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Monitoring Wheat Growth
with Radar
A strong correlation between the radar backscattering
coefficient and plant moisture content, a parameter of wheat
growth, was found.

INTRODUCTION

FOR MANY YEARS the problem of feeding
the world's 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 time
most of the civilian global sensors operate in
the visible or infrared portion of the elec­
tromagnetic spectrum. While these sensors

Earlier papers'·8 have dealt with the
backscattering properties of certain agricul­
tural targets as a function of both radar
parameters and target characteristics in
hopes of using uo, the radar scattering coeffi­
cient, 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 meas­
ured backscatter the reader is referred to
Ulaby3.

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 indicate that uo, the radar backscattering
coefficient, is sensitive to both radar system parameters and crop
characteristics, particularly at incidence angles near nadir.
Linear regression analyses of Uo (dB) on both time and plant mois­
ture 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 Uo (real units), it is found that Uo

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.

have displayed many capabilities, their use
is limited to cloud-fi-ee weather conditions.
In studies other than remote sensing of crop­
land this dependence on clear weather may
be tolerable, but for dynamic targets such as
agricultural crops the dependence on cloud
free conditions is in most cases intolerable.
Because it is nearly weather independent,
radar is being investigated as a sensor for
agricultural land-use mapping.

Nearly 215 million hectares of the world's
cultivated land (representing about 16 per
cent) are planted in wheat9 . Radar studies of
wheat, however, do not 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
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properties. This paper presents the results of
the experiment, which indicate a promising
future for monitoring wheat growth with
radar.

MEASURMENT PROCEDURE

BACKSCATTER DATA ACQUISITION

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 described by
Bush and Ulabylo. Table 1 presents the per­
tinent system parameters.

Backscattering measurements were ac­
quired during the period of May 21 through
July 25,1974. Data were collected for both of
the like polarized (HH and VV) configura­
tions at angles ranging from 0° (nadir) to 70°
in 10° increments. These measurements
were made at eleven frequencies in the 8-18
GHz range of the instrument.

Because of its FM character, the system
inherently provided fading reduction by av­
eraging in the frequency domain"· 14

• How­
ever, 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
0°, with the number of spatial measurements
decreasing to 12 at 70°. The criterion for re­
ducing 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 l 2-14.

The amount of variance reduction pro­
vided 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 res­
olution of the system or by the skin depth of
the target. In the case of wheat it is not pos­
sible, as will be discussed later, to experi­
mentally 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 IS at
X-band. His results indicate that vegetation
with 40 per cent moisture content (the aver­
age wheat moisture over the observation
period) has a relative complex dielectric
constant of approximately Ew = 12.5 - j5.0. A
wheat field, however, is a mixture of dielec­
trics (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 1.0
m3 of free space is approximately 0.1 m3 .

Thus, as a very crude approximation, the av­
erage effective dielectric constant of the
wheat-free space mixture was taken to be

Eerr =0.1 Ew + 0.9

=2.15 - jO.5

where E". is the relative dielectric constant of
wheat, and the relative dielectric constant of
free space is taken as 1.0. Making use of Eerr,

the average skin depth of the target was cal­
culated to be 2.17 cm at 13.0 GHz, the center
of the 8-18 GHz band. Knowing the skin

TABLE 1.

MAS 8-18 System Specifications

Type
Modulating Waveform
Frequency Range
FM sweep: df
Transmitter Power
Intermediate Frequency
IF Bandwidth
Antennas

Height above ground
Reflector diameter
Feeds

Polarization

Effective Beamwidth
Incidence Angle Range
Calibration:

Internal
External

FM-CW
Triangular
8-18 GHz
800 MHz
10 dBm (10 mW)
50 kHz
10.0 kHz

26 m
61cm
Cavity backed, log-periodic
Horizontal transmit-Horizontal receive (HH)
Vertical transmit-Vertical receive (W)
3.05° at 8.0 GHz to 1.21° at 18.0 GHz
00(nadir)-80°

Delay Line
Luneberg Lens
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depth and the range resolution of the system,
it is possible to estimate the frequency spac­
ing between two independent samples of
the radar return l2 according to the equation

150
tlf:t = D MHz

where D is the target extent measured ra­
dially from the radar antenna. By dividing
the system RF bandwidth, 800 MHz, by t:.f,{,
the decorrelation bandwidth, it is possible to
determine the number of independent sam­
ples, N, averaged by the system each time a
measurement was made. Multiplying N by
the number of spatially independent meas­
urements provides the total number of in­
dependent samples of the radar return after
averaging. Table 2 presents 90 per cent con­
fidence intervals for the backscattering coef­
ficient (I0 calculated using this approach.

FIELD DATA ACQUISITION

Although described by Cihlar' 6 , the
method of collecting and processing the
ground truth presented herein will be re­
viewed. Soil moisture, plant moisture, plant
height, and precipitation data are presented
in Figure 1.

Simultaneous with the acquisition of each
scattering data set, soil moisture samples
were taken at several locations across the
wheat field corresponding to different inci­
dence angle ranges 17 . Although samples
were taken from several depths at each loca­
tion, because of skin depth considerations"
only the data from the top two centimeters

are used in the subsequent analysis. To con­
vert from per cent moisture-by-weight to
moisture-by-volume, bulk density meas­
urements were also taken. All soil moisture
data presented herein are on a volumetric
basis having units of gm/cm3 . It should be
noted that the measurement period (May
21-June 25) was characterized by a high
mean soil moisture (0.317 gm/cm3 ) with ex­
treme values being 0.40 gm/cm3 and 0.20
gm/cm3 •

Of particular interest is the range of varia­
tion in plant moisture during the measure­
ment period. From Figure 1, we see that the
plant moisture curve, while monotonically
decreasing an average of 1.66 per cent 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 precipitation
recorded during the noted period.

Perhaps of more importance is the ripen­
ing 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 other changes
occurring which may not be readily meas­
ured. 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.

DISCUSSIO OF RESULTS

Because of the quantity of multi-

TABLE 2. NUMBER OF SPATIALLY DISCRETE MEASUREMENTS WITH 90% CONFIDENCE

INTERVALS OF uO(db) OF WHEAT

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

0° 17 +1.8
-2.0

10° 16 + 1.8
-2.0

20° 15 +1.1
- 1.3

30° 14 +0.93
-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
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FIG.!. Record of soil moisture, plant
moisture, plant height, and precipitation
during the observation period.

dimensional data gathered during the course
of the experiment, it is not at this time possi­
ble to discuss the results in their entirety.
Rather, only a representative portion will be
presented in the body of this paper; a more
detailed version has been documented in a
report by Bush and Ulaby '7.

TEMPORAL VARIATIONS OF aO
aO, the radar scattering coefficient, is gen­

erallya function of the geometric and dielec­
tric properties of the target of interest. Any
variation of these target properties will nor­
mally be reflected as a change in aO. 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 maturation process.
Among the geometric changes in wheat are
variations in plant height, leaf structure, and
the appearance of the wheat head. The most
obvious dielectric variation is that of chang­
ing 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 aO are a
function of crop characteristics, we should
also bear in mind that these plant charac­
teristics are in turn dependent on the pas­
sage 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 2a through 2d present the varia­
tions of aO with time at an incidence angle of
0° 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
3 presents the results of a linear regression
analysis of aOH and aOv on time, respectively,
with the number of days after May 21 being
the independent variable. Shown are the es­
timated correlation coefficients, rH and rv,
and the slopes of the regression lines, MtH

and Mt v (having units of dB/day). The abscissa
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scale is frequency in GHz. It should be
noted that all regression analyses presented
in this paper exclude the data set taken on
June 25 since it was taken after harvest.

As a general observation it is immediately
apparent that the radar is responding to the
physiological and morphological changes
which occurred during the final month of ri­
pening of the wheat. At 8.6 and 9.4 GHz UOH

and UOv both show an almost linear variation
with time. At 13.0 and 17.0 GHz, however,
this linear response is not quite as apparent
although data at these higher frequencies
still exhibit a dependence on the passage of
time. Figure 3 presents a more complete and
quantifiable representation of these trends.
We note that, r'H and r'v, the estimated corre­
lation coefficients of UOH and uOv on time,
show a decreasing trend with frequency
from approximately 0.95 at 8.6 GHz to about
0.85 at 17.0 GHz. This is in agreement with
our earlier, more general observation, that
the "linearity" of the variations of UO with
time undergo a certain amount of degrada­
tion as frequency is increased. Certainly,
however, r'H and r'v remain quite high across
the 8-18 GHz band.

Of equal importance to r'H and r'v are MtH
and Mt v. These values represent the slope of
the regression lines and may be interpreted
as a measure of the sensitivity of UO to the
passage oftime. Obviously a very high corre­
lation coefficient is useless in a practical
sense if the sensitivity of UO to temporal
changes is small. The response of M'H and
Mtv to frequency (Figure 3) shows a very in­
teresting phenomenon near 9.4 GHz. At this
frequency M' behaves in a somewhat "res­
onant" manner, with M'v being more pro­
nounced than M'H' This suggests that at 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 certainly appears to merit a considera­
ble amount of future thought and investiga­
tion. At frequencies above 11.8 GHz the
curves depicting M'H and M'v appear to be
practically frequency and polarization inde­
pendent.

Aside from the "resonant" phenomenon
occurring at 9.4 GHz, the general increasing
trend of UO 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 plant 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 de­
creasing 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 un­
derlying soil, resulting in an increasing uO.
Although this may be a partial explanation of
the phenomenon, it does not seem to be en­
tirely consistent with the observed data or
with the approximated skin depth. Consider,
for example, the increase in uOv by about 1.8
dB between June 12 and June 17 during
which time the soil moisture decreased from
0.35 to 0.20, which clearly indicates no re­
sponse to soil moisture variations. Further­
more, it does not seem likely that either the
"resonance" phenomenon or polarization
dependence at 9.4 GHz would result from
soil conditions alone. Also, the difference in
Mt H and M'v indicates a preferred target
geometry. Visual inspection of the soil sur­
face indicates none while the wheat itself.
does. The wheat was sown in rows spaced 25
cm apart such that at 0° incidence the wheat
rows were oriented parallel to the E field ofa
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(a)

(b)

FIG. 5. Variations of M' and 1" with frequency at
(a) 30° and (b) 70°.
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which showed practically no polarization
dependence at frequencies higher than 11.8
GHz.

Again it is very difficult to even qualita­
tively explain this behavior adequately al­
though it should be restated that the row -E
field orientation has now, at 30°, changed
from that of the 0° data. Let us, however, re­
consider the argument that the radar is re­
sponding to changes in plant attenuation. As
a rough estimate of the amount of loss ex­
pected through the wheat we might use the
measured value of de LoorlB whose data indi­
cate that approximately 12.5 dB total attenu­
ation should be expected at 9.3 GHz. If we
are to expect this much loss at 9.3 GHz cer­
tainly the loss will increase with frequency
(assuming the dielectric constant of wheat
does not vary drastically with frequency)
with a resulting decrease in sensitivity. Al­
though the sensitivity factor M' is less at 30°
than at 0° we see practically no dependence
of Ml on frequency above 11.0 GHz. These
data also seem consistent with data pre­
sented by Lundien l9 who measured wheat ae
X-band for various plant heights. His data
indicate a large degree of plant canopy at­
tenuation at 0°. For an 8.9 cm stand of wheat
he measured a scattering coefficient of 1.9
dB, in contrast to -15.6dB 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 statment that "this

horizontally polarized signal. At a ground
range of 5.3 meters (corresponding approxi­
mately to 10° incidence) the direction of the
wheat rows changed by 90°. At incidence
angles greater than 10° the rows were per­
pendicular to the E field of a horizontally
polarized signal.

The results presented in Figure 2 are in­
deed very encouraging in terms of monitor­
ing the progress of wheat growth. At
9.4 GHz (Figure 2b) for example, VV polari­
zation data indicate an increase of 15.5 dB
over the one month period prior to harvest,
followed by a drop in return of 2.7 dB after
harvest. As incidence angle is moved away
from nadir, the dependence of aO on time
appears to decrease as can be observed from
Figure 4, where aOH is plotted as a function
of time at 13 GHz for 30° and 70° incidence
angles. As a first order estimate of the aO sen­
sitivity to the passage of time, Figures 5a and
5b present the slopes of the regression lines
M'H and M'v and associated correlation coef­
ficients rH and r v as function of frequency at
30° and 70°, respectively.

It is immediately obvious that the data at
30° contrast sharply with the data collected
at nadir. We begin by noting the lack of any
peaking in the Ml (Figure 5a) curves al­
though it does appear that M'v and M'H trade
roles with M'u being generally higher than
M'v. Perhaps more striking, however, is the
response of the correlation coefficients ru
and rv. At 8.6 GHz we note that rH indicates
nearly no consistent trends of aOIf with time
although r v has a value of 0.675. However, a
small increase in frequency to 9.4 GHz
causes ru to increase to 0.65 while rv re­
mains nearly constant. This again suggests
that the choice of frequency in a rather small
band around 9.4 GHz may be critical in
studying the temporal variations of the scat­
tering properties of wheat. As we further in­
crease frequency to values above 9.4 GHz
we note a marked separation in rH and r v
with rH being consistently higher. This is in
contrast to the 0° correlation coefficients,

FIG. 4. Temporal variations of UOIl at 13.0 GHz as
measured at 30° and 70°.
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(data) suggests that the Ka-, X-, and C-band
results could be used to measure vegetation
parameters (height, thickness, moisture
content, etc.) and that P-band frequencies
may still be used for soil interrogation di­
rectly or with simple correcting factors." His
statement implies that plant attenuation at
higher frequencies results in a masking of
underlying soil effects.

Again it can be argued that at 70° we ex­
pect a considerable amount of signal attenu­
ation through the canopy simply due to in­
creased path length. Thus, if we are indeed
effectively measuring variations in path loss,
we expect a marked reduction in the abso­
lute values of the Mt curves. Although we do
observe a small decrease in Mtll and Mt v as
the incidence angle increases from 30° to 70°
(Figures Sa and Sb), 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 in­
creasing trend of UO with time is that of
changing target geometry as the plants ma­
tured. A discussion of this mechanism will
be deferred, however, to a later section.

RATE OF CHANGE I UO

In the preceding section it was noted that
the ability to monitor the ripening process of
wheat was greatly influenced by the choice
of radar parameters; namely frequency,
polarization, and incidence angle. In this
section a second approach to monitoring
wheat growth will be discussed. While this
approach appears to be less sensitive to sys­
tem paramters, it is not intended to replace
the earlier observations but rather to com­
plement the earlier observations.

As noted earlier, the rate of change of plant
moisture (one indicator of wheat maturity)
did not remain constant throughout the ob­
servation period. Rather, the plant 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 rate of change of UO varied during
the observation period. To answer this ques­
tion the following procedure was followed.
For each two consecutive data sets the aver­
age rate of change of UO between those sets
was calculated. To increase the sensitivity of
these calcualtions all values of UO were con­
verted from dB to real values. Thus, as an
example, the rate of change of UO between
May 21 and May 27 was calculated as fol­
lows: at 9.4 GHz, 0°, HH polarization

UOll2 - UOl/ 1 004ld
SI/ = = -. ay

6 days

Sample results of this analysis are shown
in Figures 6 and 7; different ordinate scales
were used in these figures so that the rela­
tive variations ofS can be seen more clearly.
The abscissa values represent the date mid­
way 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 on
May 21 and May 27. Figure 6 presents S
curves at 9.4 GHz. At 0° (Figure 6a) we note
that S shows a consistent, slow increase be­
tween May 24 and June 11. Points at June 14,
19, and 23 however depart from this be­
havior. Of particular interest are June 19 and
23, for these represent the rate of change of
UO shortly before and shortly after harvest.
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FIG. 7. Rate of change of (TO as a function of time at 13.0 GHz for (a) 0° and (b) 20°
incidence angles.

Before harvest (June 19) S increases sharply
from its value on June 14 and then decreases
even more markedly after harvest (June 23).
It is also noted that these changes in S are
greater for vertical polarization at all inci­
dence angles observed except 20° (Figure
6b).

The effect of harvest is much more appa­
rent in the 13.0 GHz data, particularly at 0°
incidence. In Figure 7a it is seen that the
variation of (TO from day to day was appar­
ently quite small until it was ready for har­
vest. During the days shortly prior to har­
vest, (TO shows an extreme dependence on
the passage of time, particularly (T°v. The ef­
fect of harvest can again be clearly seen as a
sharp drop in the value of S. It is noted that
this trend is not quite as dramatic at angles
away from nadir, although the trend is still
clearly discernible (Figure 7b).

An appealing aspect of this method of in­
terpretation is that it is independent of abso­
lute levels of (TO. Thus it would not be neces­
sary 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 confi­
dence in the absolute calibration of a cali­
brated system if such a system is used.

would be expected. The second considera­
tion is that (TO is increasing because the radar
signals are better able to penetrate the vege­
tation canopy as the plant moisture de­
creases. This argument has not yet been dis­
carded although apparent inconsistencies
have been discussed. A consideration of
plant moisture as a variable can perhaps pro­
vide some insight into the mechanisms re­
sponsible for the observed phenomena.

Consider Figure 8 where (T°v at 9.4 GHz
has been plotted as a function of plant mois­
ture for incidence angles of 0° and 50°. We
can see that (TO is lower after harvest than
before harvest even though the plant mois­
ture decreased by only an insignificant
amount. This implies that this consistent var­
iation of (TO is probably not due to changes
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FIG. 8. Variations of (T°v and rP with fre­
quency at nadir.

VARIATIONS OF (To WITH PLANT MOISTURE

Earlier we considered two possible
causes of the increasing trend of (TO with
time. The first consideration was that the
changes in plant water content (and hence
dielectric constant) are directly responsible
for the variations in (To. This argument has
been discarded since (To increases as plant
moisture decreases which is contrary to what
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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 (To, we should consider the
normal morphological changes the wheat
undergoes during its ripening stages. Cer­
tainly these variations will not be as rapid
and gross as those caused by harvest but they
bear consideration. We begin by noting (Fig­
ure 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 per cent) while soil
moisture varied 0.02 gm/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 constant over this period, a
change in (To would probably imply a change
in plant geometry. At both incidence angles
a consistent increase in (To is noted during
the period from June 6 through June 12, (Fig­
ure 8), the period where plant and soil
moisture were fairly constant. Thus, it may
be the case that these variations are due to a
changing plant configuration. The most ob­
vious geometrical change that occurred dur­
ing the observation period was the appear­
ance of the wheat heads as the plant went
from a stage of vegetation growth to the re­
productive 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 de­
velop until harvest. A second effect that oc­
curs is the withering process the leaves un­
dergo as they lose moisture. Hence the data

suggest that the observed variation of (TO with
plant moisture (or time) is an indirect rep­
resentation of the (To response to changes in
plant morphology.

Figure 9 presents results of a linear re­
gression analysis of (TO on plant moisture
(excluding the data set taken after harvest). It
is interesting to compare the correlation
coefficients obtained by regressing (To on
plant moisture to those obtained by regress­
ing (To on time. Comparing Figures 9 with
Figure 3 we see that If" I ;;;. Ir I as a gener­
al mle. This is certainly not surprising since
the passage of time does not necessarily
imply that the wheat is maturing whereas
consistently decreasing plant moisture usu­
ally does imply a maturing crop.

The customary choice of dB units to ex­
press (To is usually for convenience since (To

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 (To

(real units) purely in terms of plant moisture.
Our discussion in the previous section in­
dicated that linear regression analysis of (TO

(dB) on plant moisture generally provided
quite satisfactory results. Hence, it was de­
cided to express the dependence of (TO (real
units) on plant moisture in the form of an
exponential

(To = A exp (B . Mp ) [real units]

where A and B are constants (for a given
frequency-angle-polarization combination)

-0. 50 Q.~

0.00

-0.10

-0.20

-0.30

-0.40

Incidence Angle: 0"

rH
P

-r"P .- _

MH
P
--­M/o----

0.00

-0.05

-0.25

-0.60

-0.70

-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)

FIG. 9. Variations of Mv and r<' with frequency at nadir.

~
~ -0.10
'0
::;:

~ -Q 15
ii:
f!'.
Ii;

Q."!3 -0.20
::;:



CJl
O'l
O'l

I-'
CO
-:t
O'l

'"d
::r:o....,
o
o
::0
:>
~
~
trI....,
::0
n
trI
Z
o
Z
trI
trI
::0
Z
o
~

::0
trI
~
o....,
trI
Vl
trI
Z
Vl

Z
.0

•

•

~.. ..

• Mealured
- avo 00.0118 eql (-Q.OICol 'M,l CElIllIlrkill
Incidence Angle: 10"
Frequency: 9.4 CHz

•
1'0 io )'0 40 50 60 io .0

• MCoUurod
- av· o o.1519 expl-o.OZ4J·M,IIEfI1lllrlall

Incidence Angle, 10"
• Frequency: 13.0 CHI

D.l~O

o.m
0.120

0.105

O.~O

~ 0.015

O.~O

0.045

0.030
0.015
0.0001 , • , • , • , •

0102030405060 7010
Plant MoIsture lWei Weight Bnlsl

70°
0.150

o.m
0.120

0.105

• 0.0'10

1.> 0.015

0.~0

0.045

0.030

0.015
0.000

0
0.150
0.1J5

0.120

0.105

0.000

tr 0.075
0. 060

0.045

0.030
0.011
o.ooul , , , , , , , ,

o 10 20 JO 40 SO 60 10 III

• Measured
- avo 0 0. 1295 expHI.0212·M,IIEmpirlall
Incidence Angle, 10"
Frequency: 11. 0 CHI

•

30°

•

~. . .
~

•

• MU5ured
- ~ 00.1124 exp c~am '".,1 CflllPlrlcall
Incidence Angle, 30"
Frequency: 9.4 CHI

0.000

0.060

0. UJU

0° (nadir)
20 • Mealured 0.)0
18 -- a,0o 17.5984 ellllHI. 03&1. Mol l£lIllIlrlall 0. 21

Incidence Angle. 0°
16 Frequency: 9.4 CHI 0.24

~ o.n
12 0.18

9.4 GHz 0> 10 l?' 0.15
II I 0.12

6 o.~

4 o.~

:0- io--to )0 40 50 60 70 10 ~:~r 1'0 2'0 30 40 sO 60 1'0 .0
20 • Walured o.JOO~ • Mealured
18 - avo -12. 662 upl~ 0396'M,IIEmplrlall 0. 270 -.avo -0.2611 expl~0288 'M,llEfI1lllrlall
16 Inchlence Angle: If' 0. 240 Incidence Angle: )D"

Frequency: 13.0 CHI Frequency: 13.0 CHI
14 0. 210 •

12 o.UO

~ 0.150

0.120

1700GHztr

13.0GHz j 10

'[ .:~• ,~, " , <00>' , , , , ,_,_~
o 10 10 )0 40 :;0 60 70 110 u IU m 30 40 50 60 10 III

20 ° Me.,ured 0. JtX!r • Mealured
II _/ry0o 5. 988 up(~0219'M,IIEmplrlall 0.270 - &yo 00.2424 expl-Q.02n, M,I,(Emplrlclll
16 Incidence Angle: If' 0. 240 Incidenci Angll, 30"
14 Frequency: 11.0 CHI 0.210 Frequency, 11.0 CHz

12 o.~

10 1l- 0.150

I 0.120

6 o.~

~ ~ ~~I"""".01020304050601010 0 1020304050607010
Punt MolslurtlWel Weight Bulsl Plant MoIsturt (WII WIlghl Baslsl

FIG. 10. Comparison of measured (J'0 (real units) with empirical model at 0°, 30°, and 70° for 9.4 GHz, 13.0 GHz, and 17.0 GHz.



MONITORING WHEAT GROWTH WITH RADAR 567

and Mp is plant moisture in per cent by wet
weight. Using the measure (yo (real units)
and M p values, an exponential regression
equation was generated for each combina­
tion of sensor parameters.

In Figure 10 the measured data are com­
pared to the regression curves at 9.4 GHz,
13.0 GHz, and 17.0 GHz for 0°, 30°, and 70°.
Because of space considerations, only VV
polarization data were chosen for presenta­
tion. In general the coefficient B, which is a
measure of (yO sensitivity to plant moisture,
has approximately the same value for both
polarizations at nadir but is consistently
larger for VV polarization than for HH
polarization at other angles. Based on a sub­
jective judgment of the "goodness of fit" of
the generated exponential curves, there does
appear to be an exponential trend relating (yo

and Mp •

CONCLUDING REMARKS

Measurement of the backscattering coeffi­
cient, (yo, of wheat acquired during the final
month of its growing cycle indicate that (yO is
quite sensitive to the physiological and mor­
phological changes which wheat undergoes
as it ripens, particularly during the one-week
period prior to harvest. As an indicator of
stage of growth, plant moisture content ap­
pears to be highly correlated with (yo, which
makes radar an attractive tool for monitor­
ing wheat growth. In terms of the range of
sensor parameters examined in this study,
9.4 GHz (Y°v nadir data show the highest sen­
sitivity to plant moisture variations and to
passage of time. At angles away from nadir,
higher frequencies are found more suitable,
however.

Throughout the discussion of the data pre­
sented herein it was noted that the greater
majority of information was obtained from
data taken at, or very near, nadir. Investiga­
tions of the ability of active microwave sen­
sors to estimate soil moisture also indicate
that incidence angles near nadir are op­
timum2.4•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 al., how­
ever, indicates "that a microwave hologram
imaging radar is realizable for use on an air­
craft or space vehicle"20. Furthermore, it is
noted that the best incidence angle for op­
timum 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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BOOK REVIEW
TERRAIN ANALYSIS-A Guide to Site Selection Using Aerial Photo­
graphic Interpretation, by Douglas S. Way. (Community Develop­
ment Series) Dowden, Hutchinson & Ross, Inc. Stroudsburg,
Pennsylvania. Cloth Bound, 9 x 11%,392 pages, Illustrated, $29.50.

According to the Community Development
Series Editor, Richard P. Dober, this is the first
book in the Series concerned with land, the forms
it takes and the capabilities it has for satisfying
human needs and uses. Professor Way, the author,
teaches Landscape Architecture at Harvard Uni­
versity and has his own related consultant busi­
ness. Douglas Way Associates. He has prepared a
well-organized reference work.

The book is divided into eleven chapters with a
glossary, three appendixes and an index. Chap 1,
"Landforms and Aerial Photographic Terrain
Analysis," contains a description of how to use
stereo pairs of aerial photographs with a stereo­
scope to perform landform analysis. It is a short
chapter with many illustrations and a number of
stereopairs of aerial photographs with a stereo­
scope to perform landform analysis. It is a short
chapter with many illustrations and a number of
stereopairs of aerial photographs to explain the
text. Ample references for further study are given
at the end of the chapter.

Chapter 2, "Processes of Physical Geology,"
discusses the weathering, mass wasting, and ero­
sion of the land. Numerous illustrations and
photographs are used in the text, with additional
references.

Chapter 3, "Soils," contains several tables on
characteristics and ratings of unified categories for
roads and airfields in addition to engineering use
charts and other tables and references.

Chapter 4, "Data Acquisition Sources," contains
a brief description of all possible sources for ob­
taining aerial photography in black and white, in
color, and in color infrared. Examples of radar im­
agery and black and white photography are
shown, however, no color is given in the book. A
large number of references to articles on all types
of photography is given at the end of the chapter.

Chapter 5, "Issues of Site Development," is
quite short and merely serves to explain some
technical construction terms along with a list of
references.

Chapter 6, "Sedimentary Rocks," contains a
fairly detailed treatment of the different types of
sedimentary rocks with many elaborate sketches
and aerial photographs in stereopairs to explain
each rock type. References are given at the end of
each rock description.

Chapter 7, "Igneous Rocks," treats those forma­
tions in the same manner as Chapter 6. Chapter 9,
"Glacial Landforms," Chapter 10, "Eolian"
(Windlaid) Landforms, and Chapter II, "Fluvian
(Waterlaid) Landforms," follow the same format.

The Glossary is a fairly complete compilation of
landform terms in language that is easily under­
stood by the layman. Appendix A, "Soil Conserva­
tion Service," contains published soil surveys,
Appendix B lists state geologic maps, and Ap­
pendix C lists sources for additional maps, includ­
ing vegetation and topographic maps. All of the
sources for maps in Appendixes Band C are indi­
cated together with prices of the maps. The Index
is complete and makes references to the text easy
to locate.

Terrain Analysis is an easily readable, well­
organized text book that can serve as a good be­
ginning for basic knowledge of landforms. The
text is illustrated with 395 sketches, maps, and
stereopairs of aerial photographs. Although I may
differ with his term of "stereo-glasses" or
"stereoviewer" for what has been generally
known as a stereoscope, Professor Way has pro­
duced an excellent reference book for anyone
concerned with terrain analysis.

-Abraham Anson


