,9 ~12.4 =~12.0
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