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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 0, the radar back

scattering coefficient, is sensitive to both radar system parameters and crop charac

teristics particularly at incidence angles near nadir. Linear regression analyses of 

co (dB) on both time and plant moisture content result in rather good correlation, as 

high as 0.9, with the slope of these regression lines 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 a0 (real units) it is found that o 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 mancging our 

food resources certain remote sensing techniques have been implemented. At the 

present time 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 remote 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 backscdttering properties of certain 

agricultural targets as a function of both radar parameters and target characteristics 

in hopes of using c 0 , the radar scattering coefficient, as a target identifier and as 

an aid in estimating, pertinent target properties. For a discussion of the relationship 

between target properties, system parameters and the measured backscatter the 

reader is referred to Ulcby [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 not seem 

to represent a proportionate part of the domestic research in the remote sensing of 

croplands. Duting 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 properties. This report presents the results of the experiment 
which inditate a promising future for monitoring wheat growth with tadar. 

2.0 MEASUREMENT PROCEDURE 

2.1 The MAS 8-18 

The radar used in this study, the MAS 8-18 Microwave Active Spectrometer, 

8-18 GHz), is a modified version of the mobile truck-mounted spectrometer desciribed 

by Bush and Ulaby 1101. The modifications include minor antepna changes,* improved 



IF filtering and the use of isolators for reflection reduction. All modifications 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 to 800 MHz. Table I 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 00 (nadir) to 700 in 10 increments. These measure

ments were made at 11 frequencies in the 8-18 GHz range of the instrument.
 

Because of its FM character, the system inherently provided fading reduction 

by averaging in the frequency domain [11-141. However, due to its limited resolution 

cell size it was felt that spatial averaging was also necessary. Thus, an average of 

17 spatially independent measurements were made at 00 with the number of spatial
 

measutements decreasing to 12 at 700 . The criterion for reducing the number of
 

spatial measurements made at the larger angles was based on the fact that with a
 

panchromatic system, return power variance decreases with incidence. angle [12

141. 

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 penetration. 

The dielectric properties of several vegetation types have been measured as a 

function of plant moisture content by Carlson [15] at X-band. His results indicate 

that vegetation with 40% moisture content, (the average wheat moisture over the 

observation period) has a relative complex dielectric constant of approximately
 

E= 12.5 - j5.0. A wheat field however is a mixture of dielectrics (air and
 

vegetation) 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
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TABLE 1.
 

MAS 8-18 System Specifications
 

Type FM-CW 

Modulating Waveform Triangular 

Frequency Range 8-18 GHz 
FM sweep: Af 800 MHz, 

Transmitter Power 10 dBrn (10 mrW) 
Intermediate Frequency 50 kHz 

IF Bandwidth 10.0 kHz 

Antennas 

Height above ground 26 m 
Reflector diameter 61 cm 

Feeds Cavity backed;" log-periodic 
Polarization Horizontal transmit-Horizontal receive (HH) 

Vertical transmit-Vertical receive (VV) 
Incidence Angle Range 00(nadir)-80° 

Calibration: -
Internal Delay Line 

External Luneberg Lens 
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3 m31.0 m of free space is approximately 0.1 . Thus as a very crude approximation 
the average effective dielectric constant of the wheat-free space mixture was taken 

to be
 

Eeff I 0.9
0.1EW+ 

= 2.15-j0.5 

where Ew is the relative dielectric constant of wheat and the relative dielecttic 
constant of free space is taken as 1.0. Making use of ceffthe 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 it is possible to 
estimate the frequency spacing between two independent samples of the radar return 
[12] according to the equation: 

MdAf= d 150 MHz 

where D is the target extent measured radially from the radar antenna. By dividing 
the system RF bandwidth, 800 MHz, by Afd, 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 total number of independent samples of the 
radar return after averaging. Table 2 presents 90% confidence intervals for the 
backscattering coefficient do calculated using this approach. 

3.0 GROUND TRUTH 

Although described by Cihlar [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 

- To determine the effects of soil moisture on a0 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 scatterin,' monro.....c 
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TABLE 2. 

Number of Spatially Discrete Measurements 
with 90% Confidence Intervals of c-O(db) 

of Wheat 

Number of Spatially 90% Confidence 
Incidence Angle Independent Measurements Intervals (dB) 

00 17 	 +1.8 

-2.0 
° 
10 16 +1.8 

-2.0 

200 15 +1.1 

-1.3
 

300 14 +.93 

-1.1 

400 13 +0.774 

-0.774 

500 12 +0.622 

-0.622 

600 12 +0.457 

-0.457
 

700 	 12 +0.403 

-0.403
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made at 0,10V and 2V, locations 2 correspond to 300,400 and 500 while locations 3 
correspond to 600 and 700. At each location samples were taken at various depths
(0-1 cm, 1-2 cm, 2-5 cm, 5-9 cm and 9-15 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 volumetric-basis having units of gm/cm3. Itshould be noted that the measurement 
period (May 21-June 25) was characterized by a high mean soil moisture (0.317 gm/cm ) 
wth ovirom. 1-h- k.eing 0.40 gm/cm and 0.20 gm/cm 

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 to collect such data. During 
each measurement period, wheat samples were obtained and processed to determine the
 
plant 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 will be used in the discussions of the data 
presented. 

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 somewhat constant with time (May 21-31 and June 6-12). The 
second "plateau" in the plant moisture curve may have been caused by the heavy pre
cipitation recorded during 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 wheatthere are certainly other 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. 

6 



4.0 DISCUSSION OF RESULTS 

Blecaose ofthe"quanity of multi-dimensional data gathered during the course of 
the experiment it is not at this time possible to discuss all of it. Rather, only a represent
ative portion will be presented in the body of this report with the remainder of the data 
made available in the appendices. 

4.1 Temporal Variations of C 

0 
a , the radar scattering coefficient, is generally a function of the geometric 

and dielectric properties of the target of interest. Any variation of these target pro
perties will normally be reflected as a change in O0 . Thus, if radar is to be, useful as 
a tool in estimating, crop maturity it must somehow respond with a reasonable degree of 
sensitivity to the geometrical and electrical variations a plant undergoes during its matu
ration process. Among the geometric changes in wheat may be variations in plant height, 
leafstructure 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 cr are a function of crop characteristics, we should also bear in mind that 
these plant characteristics are in turn dependent on the passage of time. Therefore, this 
first section on temporal variations of ao will serve, among other purposes,, to introduce 
the reader to the general trends in the variations of the scattering data. 

Figures 3a through 3d present the variations of go with time at an incidence 
ange of.00 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 and o on time with the number of days after May 21 being the 
independent variable. Shown are the estimated. correlation coefficients,oHdB d y rtHT ande rt,c s aun t . b andt (h v n 
the slopes of the regression lines MtH and M'4, (havingunitsof dB/day). The abscissa
scale is frequency in GHz. It should be noted that all regression analyses presented in this 
report exclude the data set taken on June25 since it was taken after harvest. -

As a general observation it is immediately apparent that-the radar is resppnding 
to the physiological and morphological changes which occurred during the final month 
of ripening of the wheat. At 8.6 and 9.4 GHz 0 and o both show an almost linear 
variation with time. At 13.0 and 17.0 GHz however this linear response is not quite as 
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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, rtH and rt, the estimated correlation coefficients of 
a°H and aov on time shbw a decreasing trend with frequency from approximately 0.95 
at 8.6 GHz to about'O.85 at 17.0 GHz. This is in; agreement with our earlier, more 
general observation, that the "linearity'; of the variations of a with time undergo a 
certain amount of degradation as frequency is increased. Certainly, however, rtH and 
rtV remain quite high across the 8-18 GHz band. 

Of equal importance to rH and rV are MtH and MV. These values"tepresent 
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 a to temporal changes is small. The response of 
of M t and MV to-frequency (Figure 3 e) shows a very interesting phenomenon near 

9.4GHz. At this frequency Mt behaves in a somewhat "resonant" manner with MV 
being more pronounced than MtH. This suggests that at 9;4 GHz thereexists 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 certainly appears to merit a considerable amount of future thought and in
vestigation. At frequencies above 11.8 GHz the curves depicting Mt and MV appear 
to be practically frequency and polarization independent. 

Aside from the "resonant" phenomenon occurring at 9.4 GHz, the general 
increasing trend of C0 is also quite difficult 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 explanati6n cah be discarded. A 
decreasing dielectric constant does, however, imply decreasing attenuation within the 
vegetation canopy. This decrease in attenuation within the vegetation canopy would 
then allow the radar to "see" more of the generally wet underlying soil causing an 

increasing a . Although this may be a partial explanation of the iphenomenorn 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 increasd in orV 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 not seem likely that either the "resonance" phenomenon, or polarization depen
dence at 9.4 GHz would result from soil conditions, alone. Also, the difference in 

8
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M"H and AV'indicafes'a preferred target geometry. Visual inspectior of'the soil 
surface -indicates-none while the wheat itself does. The wheat was sown in rows spaced 

25 cn apart such that at 00 incidence the, wheat rows: were oriented patallel to the E 

field'6f a horizontally polarized signal (see Figure 4a). 'At a groundrange of-5;3"meters 

(coriesponding approximately to 100 ihcidence) the direction bf the "wheat rows changed 
by-900 such that the tow - E field orientation was similar to that shown inFigure 4b. 
At incidence angles greater than 100 the rows were perpendicular t'o the'E field of a 

horiz6rtally polarized sigral (Figure 4c). 

Figures 5a-e pres'ent data collected in d manner-identical to that presented in 
Figures 3a-e except the incidence angle is now 300. It is immediately obvids that 

this daft contrasts sharply with the data collected at nadir. 'We begin'by noting the 

lack of any peaking in the Mt (Figute'5e) curves although it does appear'that Mt bnd" 
 "
Mt-, t..
M'4tr6de roles with M *being generally higher than M. Perhaps more striking, 

I- thowever, is:the response" of the correlation coefficients rH and rV. At 8.6 GHz we 

note that'rH icdioates nearly nd consistent trends of 0 with' time although r has aY
value of 0.675. However, a small increase in frequency to 9.4 GHz causes r H to in

crease to'0.65 whi le r t"remains nearly constant. This again suggests that the choice 
of frequency in 6'rather small band around 9.4 GHz may be critical in studying the 

temporal S'aHations of the scattering pr6perties bf wheat. As we further increase frequency 

to valiies'above 9.4 GHz we note a marked separation in rt and rt wifih rtH being con

sistently iigher. This is in contrast to ihe 00 correlation coefficients which showed 

practical ly'no polarization'dependence at frequencies highr than 11.8 GHz. -' 

Again it is very difficult to even qualitafively explain this behavior adequately 

although it should be restated that the row - E field orientati6n has now, at,300, changed 

from that of the 00 data. Let us, however, reconsider the argument that the- tadar is 

responding to changes in plant attenuation. As a rough estimafe of the amount of loss 

expected through the wheat we might use the measured value-of de Loor [171 Whose 

data.indicatethat approximately 12.5 dB total attenuation 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 
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Mt is less at 300 than at 00 we see practically no dependence of Mt on frequency 

above 11.0 GHz. these data also seem consistent with data presented by Lundien 

118] who measured wheat at X-band for various plant heights. His data indicate 

a large degree of plant canopy attenuation at 00. For a 8.9 cm stand of wheat he 

measured a scattering coefficient of 1.9 dB in contrast to -15.6 dB for a 73.7 cm 

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 p'arametets (height, 

thickness, moisture content, etc.) 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 results in a masking of underlying soil 

effects. 
° Figures 6a-e and 7a-e present the variations of c with time along with linear 

regression results for 50 and 700data. At both angles we note that neither r H' 
rtV or MtH1 Mtv show iuch frequency dependence although there still seems to be 

some polarization dependence. This can be observed by the relative values of the 

correlation curves at 500 and 700. At 500 we can see that rtH is consistbntly highe 

while at 700 they are generally closeto one another across the 8-18 GHz band. 

Again, it can be argued that at 500 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 Mt curves. Although we do observe a small decrease in 

MtH and Mv/as the incidence angle increases from 500 to 700 it is certainly not as great 

as one might expect, even at the upper end of the frequency band. Another possible 

mechanism responsible for the general increasing trend of o with lime is that of changing 

target geometry as the plants matured. A discussion.of this mechanism will be deferred, 

however, to a later section. 

4.2 Rate of Change of a 

In the preceding section it was noted that the ability to monitor the ripening 

process of wheat was greatly influenced by the 6hoice of radar parameters; namely 

frequency, polarization and incidence angle.. In this section a second approach to 

monitoring wheat growth will be~discussed. While this approachlappears to be less 

sensitive to system parameters it is not intended 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 observation period. Rathe'r, 

the plant 'moisture sometimes remained nearly constant while at other i'imes is-decreased 

rapidly within a few days. Thus the question may be raised as to how the rdte of change 

of CFO varied during the observatiof period. 

To answer this question the following procedure was followed. For each two 
° consecutive data sets the average rate of change of o between those sets was calculated. 

To increase the sensitivity of these calculations'all 'values of ao w~re'converted from dB 

to real values. Thus as an example the rate of change of g0 between May 21 and 

May 2-7 was calculated as follows. At 9.4GHz, 00, HH polarization
0 0 

SH - 6 days HI -0.04/dayH H2-

Some results of this analysis are shown below in Figures 8a-81. Different 

ordinate scales were used in these figures (8a-81) so that the 'relative variations of 

S can be seen more clearly. The abscissa values represent the dote midway between 

the-dates on which the two data sets of interest were taken. For example the value 

plotted as point May 24 represents the slopes of the line between sets taken 6n 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 00, 100, 200 

and 300 respectively. 'These curves seem'representative of all frequencies from 

8-18 GHz and all angles from 00 to 300. They are not necessarily representative of 
all data at angles greater than 300 although the trends observed between 00 and 300 

usually persisted to 400 or 500. 

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 particular interest are June 19 and 

23, for these, represent the rate of change of 0 shortly before and shortly after 

harvest. Before harvest (June 19) S increases sharply from its value on June, 14 

whilLe S decreases even more markedly after harvest (June 23). It is also noted that 

these changes in S are greater for vertical polarization. Similar trends are observed 

at 100, 200 and 300 (Figures 8b-d) although SH shows a sharper increase at 200 on 

June 19 than SV . 
11 



This effect is much more apparent in the 13.0 GHf data (Figures 8e-h), 
particularly at 0° incidence. From this figure it isseen that the variation of o 
from day to day was apparently quite small until it was ready for harvest. During 
the days shortly prior to harvest, a0 shows an extreme dependence on the passage of 
time, particularly a°V . 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 (100, 200 and 300) although-the trend'is still clearly discermable. 

Data at 17 GHz (Figures 8i-) again exhibit similar trends. In general, 
data at all frequencies from 8-18 GHz and atangles between 00 and 300 indicate 
that the variations of SV are much more pronounced than SH before and after harvest 
Thus, it appears if wheat fields are monitored by, radar on a regular basjs, that the 
time rate of change of a0 will show a sharp increase prior to harvest followed by 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 for 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 go. Thus it would not be necessary to 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 calibratioh of a calibrated system if such a system is used. 

4.3 Variations ot a- With Plant Moisture 

In section 4.1 we considered two possible causes of the increasing trend of r0 

with time. The first consideration was that the changes in plant water content (and 
thus dielectric constant) are directly responsible for the variations in o . This argument 
has been discarded since a increases as plant moisture decreashs Which does not seem 
at all plausible0 The second consideration is that a is increasing as the radar signals are 
better able to penetrate the vegetation canopy as the plant moisture decreases. This 
argument has not yet been discarded although apparent inconsistencies have been discussed. 
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Variations of e with plant moisture seem to provide additibnal information. 

The reader should bear in mind that the variables, time and plant moisture, are by 

no means independent as can be seen from Figure I. A consideration of plant moisture 

as a variable can however, provide some insight into the phenomena being observed. 

Consider first Figures 9a-d where a has been plotted versus plant moisture for 

an incidence angle of 00 at four frequencies, 8.6, 9.4, 13.0 and 17.0 GHz. Again 

the data set taken after harvest has been excluded from all regression analysis although 

the point is shown with the rest of the data. Figure 9e presents results of a linear re

gIression analysis of ao on plant moisture. It is interesting to compare the correlation 

coefficients obtained by regressing o on plant moisture to those obtained by regressing 

a on time. Comparing Figures 9e and 3e we see that irPI [rIl as a general rule. 

This is certainly not surprising since the passage of time does not necessarily imply that 

the wheat is maturing whereas consistently decreasing plant moisture usually does imply 

a maturi'ng crop. It should be noted, however, that the trends of rt and rp , Mt and Mp 

with frequency are very comparable at 00 which again implies a strong dependence of 

plant moisture on time. 

Again after harvest, (plant moisture = 11%), go shows an interesting trend as 

noted in section 4.2. We can see that at 00, ao 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 

a9 , we should certainly consider the normal morphological changes the wheat undergoes 

during its ripening stages. Certainly these variations will not be as rapid and gross as 

those caused byharvest but they bear consideration. We begin by noting (Figure 1) that 

from, June 6 through June 12 neither plant nor soil moisture varied to a significant degree. 

Plant moisture varied only 3.5 units (around 50/)while soil-moisture varied 0.02 gnV' 

cm3 . Thus, for all practical purposes we can consider both plant and 'soil moisture 

constant during this time. Since the electrical properties of the target were fairly con

stant over this period, a change in a would probably imply a change in plant geometry. 

At b) (Figure '9a-'d), data at the four frequencies undet consideration all show variations 

in this region. The 9.4 GHz data, however, is the only frequency where a consistent 

increase in a0. is noted during the period from June 6 through June 12, the period where 

plant and soil moisture were fairly constant. Similarly at large angles of incidence 
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0
(Figures 10-12) a general trend for O to increase during the June 6-12 period isnoted. 
Thus it may be the case that these variations are due to 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 a 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" to the scatterometer. 
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 a 
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 

a °the linear regressions of on plant moisture alone yielded reasonable correlations it is 
not necessarily 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
taneously occurring during maturation. Changes in plant morphology should certainly 
be included as one of these processes although it is more difficult to quantify than plant 
moisture. 

4.4 A Further Regression Analysis of Oon Plant Moisture 

The customary choice of dB units to express a 0 , is-usually for convenience 

since, ao 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 a° (real units) purely in terms of 
plant moisture. Our discussion in the previous section indicated that linear regression 
analysis of ao (clB) on plant moisture generally provided quite satisfactory results. 
Hence, it was decided to express the dependence of ao (real units) on plant moisture 
in the form of an exponential: 

A 
(To = A exp (B • M ) [real units] 

whereA and B are constants (for a given frequency-angle-polarization combination) 
and M is plant moisture in % by wet weight. Using the measured co (real units) and 
Mp values, an exponential regression equation was generated for each combination of 
sensor parameters. Again 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° 300, 500 cnd 700. At 00 we note that B, the coefficient of Mp, has approx

mately the same value for both polarizations, whereas at the other incidence angles 

Bvis always larger (in magnitude) than BH implying that a-0 is more sensitive to M 
variations than o H ' 

Similar observations can be made at other frequencies as illustrated in Figures 

14, 15 and 16 corresponding to 9.4, 13.3 and 17.0 GHz, respectively. Based on a 

subjective judgment of the "goodness of fit" of the generated exponential curves. 
° there does appear to be an exponential trend relating C to M 
~ p 

4.5 a0 	Dependence on Soil Moisture 

Figures 17, 18 and 19 present the variations of aa versus soil moisture measure

ments corresponding to the particular angle shown (see section 3.1). Only 0a through 

200 data are.shown because it is-felt that this is where the sensitivity ofg0 to soil 

moisture would ba:maximrnum. The apparent lack of dependence -of Or0 on~soil moisture 

seen in these figures is not surprising in light of previousdiscussions which cast doubt 

on the ability-of.radar topenetrate, 96 cm of wheat in the 8-18 GHz band. Note that 

even over this somewhat limited range of sail moistures (approximately 0.20 to 0.40 
gms/cm 3 ) there are variations in do from about -1 .7 dB to 10.0 dB at 00 , 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 attenuationof the signal 

introduced by the plant canopy 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 informqtion. 

Attempts-were:made to extract such a bias with no gefinitive results obtained. The 

lack of a wide range of soil moisture variations hindered the analysis to a significant
 

degree.
 

0a4.6 	Spectral Response of 


Again because of the quantity of data collected only a general discussion of
 

the spectral properties of wheat will be preserted. 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 at angles of 00 , 300, 500 and 700. As previously noted there 
seems to be a preferred target orientation as aV tends to be, on the average, lower 
than oy7 at 00. 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 0 (Figure 20b)although the polarization effects become more 
pronounced. There is, however, a small. tendency for cr/to increase to values somewhat 
greater than those of =H near 13.8 GHz after being significantly lower at 8.6 GHz.'-
This is particularly noticeable at 50 where a- and o do not vary much on an absolute 
basis but definitely exhibit the crossing effect near 12.5 GHz. Finally at 700 we note 
that o, while sometimes practically equal to o- 0, is generally a small amount greater 
than 0 Thus, as a general observation it seems that as frequency and angle increase 

°aH and a- tend to approach, cross and finally separate with o-"being higher than 
aHat 700. 

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 a 

to frequency although around 13.8,GHz 0-exhibits a pronounced minimum. At 300, 
(Figure 2 1b)a sensitivity-of a to frequency near the ldwer frequencies is noted with 
oz 0 being 5.6 dB lower than o- at 9.4 GHz. With increasing frequency however o 

and oc tend to approach one another. At 500 (Figure 2 1c) the same effect is notice
able to a somewhat lesser degree and at 700 0 is always greater than o0 (Figure 2Id), 

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 00 'for example the June' 
12 data, (Figure 22a) shows a marked tendency for 0 to decrease from 4.4"dB to 0.70 
dB as we scan from 8.6 GHz to 17.0 GHz. aV has a nearly identical response. The 
June 21, 00 data (Figure 23a) on the other hand, shows practically no consistent de
creasing trends althoughthere are small undulations within the band. At 300 a completely 
different trend is noted; that being an increasing a0 for the June 21 data with a 
relatively constant 0 for the June 12 data. Note also that the earlier set 
exhibits significant polarization differences while the latter shows very little. 

0 0.0The response at 50 and 60 isquite similar to the 300. data in both cases with the 
earlier data somewhat constant relative to the increasina'trend in the June 21 data. 
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° 4.7 Angular Variations of cr 

Figures 24-26 show the May 21, June 6, 12 and 21 data plotted versus incidence 
angle at hree-frequenies (8.6, 13.0> 17.0 GHz) for bothpolarizations. Although 
it is merely the saime dkta discussed earlier,. thii "viewpoint can be quite helpful. 

'We car" first n6te that at the- larger angles, the difference in the shapes of the 
and o-a curves is quite pronounced.. At ali thiee frequencies, a-- continues to 

decrease-With angle whil6-&"-0 hfs"a'tendency to increase-near the 60-700 region. 
This increase 'in-the vertidally' pblariz'ed'scdtiering coefficient can"'perhaps be explained 
by a consideration of the wheat geometry. Roughly speaking, wheat is a long, cylindri' 
cally shaped plant which may be modeled as &"dipole. If lhis'model is'basically correc 
then we would expect the couplifig bdtweern tile incident E field' vector and the vert &61 
array of dipole wheat'pl6rits-to -increaie with incidenci angle: In other wotds, the 
projection of- the'E field 'v&cfor 6rito'flti wheat stem 'will incresew'ith'ahgle resultIing 
in increased currents intthe Wh'eat'and thus ircreasel reradiatibn'by the plants. 

A second observation which sh6id bbenoted'ls the tendency for'the curves 
shown, in Figures.24 through-26 to c'rowd one 'another in'the ranges between 100 and 300 
and betweeh 60-and70Q . This is pdrticularly hoticeabl4 at 13.0 and 17.0 GHz. At 

angles other than thbse mentioned above the values of ao seem to be a bif more d'is" 
tinguishablelimplyihg a greater senitiVity of ao to target:characteristics. 

This is shown more" clearly in Figures 27a and 27b where ' the linear regression 
results discussed' in sections 4.1' and 4.3 are now plotted versus incidence angle, 0, 
instead of'frequency. Curves br plotted, for three frequencies, 8.6, 13.0, 17.0 GHz, 
and both polarit'ati'ns.' Be'cause of the dependence of plant moi'ture on' time, these two 
figures contain b'ascally the same infornation'and nearly identical trends. Consider 
Figure 27a. At 0 °'we 'see that both MH and MV are maximu'm. The tendency is then 
to decrease to a minimum in the 100-300 region,increase to local maximum at 400 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 at 400 but in general the sensitivity factor, MV, is relatively constant when 
compared with MH . Again this is shown in the curves showing the angular response of 
a0 where we note a tendency toward greater separation in the Irv curves at high angles 
compared to the separation of the PH curves at 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 400 region 
of incidence angles with vertically polarized antennas. 
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5'.0 CONCLUDING REMARKS 

An experiment was cbnducted to measure the scattering coefficient of wheat
 
during the final month of its growing season. Measurements were made at eleven
 
frequencies in the 8-18 GHz band at angles from 00 to 700 from nadir. Results in
dicate that go is quite dependent on the physiological 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 go with 
frequency and polarization. 

Because of many unanswered 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 taken at, or very near nadir. 
Investigations of the ability of active microwave sensors -to estimate soil moisture also 
indicate that incidence angles near nadir are optimum [2,4,5,6] (although at lower 
microwave frequencies). This is unfortunate in view of the fact that the state of the art 
operational side-looking imaging radars perform poorest at nadir due to resolution 
considerations. A recent investigation by Larson et a!., 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 isvery appealing. 

18
 



-REFERENCES"
 

1. 	 Ulaby, F. T. and R. K. Moore, "Radar.Spectral Measurements or vegetation,
Proce'edirigs - $-ASPA'CSM Ol'and6, Floriday,97-3 Jdot-EarI.Convertion 
October, 1973.............. -, .-. .- "-" 

2. Ulaby, F. T., "Rddbr'Measurement -ofSafil Mbis6t Contnt" ,IEEETrans. on"Atennasand'Propaaafon, VOlo Ai2nrIo. 2*Mar E Tn 

3. 	 Ulaby, F.T.,, "Radar Response to Vegetation," IEEE Trans. on Antennas and
 
Pi-opagation,-'v61.AP-23; no. I danuary, 1975. 
 -

4. Ulaby, F. T., J Cihlar andR. K. Moore,,"Active Microwave Measurement 
<of S6ilFWater Content "'Rbd SeIsing 6f Environmnt, vol 85

203 1974. ': : . , 

5. 	 Ulaby, F. T., "Vegetation and Soil Backscatter Over the 4-18 GHz Region,"
 
Pr~c edi§gdffthe URSI' Speciblist Maiinq, Septet&r974,: Bern,'
 
Swifzerland. ;,- , .
 -	 . 

5
6. Ulaby, F; ;TTT Bush and P.F. Batilivdla, "R&da Resphse to Vegetation
11: 8-18 GHz Band," accepted for publication in IEEE Trans. on Antennas 
and Propagation, September, 1975. 

7. de Loor, G. P.,"Radar Ground Returns Part III: Further Measurements on the 
Radar Backscatter of Vegetation and Soils," Physics Laboratory TNO, Report 
No. PHL-974-05, The Hague, The Netherlands, March, 1974. 

8. de 	Loor, G. P. and A. A. Jurriens, "The Radar Backscatter of Vegetation,"
AGARD Conf. Proc. No. 90 on Propagation Limitations of Remote Sensing, 
NATO, 1971. 

9. 	 Food and Agriculture Organization of the United Nations, 1972, 1972 FAO
 
Production Yearbook Rome.
 

100 Bush, T. F. and F. T. Ulaby, "8-18 GHz Radar Spectrometer," University of 
Kansas 	Center'for Research, Inc., CRES Technical Report 177-43, Lawrence, 
Kansas, 	 September, 1973. 

11. 	 Birkemeir, W. P. and N. D. Wallace, "Radar Tracking Accuracy Improvement
by Means of Pulse to Pulse Frequency Modulation," IEEE Trans. on 
Communications and Electronics. pp. 571-575, January,1963o 

12. 	 Bush, T. F. and F. T. Ulaby, "Fading Characteristics of Radar Backscatter 
from Selected Agricultural Targets," CRES Technical Report 177-48,
University of Kansas Center for Research, Inc., Lawrence, Kansas, 
December, 1973. 

13, Ray, H. K., "Improving Radar Range and Angle Detection with Frequency 
Agility," Microwave Journal. pp. 63-68, May, 1966. 

19 



14. 	 Waite, W. P., Broad-Spectrum Electromagnetic Backscatter," CRES Technical 
Report 133-17, University of Kansas Center for Research, Inc., Lawrence,
Kansas, August, 1970. 

15. 	 Carlson, N. L., "Dielectric Constant of Vegetation at 8.5 GHz," Ohio State 
University, Electro Science Lab., Tech. Report 1903-5, 1967. 

16. Cihlar, J., "Ground Data Acquisition Procedure for Microwave (MAPS) 
- Measurements," CRES Technical Memorandum 177-42, University of Kansas 

Center for Research, Inc., Lawrence, Kansas, July, 1973. 

17. 	 de Loor, G. P., "Measurement of Radar Ground Returns," Proceedin s of the 
URSI Specialist Meeting, Bern, Switzerland, September 23-26, 1974Y. 

18. Lundien, J. R., "Terrain Analysis by Electromagnetic Means," Technical Report
No. 3-693, Report 2, U. S. Army Engineer Waterways Experiment Station,
Vicksburg, Mississippi, p. 55, 1966. 

19. Larson, R.W., R.W. Bayma, J.E.Ferris, M. B.Evans, J.S.Zelenka and
 
H. W. Doss, "Investigation ofMicrowave Hologram Techniques for Applica
tion to Earth Resources," Proceedings Fifth Symposium on Remote Sensin'of 
Environment, University of Michigan, Ann Arbor, pp. 1521-1569, April, 1974. 

20
 



80 100 

70 
70 Plant Height>', 

%A Wha Head 
Wheat Heads 

90 

60 
60 

Plant Moisture N0 
80 

0.COO. 
E 
-0.3  40 

-.M 
3-

0.4-

Soil.Moisture: ." 

50-70?E 
I 

60 

-IA 

0.303 
CO 

2 50 

0.1- 11020 70 1 
\Harvested 40 

0020 25 
May 

30 1 4 
1974 

9 14 
June 

19 24 29 3 

Figure 1. Record of soil moisture, plant moisture, plant height and precipitation during the observation period. 



I3 
E 

f .2 2 + 

ET 

et="f 
30m 

Figure 2. Diagram showing field locations of soil samples. 

22
 



15 Frequency: 8.6 GHz 
Incidence Angle: 00 

10 Polarization: HH .A ,a s-., Ha rve s t e d 

5

0LO 

-5 

-10 
20: 25 34 1 4.-'91 

I 
- 14 19- 24' 29 

May June 'uuA 

15 Frequency: 8.6 GHz 

Incidence Angle: 00 
I Polarization: VV 

5
0O 

-5 

-10" 
20 25 30 :1 4 9 :14' 19-. 24'- 29 

May June 

Figure' 3a. Temr'or'1valoatiohs of CT°(dB) a6A' o7 ° (dB) 
as'meakured-at 0°, 8.6 GHz: 

23 



15 Frequency: 9.4 GHz 
Incidence Angle: 00 

10 Polarization: HH 

,,,,-Harvested 

5

t 0 -

-5 

20 25 30 1 4 9 14 19 24 29 
May June 

15 Frequency: 9.4 GHz 
Incidence Angle: 00 

10 Polarization: VV ,,,--Harvested 

c50 
t0 -

-5 

-10
20 25 

,
30 

,
1 

,
4 9 

,
14 19 24 29 

May June 
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Figure 5b. 	 Temporal variations of c-t (dB) and a-0 (dB) 
as measured at 30', 9.4 GHz. 

30 



5 
Frequency: 13.0 GHz 
Incidence Angle: 300 
Polarization: HH 

Harvested 
! 

&-15 

-20 

20 25 
May 

30 1 4 9 14 
June 

19 24 29 

-5 
Frequency: 13.0 GHz 
Incidence Angle: 300 
Polarization: VV 

Harvested 

£ -10
0/ 

-20, 

20 25 30 -1 4 9 14 19 24 
May June 

Figure 5c. Tem15oral vdriations of aO (dB) and o-V (dB) 
as measured at 300, 13.0 GHz. 

29 

31
 



Frequency: 17.0 GHz 
5 - Incidence Angle: 300 Harvested 

Polarization: HH Jv 0 

U- 15 

-20. , 1 T 

20 25 30 1 4 9 14 19 24 29 
May June 

Frequency: 17.0 GHz Harvested 
-5- Incidence Angle: 30* 

Polarization: VV 

£ -10 

-20 

20 25 30 1 4 9 14 19 24 .29 
May June 

Figure 5d. Temporal variations of ao0 (dB) and a-V (dB) 
as measured at 30 ', 17.0 GHz. 
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Figure 5e. 	 Variations of MHt, Mvt, rHt , and rVt with frequency. MHt, MVt, rHt, and rvt are the slopes (dB/day) 

and estimated correlation coefficients respectively, obtained by a linear regression of c-O (dB) on time (days). 
The incidence angle is 300. 
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Figure 6e. Variations of MHt, Mvt, rHt, and rVt with frequency. MHt, Mvt, rHt, and rvt are the slopes (dB/day)

and estimated correlation coefficients respectively, obtained by a linear regression of a-0 (dB) on time (days).
The incidence angle is 500. 
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Figure 7a. Temporal variations of oag 0 (dB) and oV0 (dB) 
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Figure 7b. Temporal variations of or= ° (dB) and o-9 (dB) 
as measured at 700, 9.4 GHz. 
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Figure 8b. Variations 	ot S (detined 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 =200. 
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Figure 8d. Variations of S (defined insection 4.2) with time. 
= =Frequency 9.4 GHz, incidence angle 300. 

47 



1.65 	 Frequency: 13.0GHz 
Incidence Angle: 00 Il 

1.47 	 - HH Polarization I 
'---' VV Polarization I 

1.29 	 /I'
/'I
1.11I 

0.93 	 / 

III
 

<0.57 

0.39 
-- I 

0.21 -~ I 
./Y'.. / Harvest 

-0.15
 
5/24 5/29 6/3 6/8 6/11 6/14 6/19
 

Time (Month/Day) 

Figure Be.o 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. 
Frequency = 13.0 GHz, incidence angle = 200. 
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Figure 8i. 	 Variations of S (defined in section 4.2) with time. 
Frequency = 17.0 GHz, incidence angle = 00 . 
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Figure 8j. 	 Variations of S (defined in section-4.2).with.time. 
Frequency = 17.0 GHz, incidence angle = 100. 
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Figure 8k. 	 Variations of S (defined in section 4.2) with time. 
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Figure 81. 	 Variations of S (defined in section 4.2) with time. 
Frequency = 17.0 GHz, incidence angle = 300. 

55 



15 

10
 

5 Harvested-

0 

Frequency: 8.6 GHz 0 
Incidence Angle: 00 
Polarization: HH 

-10 L I I I I I I I
 

0 10 20 30 40 50 60 70 80
 
Percent Plant Moisture (Wet Weight Basis)
 

6/25 K;6/21 6/17 6/12 i\6/6 5/27 <'-5/21 
6/l0 5/31 

Time (Month/Day) 

15
 

10
 

*\Harvested 

o 

Frequency: 8.6 GHz 
Incidence Angle: 00 

-5 -Polarization: VV
 

-100 1 1 1 " I - I I I
 
0 10 20 30 40 50 60 70 80
 

Percent Plant Moisture (Wet Weight Basis)
/"6/2 1 [1 
6/21 617 " 6/126 5/27 -5/21 

' 6/10 5/31 
Time (Month/Day) 
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Figure 12a. 	 Variations of a0H° (dB)and aC (dB) with plant moisture. 

Freaiiencv = 8.6 GHz, incidehce Z6ngle = 700. 

7i
 



Frequency: 9.4 GHz
 
-5 Incidence Angle: 700
 

Polarization: HH
 

Harvested 

-15o 

-20 I I I 

0 10 20 30" 40 50 60 70 80 
Percent Plant Moisture (Wet Weight. Basis) 

6/25 K 6121 6/17 6/12 16/6 5/27 -5/21 
6/10 5/31 

Time (Month/Day) 

Frequency: 9.4 GHz
 
-5-Incidence Angle: 700
 

Polarization: VV
 

2 -10 Harvested 
-15
 

-20 1 
0 10 20 30 40 5d 60 70 80 

Percent Plant Moisture (Wet Weight Basis)
I , I - I FI- II-% 

6/25 -6/ 6/17 5/27 5/2121 6/12 t6/6 
6/10 5/31 

Ti me (Month/Day) 
Figure 12b. Variations of o0°'(dB) and (dB) with . 

°Frequency = 9.4 GHz, incidence angle = 70 

72 



Frequency: 13.0 GHz
 
-5 Incidence Angle: 700
 

Polarization: HH
 

- -10 
"M 
oLT -15 -- "

U-Harvested 

-20 1 I . 

0 10 20 30t 40 50 60" 70% 80
 

Percent Plant Moisture -(Wet Weight Basis) 

:
6/25 K 6/21  6/17 6/12 i6/6 ' 5/27 5/21 
\6/10 5/31 

Time (Month/Day) 

Frequency:13. 0 GHz
 
-5 -Incidence Angle: 700
 

Polarization: VV
 

-10a 

0 

-15-15 	 Harvested 

V
 
I I 1
-20 	 , 

0 	 10. 20 30 40 50 60 70 80
 
Percent Plant Moisture (We t-.ANeight Basis)
 

II II 	 I I
 

',
6/25 6/21 6/17 6/12 .6/6 5/27 '*-5/21
6/10 5/31 

Time.tMonth/Day) 
Figure ,IZc. ,Va "uons-:ot o"0(dB) ,and Oa°'(dB).with pldnt moisture. 

.-Frequency- 13.0 GHzp incidence, angle =70 

73
 



Frequency: 17.0 GHz
 
-5 Incidence Angle: 700
 

Polarization: HH
 

- -10 

LT - /15 


Harvested 

I I I-20 1I 	 I I 

0 10 20 30 40 50 60. 70 80 
Percent Plant Moisture (Wet Weight Basis)

I III 	 II II 

6/25 6/21 6/17 6/12 16/6 5/27 '-5/21 
\6/10 5/31

Time (Month/Day) 

requency: 17. 0GHz
 
-5 Incidence Angle: 700
 

Polarization: VV
 

0 	 V/(
 

-15 Harvested 

-20 , 	 , , , , 
0 10 20 30 40 50 60 70 80 

Percent Plant Moisture (Wet Weight Basis) 
I I II 	 II I 

6/25 K 6 21  6/17 6/12. j 6/6' 5/27- 5/21
\6/10 5/31 

Time (Month/Day) 
°
Figure 12d. 	 Variations of o (dB) and o "(dB) with plant moisture. 

Frequency = 17.0 GHz, incidence angle =F 700. 

74 



0.00 

-0.05 -	 0.00 
-"- -- 0.10 

-0. 10 - -C "...r -- 0.-20 

Iricidence Angle: 70 -0.30 

-0.15 rH. 	 -0.40-

SrvP 	 ,-

My p, MH	 0 - 0 6" 
2 -0.20 

-0. 70. 

-0.25 	 -0. 80 

-0.90 

-0.30 	 -1 00'
8.0 	 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 

Frequency (GHz) 
Figure 	12e. Variations of MHP, MvP , rHP , and rvPwith frequency. MHI MVP' rHP , and rVP are the slopes (dB/percent 

- °plant moisture) and estimated correlation coefficients respectively, obtained by a linear regression of o (dB) on 
°plant moisture. The incidence angle is 70 . 



20 * Measured
A 

o= 13. 8378 exp (-0. 0334 -Mp) (Empirical) 

16 Incidence Angle: 00
 
14- Frequency: 8.6 GHz
 

-18 

12 
I 0ojo

8

6
 

4
 

2
 
0 I I 
0 10 20 30 40 50 60 70 80 

Plant Moisture (Wet Weight Basis) 

20 * Measu red 

18 - A =17.3578 exp(-0.0320.Mp) (Empirical) 
Incidence Angle: 00
Frequency: 8.6 GHz 

14
 

12
 

10100o 

8 

6
 

4
 

2
 

0 I I I I I I

0 10 20 30 40 50 60 70 80 
Plant Moisture (Wet Weight Basis) 

Figure 13a. Variations of --0 and ='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 8.6 GHz and the incidence angle is 00. 
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0.300 	 * Measured 
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Figure 13b. 	 Variations of o.° and aV° (real units) with plant moisture. 
The solid lines represent the nonlinear regressiori curve 
corresponding to the equation shovn with the figure. The 
frequency is 8.6 GHz ad th6 incidednceangle is 300. 
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Figure 13c. Variations of oa ° and ff (real ,units) with plant moisture. 
'he.solid lines represent the nonlinear regression curve 

.orresppnding to the equation shown witi.the figure. The. 
requency is 8.6 GHz and the incidence angle is 500 
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Figure 13d. "Variationsof or0 and a7 (rea['units) vifKW plant moisture. 

The solid lines represenf'the ntnlihear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 8.6 GHz and the incidence angle is 700. 
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Figure 14a. 	 Variations of o and af (real units) with plant moisture.
 

The solid lines represent th6 nonlinear regression curve
 
corresponding to the equation shown with the figure. The
 
frequency is 9.4 GHz and the incidence angle is 00.
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0.30 * Measured 
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Figure 14b. 	 Variations of or0 and <v0 (real units) with plant moisture. 
The solid lines represent the nonlinear regression curve 
corresponding to the equation shown withthe figure. The 
frequency is 9.4 GHz and,the incidence angle is 300. 
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Figure 14c. 	 Variations of a-i and oq ° (real units) with plant moisture. 
The solid lines represent the nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 9.4 GHz and the incidence angle is 500. 
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Figure 14d. 	 Variations of cr and cf (real units) with plant moisture. 
The solid lines represent'thi non lnebr reggression curve 
corresponding to the eqOdtion sh'own' vith th0 figure. The 
frequency is 9.4"GHz and"the incid'eh:e angle is 700. 
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Fi'"ure 15a. 	 Variations of o and oV (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 is00. 
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Figure 15b.. Variations of o0 and o7° (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 300. 
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Figure 15c. 	 Variations of a and a " (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 500. 
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Figure -15d.. 	Variations of-o and V -(real units) with plant moisture. 
The solid lines represent-the honlinear regression curve 
cd6tzspbhding to the eqatiorishown with the figure. The 
fr~qienicy.is 	 13O0-GHz and' the incidence angle is 700. 

87 

http:fr~qienicy.is


20 * Measured 
°18 - -H 11.78 exp(-O.0474-Mp)(Empirical) 

16 Incidence Angle: 00 
17.0 GHz

14- Frequency: 

12 
0 i
 

8
 

6 

4
 
2. 

0 ,
0 10 20 30 40 50 60 70 80 

Plant Moisture (Wet Weight Basis) 

20 * Measured 
A 

18 - Ov= 5.988 exp(-0.0279"Mp) (Empirical) 

16 Incidence Angle: 00 
-Frequency: 17. 0 GHz
 

14
 

12 
O10

8
 

6
 

4
 
2 

0
0 10 20 30 40 50 60 70 80 

Plant Moisture (Wet Weight Basis) 
°Figure 16a. 	 Variations of o- and 09 (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 andthe incidence'angle is 00. 
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-Figure 16b. 	 Variations.of a.0 and c (real- units) with plant moisture. 
The solid lines represent the nonlhnear, regression curve 
corresponding to the equation showncwith.zthe figure. The 
frequency is-17.0 GHz:and theiricidence angle is 300. 
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Figure 16c. Variations of o-° and oV0 (real units) with plant moisture. 
The solid lines representthe nonlinear regression curve 
corresponding to the equation shown with the figure. The 
frequency is 17.0 GHz and the-incidence angle is 500. 
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0.150 - Measured
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°Figure 16d. 	 Variations of and 0o 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 17.0 GHz and the incidence angle is 700. 
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Figure 17. 	 Measured scattering coefficient, a-9 (dB), as a function of soil moisture content by 
volume at 8.6 GHz for angles of (a) 0° (b)100, and (c) 200. 
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Figure 18. 	 Measured scattering coefficient, a-° (dB), as a function of soil moisture content by 

volume.at 13.0 GHz for angles of (a) 00, (b)100, and (c) 200 
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°Figure 19. 	 Measured scattering coefficient, o- (dB), as a function of soil moisture content b 
volume at 17.0 GHz for angles of (a) 00, (b) 100, (and (c) 200. 
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Date: 5/21/74 
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Figure 20. 8 - 18 GHz spectral response of o0 and o7o (dB) for May 21, 1974 

at angles of (a) 0 , (b) 300, (c) 50 ° , and (d) 700. 
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Figure 21. 8- 18 GHz spectral response ofor ° and ao ° (dB) for June 6, 1974 

at angles of (a) 00, (b) 300, (c) 500, and (d) 700 
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° Figure 22. 8 - 18 GHz spectral response of o0 and o (dB) for June 12, 1974 

at angles of (a) 00, (b) 300, (c) 500, and (d) 700. 
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Figure 23. 8 - 18 GHz spectral response of o-H° and qf (dB) for June 21, 1974 

at angles of (a) 00, (b)300, (c) 500, and (d) 700. 
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-Figure 26. Angular response of (a) ao and (b) O at 17.0 GHz at various stages of development. 
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Figure 27a. Variations of M and MVt with angle for three frequencies. MHf 

md MV t are the slopes (dB/day) of regression lines obtained by 
-°
egressing r (dB) on time (days). 
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APPENDIX A: Ground Truth Summary for 1974 Wheat 

Scattering Experiment. 

IXWI W PAGE LA NOT X M
 



WHEAT GROUND TRUTH 1974
 

Soil 

Date N 

May 21 0.37 

May 27 0.40 

May 31 0.29 

June 6 0.31 

June 10 0.36 

June 12 0.35 

June 17 0.18 

June 21 0.32 

June 25 0.22 

Moisture (g/cm ) 

M F 

0.37 0.36 

0.40 0.40 


0.31 0.31 

0.32 0.35 


0.36 0.36 


0.35 0.35 


0.19 0.20 


0.33 0.31 

0.21 0.21 

= wheat heads nodded 

N = near range sample 

M = medium range sample 

F = far range sample 

% Plant Plant Height (m) 
Moisture 

72 0.90 

70 0.96 

69 0.96 

53 0.96 

52 0.96 

50 0.96 

32 0.96 

13 0.84* 

11 0.32 
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APPENDIX B: Wheat Scattering Coefficients, 1974. 



Averaged SigmaO Wheat, May 21, 1974 

ANTENNA ANGLE 0 

FREG 8.6 9g' 10.2 11.0 11.8 13.0 13.8 14.6 15.,4 16.2 17.0 

FOL Nh 0.1 -3.3 -2.4 -2.3 -2.2 -1.9 -1.7 -1.9 0.3 -1.5 -2.9 
POL VV -0.8 -5.2 -3.E -1.2 0.7 -1.3 -3.0 -2.2 -0.7 -2.5 -2.7 

ANTENNA ANGLE ±0 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL PF -3.9 -5.4 -6.0 -7.1 -7.6E -6.7 -7.1 -7.9 -4.8 -7.3 -9.5 

FOL VV -6.7 -10.0 -10.3 -8.1 -9.0 -7.5 -8.0 -7.5 -5.6 -9.3 -8.8 

ANTENNA AhCLE 20 

FREG 8.6 9.4 10.2 11.0 11.8 ±3. 13.8 14.6 15.4 16.2 ±7.0 

POL HF -9.4 -19.5 -.0.e -e.i -8.9 -9.5 -9.6 -10.4 -8.5 -11.1 -9.8 
FOL Vf -12.7 -13.6 -11.2 -12.1 -12.1 -10. 7 -11.3 -11.5 -13.4 -12.4 -10.7 

ANTENNA ANLE 30 

FREQ 8.6 9.4 ±0.2 11.0 1.8 13.t 13.8 14.6 15.4 16.2 17.0 

POL HF -8.8 -12.4 -12.4 -11.6 -13.5 -13.0 -14.1 -13.5 -12.5 -14.8 -15.2 
FOL VV -15.3 -16.3 -15.7 -14.1 -14.5 -13.E -13.4 -12.9 -13.4 -14.3 -13.0 

ANTENNA ANGLE 40 

FREQ 8.6 9.4 10.2 11.0 1.8 13.0 13.8 14.6 15.4 16.2 17.0 

PaL_H -12.2 -13.8 -14.1 -13.9 -14.5 -14.9 -15.6 -14.6 -14.4 -16.7 -16.5 
POL VV -111 -17.0 -16-0 -IE.1 -15.7 -15.'- -15.2 -14.8 -15.4 -16.8 -15.8 

ANTENNA ANGLE 50 

FREQ . 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOE FI- ±14.0 -14.9 -14.1 -14.2 -14.5 -15.3 -16.1 -14.8 -15.3 -±6.7 -16.6 
POL VV -15.7 -16.1 -15.9 -15.9 -15.2 -14.7 -15.0 -±4.0 -15.1 -15.5 -14.9 

ANTENNA ANGLE 60 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL Hi- -14.9 -16.0 -15.4 -15.3 -15. -14.6 -15.3 -14.2 -14.3 -15.9 -16.0 
F.L VV -14.9 -16.1 -15.9 -15.4 -15.7 -14.9 -15.2 -13.9 -15.1 -16.4 -15.7 

ANTENNA ANGLE 70 

FREQ 8.6 9.4 ±0.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL H -14.7 -15.6 -14.9 -14.5 -15.4 -1- ,7 -15.5 -15.0 -14.6 -16.1 -15.7 
POL VV -14.1 -15.2 -15.0 -15.2 -14.6 -13.9 -14.1 -13.3 -14.5 -15.9 -14.1 
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Averaged SigmaO Wheat, May 27, 1974 

ANTENNA ANGLE 0 

FREQ 8.6 9.4 10.2 11.0 1.8 13.C 13.8 1. _A5.4_ 16.2I7t0 ____ 

FOL hf' -2.1 -5.7 -2.q -1.2 0.&. -0.2 141 1.1 0.4 -0.7 -1.1 
FOL_VV -1.1 -. 9 -1.8 -1.9_0. 0 1.2_2.0_ 0.6 -0.2_0.1 

ANTENNA ANGLE 10
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 lq.6 15.4 16.2 17.0
 

FOL F- -7.3 -7.1 -7.7 -7.5 -8.3 -8.0 -9.5 -8.2 -7.4 -9.9 -9.6
 
POL VV -7.E -8.2 -8.4 -10.1 -8.9 -7.0 -7.2 -8.8 -7.6 -8.0 -8.6
 

ANTENNA AN CLE. 20____ ___________________ 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 L7.0 

P01 141 -8.q -11.1 -10.3 -q.7 -10., -1J.3 -10.3 -9.4 -9.6 -11.4 -11.7 
FOL VV -10.8 -11.3 -12.1 -10.? -10.8 -9.4. -8.7 -8.0 -9.9 -9.8 -10.0 

ANTENNA ANGLE 30 

FPE_0 8.6 9.412 1.0 11.8 13 1.8 1_.6 15.4 16.2 17. _ 

FOL PF -10. 0 -11.1 -11.5 -11.7 -12.3 -12.2 -12.7 -11.3 -11.0 -12.1 -12.0 
FOL(LVV - .- 12 . 8-iUS -1.2 -14-11.3_-11.1_-10.2 -10.3 -12.3 -11.3 

ANTENNA ANGLE 40 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15,4 16.2 17.0 

__FOL "i ---- 122 -13._12.74.6-15.0-14.-14.8-14.2 -12.9 -15.4 -14.7 
FOL VV -13.5 -133 -13.5 -14.2 -13.3 -13.6 -14.0'-12.7 -13.3 -15.2 -14.0 

.. NTERNA ANGLE 50 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL hIF -15.2 -15.2 -15.6 -15.7 -16.5 -16.7 -17.6 -15.8 -15.9 -16.8 -15.9
 
FOL VV -14.3 -16.1 -16.3 -16.2 -15.5 -15.1 -15.2 -14.3 -'1 4 .7 -15.7 -14.4
 

ANTENNA ANGLE 60 

_ER0E 8. 9.Aid...AA. 1_.8 13.0 13.8 1".6 15.4 16. -t1.J _ . 

FOL I-F -15.9 -17.1 -17.1 -1E.5 -16.7 -17.1 -17.3 -15.7 -15.5 -17.0 -17.2
 
FOL VV -15.0 -16.0 -15.4 -1E.8 -15.4 -14.L -15.9 -14.9 -15.7 -16.4 -14.9
 

ANTENNA ANGLE 70
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.C 13.8 14.6 15.4 16.2 17.0 

---. OLbE.-1-6.i.51-= 1 _ ., -.1._,-a6-- . -.. _-15.- ,1-15 . _-16,Z. 16sL7-_____ 

FOL VV -14.2 -15.8 -15.3 -152 -15.0 -1k.- -14.T -13.6 -13.6 -14.6 -13.7 
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Averaged SigmaO Wheat, May'31, 1974 

ANTENNA ANGLE 0 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL HH 0. -3.2 -3.9 -3.9 -2.5 -0.7 -0.4 -0.4 1.2 -1.0 -2.4 
POL VV -1.0 -2.9 -3.3 -2.4 -1.3 0. -0.6 1.0 -0.5 -0.5 0.3 

ANTENNA ANGLE 

FREQ 8.6 9.4 10.2 11.0 11.8 13.L 13.8 14.6 15.4 16.2 17.0 

FOL H -2.4 -5.5 -6.3 -4.1 -5.E -6.8 -7.9 -6.3 -6.3 -8.6 -8.0 
FOL VV -3.8 -5.9 -6.9 -E.o -7.8 -7.2 -6.7 -5.7 -6.5 -8.6 -8.6 

ANTENNA ANGLE 


FREa 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL HI' -6.1 -8.3 -8.0 -S.0 -8.2 -7.7 -9.2 -8.2 -6.6 -8.9 -9.1
 
POL 	VV -10.8 -11.7 -10.8 -11.6 -9.0 -9.2 -9.8 -9.4 -9.5 -±1.1 -10.4 

ANTENNA ANGLE 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL HI -9.7 -9.7 -10.2 -10.8 -1l.3 -11.7 -12.7 -12.2 -10.4 -12.2 -13.1
 
FOL VV -12.7 -14.6 -13.5 -13.9 -12.8 -12.4 -13.5 -12.4 -12.2 -13.7 -12.4
 

ANTENNA ANGLE 


FREQ 8.6 9.4 10.2 11.0 11.8 13.8 14.6 15.4 17.0
13.0 15.2 

FpL.HP -11.2 -12.8 -12.6 -12.7 -1S.2 -14.1 -15.1 -14.1 -13.7 -15.7 -15.3 
Fot VV -15.2 -16.3 16Y6 -1E.6 -16.5 -15.8 -15.7 -13.1 -15.1 -16.5 14.3 

ANTENNA ANGLE 


FREa 8.6 9.4 10.2 11.0 1.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL 1H -14.5 -15.3 -15.2 -16.2 -17.0 -16.8 -18.0 -17.0 -16.2 -18.8 -18.0 
FOL VV -17.6 -18.9 -18.8 -18.6 -18.3 -17.4 -18.6 -17.2 -18.0 -19.0 -17.6
 

ANTENNA ANGLE 


FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 1L.6 15.4 16.2 17.0 

FOL hI' -17.1 -19.1 -19.3 -19.4 -20.2 -19.7 -20.9 -19.4 -19.9 -21-.0 -20.7 
FOL VV -19.0 -2).3 -20.3 -19.8 -19.6 -19.1 -16.6 -18.6 -19.8 -23.8 -16.0 

ANTENNA ANGLE 


FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL HM -18.4 -19.4 -19.9 -19.6 -19.9 
-19,7 -21.a -19.7 -20.3 -20.6 -17.9
 
-TOL VV -19.1 -20.7 -20.3 -1S.5 -19.6 -18.-i.9 . -18.r 193 "99 18. 
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Averaged SigmaO Wheat, June 6, 1974 

ANTENNA ANGLE 
 0
 

FREe 8.6 A9,4 i0.2 13.0 -,13,8-i4813,8_14.6 15.4 16.2- I.Z7.0 

FOL HI 1.9 2.1 4.0 3.7 3.0 -1.0 -2.a -0.7 2.7 0.9 -0.2 
POI-VV 2.2 3 2. 3 3-.2 3.42. .8S.9 3. 2- 3. 1- 2.1 .6 _ 

ANTENNA ANGLE 10 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL F -6.9 -8.0 -6.5 -6.C -10.1 -.. 5 -9.9 -8.-5 -10.3 -11.1 -114 
F0L VV -9.6 -11.5 -12.7 -S.3 -13.4 -12.3 -12.1 -10.6 -11.2 -12.9 -11.2 

-.- IENNNAALQGLE20
 

FREO 8.6 9.4 -10.2 11.0 11.8 13., 13.3 14.6 15.4 16.2 17.0
 

POL HH -10. 3 -10.8 -8.3- -9.3 -8.7 -11. -12.5 -9.1 -9.4 -11.0 -12.2 
PaL 'f -14.3 -14.7 -13.0 -13.7 -12.S -13.3 -13.9 -11.5 -12.3 -12.6 -12.3
 

ANTENNA ANGLE 30
 

3
S. 9.4 .2 11.0 1.8 13.0 A3 14.6 5, 16.2. 

FOL H.- -10.9 -11.0 -12.6 -12.L -10.9 -II.L -13.3 -12.4 "9.9 -13.0 -13. 

ANTENNA ANGLE 40
 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.3 14.6 15.4 16.2 17.0
 

-- Pt ..I- 13,__-14.L-14,5 -14.6 15.6. -15.5 -15,. -14.5 -14.1 -15.5 -16.0
 
FOL VV -15.E -1 2 -17.4 -17.5 -17.1 -16.2 -1?.] -14.5 -15.6 -17.3 -15.5
 

ANTENNA A?%GLE 50
 

FREQ 8.6 9.4 10.2 11.0 .11.8 13.0 13.B 14.E 15.4 16.2 17.0 

FOL [I -14.C -1 . 2 -15.5 -15.5 -15.E -16.9 -17.2 -15.4 -15.4 -16.9 -16.8 
FOL VV -15.6 -17.5 -17.0 -16.9 -16.9 -16.5 -17.0 -15.6 -16.7 -17.5 -16.2 

ANTENNA ANGLE 60 

_ E_ O-B.6. 94J0.1_ ---l__._0_11.8 - 13,. -- 14S.8 14.,6 - 15.4.-- 16.2 -17. .RE ..


FOL H -15.1 -15.7 -15.2 -16.7 -15.'9 -17.3 -18.0 -17.0 -16.1 -17.9 -17.3 
E--QLYV n..41 61~-63 _Ml 9 16-7 __16 1A.0 - 12 .7:13 .2 17. 3 Z1 L.E. 3-

ANTENNA ANGLE 70 

FREe 8.6 9.4 10.2' 11.0 11.8 13.0 13.8 14.'6 15.4 16.2 17.0 

FQLHl- - 16,0"58- -1,.7 _-. 6.-1V.-1.9__"-16.4 -16.3 -16.9-1.3. 
FOL VV -13.9 -15.5 -16.1 -16.2 -15.9 -15.3 -15.9 -14.3 -14.9 -15.9"-14.7 

otgopsL115 
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Averaged SigmaO Wheat, June 10, 1974 

ANTENNA ANGLE 0 

FREO 8.6 9.4 10.2 11.0 11.8 13.C 13.8 14.6 -15.4 16.2 17.0 

FOL HH 4.4 2.9 2.4 1.6 2.E 1.9 1.Q 1.3 3.6 2.4 0.8 
FOL VV 6.1 3.6 3.1 2.7 1.9 2.9 3.3 3.8 4.7 2.2 1.6 

ANTE14NA AhGLE 10 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL hh -5.1 -7.1 -7.7 -8.0 -7.f -7.0 -9.4 -8.1 -6.5 -7.6 -9.1 
FOL VV -4.3 -6.5 -8.1 -8.5 -8.8 -8.3 -8.4 -8.1 -8.2 -9.3 -9.9 

ANTENNA ANGLE 20 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL HH -8.6 -9.5 -9.0 -8.2 -8.8 -7.6 -8.2 -8.5 -7.6 -9.2 -10.1 
FOL VV -11.4 -11.8 -10.9 -±1.9 -11.3 -11.3 -10.6 -IC.7 -10.4 -10.5 -1.4 

ANTENNA ANGLE 30 

FREa 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL HI -9.4 -10.0 -9.1 -9.4 -12.8 -11.1 -±1.1 -10.2 -10.2 -11.7 -11.1 
FOL VV -13.1 -13.8 -12.9 -12.9 -13.5 -12.9 -13.0 -12.4 -12.3 -13.2 -13.4 

ANTENNA ANGLE LO 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

POL HH -11.0 -12.8 -12.6 -12.0 -13.1 -12.7 -13.2 -12.3_-12.Q:_--14.4 -14.6 
FOL VV -14.3 -15." -15.1 -16.3 -15.6 -14.8 -15.4 -14.0 -15.1 -16.0 -15.0 

ANTENNA ANGLE 50 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL 8H -12.0 -12.8 -12.7 -12.9 -14.2 -13.4 -15.6 -14.6 -14.6 -16.4 -16.5 
FOL VU -15.3 -16.7 -18.5 -16.4 -16.7 -16.5 -16.5 -15.6 -16.1 -17.4 -16.3 

ANTENNA ANGLE 60 

FREC 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.E 15.4 16.2 17.0 

FOL Hh -13.1 -14.0 -14.5 -14.3 -15.3 -15.6 -16.6 -16.0 -14.8 -17.1 -17.6 
FOL VV -IS.2 -17.7 -17.3 -17.4 -17.2 -1f.9 -17.1 -16.2 -16.5 -18.2 -17.5 

ANTENNA ANGLE 70 

FREQ 8.6 9.4 10.2 .11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL H -12.9 -13.8 -14.5 -14.7 -15.5 -15.6 -16.8 -15.7 -15.6 -17.1 -17.6 
VOL VV -13.4 -15.9 -15.7 -16.1 -16.5 -15.9 -15.8 -15.8 -15.5 -17.1 -15.7 
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Averaged SigmaO Wheat, June 12, 1974 

ANTENNA ANGLE 0
 

FREQ 8.6 .9_tLQZAUQ1.tA.13__ 	 13.8_14 ,61__16.2J.0-

FOL 1-i- 4.4 5.1 5.3 4,2 2.8 1.7 1.2 2.1 3.0 1.7 0.7
FOL VV 5.6 4.5 2.7 2 -..5 6.6 4.5 1-.1 1.6 .2 0._2. -0, 

ANTENNA ANGLE 10 

F Eai 8.c 9.4 10.2 11.0 11.8 13.t 13.8 14.6 15.4 16.2 17.0 

...	 FOLPH -4.1 -6.0 -G.E -5.8 -7.1 -7.E -8.7 -7.4 -3.7 -7.6 -9.1 
FOL VV -5.4 -7.1 -7.3 -7.5 -6.7 -8.2 -8.2 -7.9 -6.9 -7.7 -8.8 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL Hi -ie -7.0 -7.4 -7.6 -7.9 -6.3 -7.8 -8.3 -6.8 -8.3 -8.4 
FOL VU -9.' -11.4 -10.1 -11.6 -8.9 -9.5 -9.0 -9.9 -9.4 -9.3 -10.t 

ANTENNA ANGLE 30
 

3__EREi. _ T ,_21 1 .0 	 1-46 15o4 16,.2 7.0 __ ,6__2 102 t8_13_13. 

FOL F- -6.5 -9.7 -9.1 -S.7 -10.9 -9.9- -11.2 -10.1 -9.3 -12.3 -12.1 
. VV __-12 .7 -13.1 -11.7 -11 .-12. 3 -12. L_-12 .3_-116 -11 . -13 3- 119 

ANTENNA ANGLE 40 

FREa 8.6 b.2 8 13.8 15.. 16.2 17.01h .,W 13.0 14.6 

FOL NH -10.4 -9.9 -10.4_ -IC.8 -11., -11.5 -12.1 -12.0 -10.9 -13.8 -13.3
POL V -12.4 -13.8 -13.E -12.8 -12.3 -12.7 -12.9 -12.6 -12.4 -14.5 -12.8 

A±__ 50 _ _ JIEN {A._AGLE_ 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL H' -11.9 -11.5 -12.1 -12.3 -13.0 -12.7 -14.6 -13.3 -13.4 -14.6 -14.7 
FOL Vv -11.8 -13.2 -13.1 -13.7 -12.7 -12.3 -12.8 -11.8 -12.6 -13.8 -13.0 

ANTENNA ANGLE 60
 

_..EREL &__.&S_..'._c___0,_Z__ ttIt h_0, A:_ 6 _ 6,2__1 , A_3d _ , _ 15 ._K. .A17_* O_____ 

FOL hP' -12.5 -13.4 -13.? -13.9 -14.6 -15.0 -15.9 -14.6 -14.4 -15.6 -15.9
 
.IOLVAL.1.z25-27 tt 5 .
 -. f. -271. -12.3 

NTENNA ANGLE 70
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.B 14.6 15.4 16.2 17.0
 

-- CH -HP -13° 1_-_-:3o6_.-14.5 - 3__-t , .. l , -i5,3. 14,6 -1t4,3 ? E .- 1
 
FOL VV -9.6 -11.8 -12.2 -12.7 -12.7 -12.3 -12.5 -11.7 -11.6 -13.1 -11.9
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Averaged'SigmaO Wheat; June 17, 1974 

ANTENNA ANGLE 0
 

FREC 8.6 9.4 10.2 11.0 11.8 l3.0t 13.8 14.6 '15.4 16.2 17.0
 

FOL li' 7.5 6.0 4.4 2.8 ;5 '-,. 1.1- 2'.0 2.6 2.5 2.4
 
FOL VV 9.4 7.7 6.7 3.8. 2.7 2.7 2.7- 4.3 4.2 3.3 4-6 

ANTENNA ANGLE 10 

FREG 8.6 9.4 10.2 11.0 t1.8 13.0 13.86 14.6 15.4 16.2 17.0 

FOL 14- -0.8 -2.9 -3.s' -2.1 -4.4 -L.E -5.8 -6.8_-5.9 -6.8 -7.2 
FOL VV -3.7 -6.6 -5.6 -5.2 -4.3 -5.5 -4.8 -7.0 -6.2 -7.8 -6.3 

ANTENNA ANGLE 2O 
FREG 8.6 9.4 10.2 11.0 11.8 13.C 13.8 ,14.6 15.4 16.2 17.0 

FOL H1 -9.4 -8.8 -6.9 - .t -9.9 -8.3 -8.1 -9.5 -8.5 -9.6 -10.5 
FOL VV -9.2 -11.5 -10.4 -11.4 -10.6 -9.9 -9.4 -10.0 -9.1'-1 0 .3 -10.0 

tNTENNA ANGLE 30 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL HF' -10,* -11.3 -9.4 -S.2 -10.4 -9.0 -11.8 -11.2 -9.0 -11.2 -9.7 
FOL VV -12.0 -13.6 -11.1 -12.7 -11.2 -1Z.4 -12.4 .- 11.9_--1.d_-12.9 -12.5 

ANTENNA ANGLE 40
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL hI' -10.8 -11.7 -10.8 -10.3 -10.2 -10.5_-11.8 -10.1 -10.7 -12.9 -12.8
 
FOL VV -11.4 -12.9 -12.0 -12.0 -11.3 -11.2 -11.9 -11.2 -11.5 -12.4 -11.4 

ANTENNA ANGLE 50 

FREG 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL hF -12.2 -11.0 -13.S -11.2 
-13.8 -11.7 -13.1 -12.2 -12.1 -14.1 -13.6

FOL VV -12.6 -13.7 r12.8 -12.8 -12.2 -12.4 -12.7 -12.6 -12.7 -14.0 -L3.0
 

ANTENNA ANGLE 60
 

FREC 8.6 
 9.4. 10.2 11.0 11.8 13.0 13.8 14.6 15.4. 16.2 17.0
 

FOL HI' -12.9 -12.5 -12.4 -12.1 -12.0 -12.8 -14.0 -12.9 -12.9 -14.2 -15.0 
FOL VV -12.4 -13.4 -12.3 -12.6 -12.3 -11.8 -12.1 -12.4 -12.8 -14.2 -:13.0 

ANTENNA ANGLE 70 

FREQ 866 3.4 10.2 11.0 .11.8 13.0 13.8 14.6, 115.4 16.Z. 17.0 

FOL HP -13.8 -13.4 -1-3.1 -12.7 -13. -- 13.L -14.9,-14,2 -14.1 -15.-2 -±6.1 
FOL VV -11.4 -11.9 -1l.2 -10.9, -1i.4 .-11j.4 -11;9 -11.4 -'11.4 --13.5 -12.5 
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Averaged SigmaO Wheat, June 21, 1974 

ANTENNA ANGLE 0
 

FREQ_ 8.6 9. _ _1B,_.ThA1,f,_ _.&_14.15, l&._ 1ZO.._-t
ZO
 

FOL Hx- 9.5 8.4 8.0 5.1 6.1 7.8 8.1 9.0 10.1 9.7 8.3
 
FOLV'___ 10.4 10.3 10.8 7.7 8.9 9.1 8.5 .3 ___
 

ANTENNA ANGLE i-


FREa 8.6 9.4 10.2 11.0 11.8 13.0 13.8 1.6 15.4 16.2 17'. 0
 

PaL - -1.4. -1. aL.!Z -iLa -1.1 -1.5 0.2 -2.9 1 .4. 11 -.
 
FOL V' 0. -0.4 -1.1 -0.,8 0. 1 .5 2.3 -0.2 0.6 -. 1 -0.2 

______urAAtAAG LE ________- -__
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.C 13.8" 14.6 15.4 16.2 17.0
 

FOL hS -4.9 -3.0 -3.1 -2.3 -2.5 -3.7 -3.6 -3.G -0.7 -5.5 -3.9
 
FOL V' -8.3 -6.2 -3.5 -3.2 -3.5 -3.5 -3.1 -2.4 -2.3 -3.8 -4.3 -


ANTEN4NA ANGLE 30
 

FREG 8.6 9.4 10.2 .. 1,D L 813.___13.8. 14,6 15A4_ 16_.2.1.7.0
 

FOL H- -8.5 -8.9 -7.S -5.6 -6.4 -6.9 -7.0 -5.3 -4.7 -6.9 -8.4
 
..-1._-VV -. 7.2 ..- 6.8- -7.G.--7._2 -5. 4 -5.2 -7 . -. 

ANTENNA ANGLE 40 

FREO 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

_ FLH P- I..,3 _-9.°4 -9. .8-8 .,7 -78 ..- 8.1 .3, -7 .. -S6_. 3_.___9 
POL VV -9.8 -9.9 -8.8 -8.9 -7.8 -8.0 -7.2 -7.6 -6.5 -9.1 -8.1 

- - -- AN'TENNA ANGLE 50 

FREO 8.6 9.4 10.2 11.0 1.8 13.0 13.8 14.6 15.4 16.2 17.0 

FOL F- -11.4 -11.E -10.S -S.9 -10.5 -9.5 -10.5 -9.2 -9.6 -11.1 -11.9 
FOL VV -10.5 -10.2 -9.3 -10.. -9.E -8.9 -9.4 -8.9 -9.9 -10.8 -9.9 

ANTENNA AhCLE 60 

_Ja-E ....O 8 ,. _ ,, _I ,._ Al A_ _ A .•_. 6._., * 4.._L._ . ....2 .i lA* & I 


FOL HH -13.3 -13.0 -11.a -12.0 -11.2 -11.8 -12.0 -10.9 -11.4 -13.0 -12.6

EflOLLt 1.ilttrl -.L._S.zf-_ 1 t.-l. 2 z:1_%. _?-1Q±6_t1 0 * 2 1.0 .*_.-12..7-_10.8 ..... . 

ANTENNA ANGLE 70
 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

POL VV -12.S -12.6 -11.8 -10.8 -10.7 -9. -10.7 -8.9 -9.9 -12.1 -9.9 
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Averaged SgmaO Wheat Stubble, June 25, 1974 

- ANTENNA ANGLE 0
 

FREG 8.6 9.4 10.'2 11.0 ±1.8 13.0 13;6- 14.6 15.4 16.2 17.0
 

FOL iH 7 ;2 6.'2 6.7 6.5 7.S, 8.5' 7.5" 6.4 6.8 5.3 4.6
 
FOL VV 8.5 7.6 7.E 7.3 8.6 9.1 8.5 7.1 6.3 4.8 5.0
 

ANTENNA ANGLE 


FREQ 8.6 9.4 '10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 1.0
 

FOL HP -1.0 -2.0 -1.a -0.9 -0.1 -. 2 -2.4 -C.7 -1.1 -3.6 -4.4
 
FOL VV 1.3 -1.1 -0.4 -1.2 0.2 1.3 0.1 1.0 -0.5 -3.1 -3.0
 

_____ N.TENNA ANGLE 

FREQ 8.6 9.4 10.2 11.0 11.8 13.C '13.8 14.6 15.4 16.2 17.0
 

FOL HN -4.8 -8.0 -6.0 -6.0 -6.7 -5.8 -6.9 -6.1 -5.0 -5.0 -6.1
 
FOL VV -7.1 -7.1 -6.6 -6.9 -6.4 -4.9 -5.5 -5.7 -4.7 -6.3 -5.1
 

A TENNA ANGLE 


FREC 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL HP -9.4 -8.9 -8.7 -7.8 -7.7 -7.L -7.0 -6.6 -7.7 -7.1 -8.6
 
FOLVV 8.4 -9.9 -9.3 -8.1 -7.1 -62-4.9 -. -64-8.0 -6.4 ___ 

ANTENNA ANGLE 

FREQ 8.6 9.4 10.2 11.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0 

P01 HP" -11.0 -9.1 -10.8 -9.7 -9.7 -8.2 -8.8 -7.5 -7.8 -9.6 -9.1 
FOL VV -11.3 -10.3- -9.3 -9.6 -9.2 -8.1 -8.4 -7.2 -7.6 -9.3 -8.2
 

ANTENNA ANGLE 


FREG 8.6 9.4 10.2 1.0 11.8 13.0 13.8 14.6 15.4 16.2 17.0
 

FOL Hl- -13.E -12.9 -12.3 -10.9 -10.8 -11.0 -11.3 -10.6 -10.0 -11.3 -12.0
 
POL VV -13.1 -13.4 -11.8 -11.0 -10.u -9.8 -9.9 -9.4 -9.7 -11.1 -10.8
 

ANTENNA ANGLE 


FREO 8.6 9.4 10.2 ±1.0 11.8 13.0 13.8 14.6 15.4 16.2 UT.0
 

FOL H' -12.8 -13.1 -12.4 -11.6 -11.6 -11.5 -12.6 -12.1 -11.4 -13.2 -13.1
 
FOL VV -12.8 -13.6 -11.8 -11.4 -10.7 -1O. -10.2 -10.3 -10.3 -11.5 -±0.7
 

ANTENNA ANCLE 


8.6-E 9.4 10.2 11.0 11.8 13.C 13.8 14.5 '15.4 16.2 17.0 

FOL HN -14.9 -14.9 -14.1 '13.4 -13.2 -13.5 -14.5 -13.1 -12.6 -14.8 -14.5
 
FOL VV -13.1 -13.2 -12.7 -12.2 -10.8 -10.9 -10.8 -10.2 -11.9 -12.4 -12.0
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