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ABSTRACT

This-investigation 1nc1udes experimental measurements: of
canopy.attenuation at 10.2 GHz (X-band) for canopies of wheat and
soybeans, experimental observations of the effect upon the
microwave backscattering coefficient (o°) of free water in a
vegetation canopy, and experimental measurements of ¢° (10.2 GHZ,
50°, VV and VH po]ar1zat1on) of 30 agricultural fields over the
growing season of each crop. The measurements of the canopy
attenuation through wheat independently determined the attenuation
resulting from the wheat heads and that from the stalks. An
experiment conducted to simulate the effects of rain or dew on o°
showed that ¢° increases by about 3 dB as a result of spraying a
vegetation canopy with water. The temporal observations of o° for
the 30 agricultural fields (10 each of wheat, corn, and soybeans)
indicated that fields of the same crop type exhibit similar temporal
patterns. Mode1s previously reported were tested using these
mutlitemporal ¢® data, and a new model for each c¢rop type was
developed and tested. The new models proved to be superior to the
previous ones. : '

@




1.0 INTRODUCTION

A remoterensing instrument--such as rada‘r--mounted on a
Spaéeborne platform offers enormous scientific and nonscientific
potentizal. ‘Tasks her;tofor'e' thought impossible ndw are becoming
feasible on é glebal séa]e because of such systems. Ope of the
.applications for which spaceborne remote sehsi‘ng seems custom-made
is environmental monitoring. This includes but is not limited to
mdnitor‘ing show coverage, sea-ice coverage, and land-use patteprns,
- as weﬂ as det_:e’rminingl the areal exte.nt of vegetated land.

Sensors operating in various parts of the electromagnetic
spectrum have been utilized for various applications. The more
common sensors operate in  the op_ﬁical, thermal-infrared,
millimeter, and microwave __'r'_egion.s of the electromagnetic
spectrum. Each sensor band or channel operates at a different
wavelength and receives new information about the target .by virtue
of its spectral properties. Hence, an optical sensor operating
- alongside a microwave sensor can provide helpful supplementary

data about the target being observed.

1.1 Radar as a Remote Sensing Tool

A sensor operating in the microwave region has certain
advantages over one operating in the optical/thermal infrared
region. The most widely known advantage is exemb'lified by the
all-weather capability of radar ser'tsoi;'s, i.e., the capacity of
microwa\?es' fo penetrate clouds and precipitation without nﬁxch
attenuation.  While this s certainly useful, there are other

reasons that radars are goond remote-sensing-'ins_tr'uments. Because




of the wavelengths involved, microwaves can penetrate a variety of
land-cover types. to some extent, thus providing information on
cbvervheight'or thickness, background material, etc. Ih addition,

because radar provides its own source of illumination, both

incidence angle and polarization can be ‘regarded as - free

parameters to be optimized along with frequency or wavelength for
a specific application.’

The application to be investigated in this study is the use

of radar as a remote sensor of vegetation, specifica11y,'

agri¢u1tura1 crops.

1.2 Agricultural Menitoring

~ From the standpoint of the user, desirable radar capabilities

include the identification- of crop type, the determination of

where and to what extent plants within a aiven field are
undergoing stresses that may have an impact on yield, and finally,
the prediction of final yield. in order to provide such
information, an understanding of the physical parametehs affécting
the quantity repfesenting-the sensor's output,‘a°, is needed,

Investigators (Brisco and Protz, 1980; Bush and Ulaby, 1978)

have examined - the effectiveness of microwave remote sensors

(primarily radar) as target discriminators, i.e., the ability of
radar to distinguish wurban areas from forest from farmland.
Further bréakdqwn jinto crop. types is.pdssib1e'in some cases, as a

result of a crop's temporal "signature" (not to be confused with

' spectraT'signature).~ As examples - of thesevﬁsignaturésgf Figures

1.1 and 1.2 show temporal histories of o° from wheat. Figure 1.1
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shows the témpora] variation of o° from a winter wheat field in
Manhattan, Kansas as measured at 13 GHz with a 50° incidence angle
and VV polarization. = For comparison purposes, the temporal
behavior of.the green leaf area index (LAI) is presented in the
same plot. Figure 1.2. shows the temporal variation of ¢° from a
spring whaat tield in France as measured at 9 GHz with a 40°
incidence angle and VV polarization. Again the accompanying LAI

is presented as well. Note the similarities in the temporal

behavior of o¢° 1i.e., both exhibit an early peak followed by a Tow

period followed by an increase in ¢% Notice also the coincident

increase in LAI followed by its decrease, which corresponds to a
similar behavior in ¢°.  Differencas are aiso apparent, e.g.,
whereas the peak Tevel of LAI from.the Kansas field is about 8,
the peak from the French field is only about 4. Yet the peak in
o® from Kansas is about 0.23 m2 m~2 or -6.4 dB, whereas the peak
in o® from France is about +2 dB or 1.6 m2 m“2. This difference
may be a ‘rea1 one, although some of it is certainly due to

calibration differences. Overall, it may be shown that wheat has

- a definite temporal signature, although at this point it is not

known whether it is a unique one.

Another example of a crop's temporal signature is depicted in
Figure 1.3.  The temporal behavior of o of corn for two
consecutive years (1975 and 1976) at 14.2 GHz, 50° and 60°
incidence angles, and HH pOTarizatioﬁ i; shown. If we ignore the
difference in ‘incidence angles and preceedvﬁith our comparison, we

see strikingly similar patterns, though some differences are also
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apparent. In view of these observitions, it seems apparent that
indeed therz are temporal signatures which may be used in

discrimination analyses.

1.3 The Need for Models

In order to use radar effectively as a remote senéing tool,
the physics of the sensing process must first be understood. Such
an understanding can be gained by investigations into theoretical
e1éctromagnetics and through extensive experimentation. The
former provides explanations for certain observations 1in the
experiments,'whereas the Tatter verifies or refutes the pboposed
theories. Through these -efforts, theoretical models are evolved;
yet these models can also be consideéed empirical because they can
be "fitted" to experimentél -data. As tﬁe models become more
accurate, specific ihformation about the physical properties of
the target is needed to serve as input to the models.

When agricultubal fields are used as targets; properties
useful as inputs to‘these'mOdeIs include soil conditions,nbanopy

attenﬁation, and plant dielé;tric constant. The role of the soil

* background “in radar backscattering (c°) has been studied

extensively .both _experimenta]]y (Batlivala and Ujaby, 1977) - and
theoretically (Eom and Fung, 1082; Ulaby et al., 1982,
Chapter 12). ~ Data on canopy ‘attenuation are very Tlimited,
although this staté of affairs is éha;ging (Ulaby and dJedlicka,
1983; Van Kasteren and ASmit; 1977). Stmilarly, the dielectrié _

properties of plant parts are only now being extensively

studied. Theoretical models that incorporate these data have been




developed to varying degrees of complexity. For exémp1e; some
treat the entire canopy as a homogeneous layer with inclusions
that provide a suitable albedo (related to backscattering or o°)
and attenuaﬁion, whereas others model a volume of leaves as having
specific shapes and angular distributions. Clearly, the former
mode] is more easily tested given the limited information about
plant parameters (ground truth), whereas the latter requires

~ extensive measurements and has therefore not been tested fully.

1.4 Scope of the Investigation

To_further this . 1ine of research, this investigation included
axperimental data on canopy attenuation and ¢° from various

-'canopies.and attempted to extend current models in order to yield

superior fits. An attempt to relate the temporal behavior of o°

. to harvested yieid was.nmde, using purely empirical approaches as
well as other appropriate methods currently in use. Finally, this
invésfigation _extended its findings to examine the effects of
varying sensor 'proberties, i.e., the effects of fraquency,

-* i{ncidence angle, and polarization, on o°.

.__.,u,
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developed to varying degrees of tomplexity, For example, some
treat the entire cancpy as a homogeneous Tlayer with inclusions
that provide a suitable albedo (related to backscattéring or o)

and attepuation, whereas others model a volume of Teaves as having

) specific shapes and angular distributions. Clearly, the former

model 1is more easily tested given the limited information about
plant parameters (ground truth), whereas - the latter requires

extensive measurements and has therefore not been tested fully.

1,4 Scope of the Investigation

To further this Tine of-reséarch, this investigation included

experimental data on canopy attenuation and ¢ from various

“canopies and attempted to extend current models in order to yie1d
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to harvested yield was madé, using purely empirical approaches as

well as other appropriate methods currently in use. Finally, this
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2.0 CANOPY ATTENUATION MEASUREMENTS
2.1 Introduction

Using the microwave spectrum to monitor agricultural targets
shows significant; potential (Brisco and Protz (1980); Bush and
Ulaby (1978)). 1In order to utilize this potential to its fullest
extent, an_. understanding of ° the  interaction  between
alectromagnetic energy and a crop canopy is necessary.

The backscattering from a vegetation canopy consists of
scattering from three sources: the direct backscattering from
plants, the direct backscattering from soil (including the two-way
attenuation by the " canopy), and multiple scattering from
plants/soil. A visual interpretation of these tﬁree scattering
sources 1is presented in Figure 2.1a; Due to the fact that the
mu]tipie scattering term involves two (or more) reflections, it is
generally considered.to be insignificant when compared to the sum
of the direct backscattering terms. For this reason, most models

attempting to predict the magnitude of the backscattered energy

jgnore the multiple scattering term. Hence, the backscattering

process may be visualized as depicted in Figure 2.1b.

Empirical miodels with a theoretical basis, but 1ncdrporating
measured data, have been devéioped by ‘Attema and Ulaby (1978),
Hoekman"et‘ al. (1982), and Ulaby et al. (1984), among others,
These models all have the same basic structure, i.e., thé
backscattered energy Ee;eived by tﬁe_ receiver 1is composed
priméri1y df two tomponentﬁi-':(l) végetation backscattering aﬁd
(2) soil backscattering attenuated by vegetation. 'Mathematica]1y,

the models may be written in the fdrm




| @ Direct Backscatter from Plants
() Direct Backscatter from Soil

() Plant/Seil Multiple Scatter

(a) Scattering Sources

@ Backscatter from Vegetation"Water Particles"

(2 Backscatter from Soil
(Includes two-way attenuation by canopy)
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Figure 2.1 Backscattering cont}ibutions from a vegetation

canopy: (a) scattering sources and (b) equivalent
"cToud" representation in terms of water
scatterers. S
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o _ 0 0 2 ‘
%an ~ °veg * °50'i1/L > (2.1)

where °gan is the total backscattering coefficient reaching the

receiver, ogegis that part of'cgandua_entirely to backscattering

by plant parts, and ogoilis that part of og due to backscattering

an
- from the underlying soil surface attenuated twice by the
vegetation canopy (hence the L2 térm).
- o
The part of Iean
investigated previousiy {Batlivala and Ulaby 1977; Dobson and

resulting from soil backscattering has been

Ulaby 1979) and was found to be dependent on three soil
parameters: (1) surface roughness, which may be characterized by
an effective RMS height and correfation Tength, (2) soil texture,
and (3) soil mojsture. For a given field, the first two should
not change appreciably over the growing season.  The third
parameter, however, changes oh an almost daily basis. Models
_ charécterizing the evfect of moisture ‘changes on °§oi1
. given frequency, polarization, and incidence angle} take the form

(Utaby et al., 1982)

0

deoi1 = A * @xp(B = m.) (m2m~2)," E (2.2)

where A and B are cbnsténts that incqrporate the roughness and

(for a

texture factors, and mg is the soil moisture content of the -

surface layer.

0
%an"
and L as unknowns. In attempting to model these components it is

0

- .Thus, the soil component of is predictable, leaving o

11

veq



helpful to establish reasonable values for each. Since o°

can

o .. can be estimated, knowledge of

soil
one component yields knowledge of the other.

can be measured directly, and

2.2 Review of Past Results

In the past, a number of people have attempted to measure the
attenuation of microwave energy by plants. In 1974, Attema and
Kuilenburg (1974) reported two-way attenuation coefficients for
potatoes, oats, barley, and wheat ranging from 30 dB m™! for
potatoes to 12 d8 m™! for wheat. The measurements were made at X-
band, using a 45° incidence angle and VV po1arfzation. In 1977,
van Kastern and Smit (1977) reported one-way attenuation
coefficients for potatoes at six Tocations within a single field
on a single day at x-band.. Their values ranged from 25.4 dB m™!
to 63;6 dB m~l. They attributed this variability to the number of
leaves present between the transmitter and receiver.

In 1970, Story, Johnson, and Stewart (1970) reported one-way
‘attenuation through wheat at 16 GHz with a 90° incidence angle
through a canopyIS feet wide (152 cm). From their data, which
were acquired using wheat at the harvest. point, i.e., having about
10% moisture content (wet basis), one-way attenuation coefficients
were computed to be 1.1 dB m~l and 0.43 dB m~! through stalks. (900
stalks per m~2) at V and H polari;ations, respectively, and
between 7.8 and 12.8 d8 m~! throuéh ~the--heads (900 Hheads per
m~2). In 1984, Ylaby and Jediicka (1984) . reported one-way
~attenuation values through corn-and'soybean canopies on a tgmpona]

basis.at 10.2 GHz with a 52° incidence angle and V polarization.

12
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‘For corn, their values ranged from about 8 dB m~1 early in the

season to about 5.8 dB m~! at full canopy height (2.7 m). For

soybeans, their values ranged from about 6.9 dB m™! early in the

season (height = 20 cm) to about 22.6 dB m~Ll at full canopy height’

(102 cm).

Lopes (1983) reported one-way attenuation throﬁgh wheat
étalks at .9. GHz wifh a 90° dncidence angle as a function of
polarization. The values ranged from cbout 23 dB for purely

vertical polarization to about 1 d8 for horizontal.

2.3 Experiment Description

In order to determine values for head attenuation and stalk
attenuation in wheat un¢er-natura1 field conditiohs, measurements
were made on 23 dJurie 1983 on a winter wheat field in the north
Lawrence (Kansasj ‘area.  See Table 2.1 for crop and field
Aparameters. | ! .

The equipment used in making these measurements included the
_Mobi1e Agricultural Radar Sensor (MARS), which is é truck-mounted
FM-CW X-band scattérometer that operates at 10.2 GHz. The system
is describedv in Gable et al. (1981) and a summary of its

parameters are presented in- Table 2.2,  Also used in these

experiments was a small (7-x 5-cm apepture)'x-band horn antenna

connected via a detector to a logarithmic power scope comprising

the receiver. The experiment'cbnsistéd of the following steps:

| with the transmitting antenna approximately 10 m above the soil

and transmitting at 10.2 GHz (60° incidence angTe;‘vert%ca11y




Table 2.1

Winter Wheat Attenuation Experiment

Ground-Truth Data

Measured o© (50“ Incidence Angle, 10.2 GHz)

Canopy height:
Head - Tength:

Plant density:
‘Row spacing:

Head moisture:
Leaf moisture:
Stalk moisture:

- Soil moisture:

Head water content:
Leaf water content:
~ Stalk water content:

VV = -15 14 dB
VH = -20.74 dB

105 cm

8 cm

900 plants m’ ~2

20 cm

45% (wet basis, grav1metr1c)

16% (wet basis, gravimetric)}

63% (wet basis, gravimetric)

20.9% (dry basis, gravimetric, 0-2 cm)

0.437 kg m~2
0.034 kg m-g
1.173 kg m™
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TABLE 2.2

MARS System Parameters

Type

. Modulation

Frequency: fo

RF Bandwidth: Af

Transmitter Power

IF Frequency: fir

Antennas: -
Height above ground
Transmit-antenna diameter
Cross-polarization antenna
Transmit feed

Beamwidths of product patterns

(GT(es‘P) * GR(9,¢))
VV Elevation:

Azimuth :
VH Elevation:
Azimuth @

Look~Angle Range: 8
Dynamic Range:

15

FM-CW
Triangular
10.2 GHz
420 MHz

60 mW

22 KHz

9.3 m

- 30 cm

standard gain horn
dual dipole

3.96°

4 . 3 10

5.44°

5.14°

§0°dg 80° from vertical
0
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‘polarized) the receiving antenna was placed in the field, within
the main beam of the transmitting antenna. This receiving antenna

was mounted on a structure that enabled the operator to

continuously vary its height above the soil from 132 cm down to -

23 cms The height of the receiving antenna was output as a

' voltage via a potentiometer. Thus, by monitoring the output of

both the power meter and the height-voltage, information about
attenuation versus height was avai1éb1e. To remove_ any effects
due to anteﬁna gain variations, the system was also calibrated
without a canopy between the antennas afl the same range and
incidence angle. The reéu]t of this calibration was then removed

from the data, thus leaving'onTy the effects of the canopy.

2.4 Results

From six Tlocations witﬁin the same field, separated by
approximately one meter, canopy attenuation profiles were recorded
under ,tW° conditions. | First a profile was made under normal
condjtions. Then, from the same position, another profile was
made of the Same area, but with the wheat heads rehoved. A sample
plot is shown in Figure 2.2. Notice that the profile of. the
canopy with the heads intact shows higher attenuation than the

profiTe with the heads removed. Also note the strong oscillations

in the profile that includes the heads. To examine the effect of

the heads alone, the difference between the two curves was plotted
against the height of the receiving antenha. By multiplying the
height scale by tan®, the x-scale was -converted into horizontal

distance from the receiving antenna in the-direction,towards the
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- Figure 2.2 Example -_of data aﬁquired using the vertical
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'traHSmitting antenna. A sample plot, as described, for one of the

six locations is shown in Figure 2.3. In additjon to the overall

level of approximately 11 dB, notice the oscillatory behavior
indicated in Figure 2.3. The spaciﬁg between peaks 1is roughly
20 cn, which corresponds to the row spacing. This may be
: expTained as a clustering of the heads every 20 cm, whereas in
between, the density drops. Based on such head-attenuation values
from all six locations, a histogram of the head attenuations was
produced and is shown in Figure 2.4, From these data the mean
head attenuation under these conditions was found to be
approximately 8.3 dB, which corresponds to an attenuation
coefficient of 52 d8 m~l. If we assume that the attenuation
coefficient 1is proportional to fhe imaginary part ‘of the
refractive index of the heads, nﬂead’ comparisons with Story's

data are possible. At 10% moisture, =0.16 at 12.2 GHz

"
nhead

]

(Nelson and Stetson, 1976) and at 24% moisture nﬁead = 0.48. 1In.

obtaining these values, a correction for bulk densities was made
in accordance with Nelson (1976). - By. extrapolating in a linear
fashion, at 45% moisture nﬁead = 0,95, Thus had Story et al.
measuréd heads with 45% moisture, they might have seen attenuation
coefficients ranging from 45 to 74 dB m™! at 900 heads m;z, vhich
was the head density in the RSL experiment. Thus thé numbers
obtained here seem appropriate. _

In addition to informatibn abbut head ‘attenuation, stalk

attenuation"data are also avaiTab1e “from this series of

measurements. By taking the overall attenuation due to the stalks

(the Teaves are neglected, as they contain only 16% moisture,
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" Canopy Height: 105 cm .
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Figure 2.3 Plot of head attenuation as a functwn of
horizontal positien.
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Date; June 23, 1983 (day 174 Crop dypes ‘Winter Wheat

Tgmp. 85 — 90 F (day ) ?Icntm" Density; 900 plants m™
: Row Ssﬂc'"c 20 cm

- Cano:)" Pe...m 105 ¢m

Head tengin: 8 cm

- | Hecd Moisiure: 45.4 % 7 {Wet Basis) -

.reql.e ney: 10.2 GHz .
. ot Polarization: VV .
10— . v lncudeﬂce angle:” 60 Deg - -

Mean Head Attenuation: 8.34 dB

Frequency

0 1 2 3 4 5 6 7 8 9 10 11 12 13 94 5 16 17 18 13 20 21 22
Hecd Attenuation (dB)

Figure 2.4 Histogram of head attenuation from all six
locations.
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whereas the stalks contain 63%) and dividing by the height of the

stalks dete}‘minéd ffom each plot of attenuation versus height, an

'attenuétion coefficient due to stalks 49s obtained for each

Tocation; Figure 2.5 shows these values. In addition to the
overall magnitude, notice " alse the variability between
Tocations. " This 1is attributed to within-field variability in
p1an£ moisture and density, the latter being the more dominant
factor. |

An identicaliexperiment was tried -on a spring wheat field,
also ih the North Lawrence area, on July 29, 1983. Table 2.3
gives the .crop and field parameters. By this date the canopy was
ready for harvest, with all plant parts having moisture contents
of only 8% {wet basis). 'Amtenuatibn profi1és were made under
three conditions:  full canopy, canopy without heads, and no
canopy. Under all three cbnditioﬁs, at two Tlocations, no
difference was seen in the profiles, dJ.e., no measurable

attenuation due te the.canopy was taking place.

2.4.1 Absorption Loss Factor of Canopy Stalks
This section provides an apprOXfmate'method for computing the
absorption loss factor Lgt(e,p) for a canopy of thin vertical

stalks of .height h. The major requirement of the method is that

. the stalk's diameter be much smaller than the wavelength 1, whére

A= AO/{EG is the wavelength in the stalk material with relative
permittivity ej. Thus, the size condition depends on the stalk

diameter.d, the water content of the stalk matérial (which in turn

determines e}, and thé_Signa1vwavelength Age This means that the

21
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Figure 2.5 Graphic display of the way in which the stalk
attenuation coefficient waries.
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Table 2.3

Spring Wheat Attenuation Experiment
Grotind-Truth Data

Measured ¢® (50° Incidence Angle, 10.2 GHz)
-20.83 dB

(o]
cw
(o]
Yy

Canopy height: 70 ¢m : :
Head moisture: 8.6% (wet basis, gravimetric)
Statk moisture: 8.1% (wet basis, gravimetric)
Soil moisture: 2.5% {(dry basis, gravimetric)




condition is easily mét for wheat stalks (d = 0.2 cm) at 10 GHz
(3% = 3 cm), even for very moist stalks (e = 30). 'ﬁhen the size
condition s violated, the loss value obtaihed may still prove to
be a useful estimate, albeit a rough one, of the true loss
attributed to stalks.

Parts (a) and (b) of Figure 2.6 depict, respectively, a
horizontally polarized wave and a vertically polarized wave
incident upon the upper surface of é dielectric s]ab'consisting of
thin parallel cy]inders oriented along thez~axfs. The parallel
orientation of the cylinders leads to the characterization of the
slab as an anisotropic dielectric medjum with |

>
e

=;ex+;ey+£ez.' _ ‘ {2.3)

Because of azimuthal symmetry, X = e, Such a medium is called a

uniaxial crystal in optics (Born and Wolf, 1965, Ch. 14) and the

direction of orientation of the cylinders is referred to as the
optic axis. In the present treatment, the optic axis is parallel
to the surface normal of the slab {(z-direction).

The dielectric components €X and € can be related to the

 relative dielectric constants of the inclusion (stalk) and host

materials, €, and s respectively, and the inclusion volume
fraction (volume of stalks per unit volume of canopy) Ve by the

dielactric mixing formulas given'.by Polder and 'Van Santen.
| Specifically, for VSt small (typicaTTy,:vg |
¢ = 1 (air), they become |

24
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(a) Horizontal Polarization (b) Vertical Polarization
Figure 2.6 A depiction of how a number of thin, parallel
cylinders behave as a uniaxial crystal.
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and
e =1+ vst(e:v - 1. (2.5)

Each of the above relative dielectric constants is in general a
complex quantity, ¢ = €' - je". Also, as we shall see below, &*
and ey are associated with the propagation of an "ordinary" wave,
and €% is associated with the propagation of an "extraordinary"
wave throughrthe crystal (dielectric slab). Hence, we shall use
the notation £ = & = g, and & = g,, where the subscripts "o
and "e" denote ordinary and extraorainary, respectively. These

substitutions Tead to

(ef = 1)(s) + 1) + (&)?

el =1+2vy.. (2.6)

.0 St.[ _ ('ez + 1]2 + (Equ
: . v \'}
4v, e
& = = (2.7)
1 . 1]

Tl nre (@)

[ [ ' .

=, 1+ vst(ev 1) | (2.8) .
%™ Vst & ¢ ' (2.9)

b rdpinn
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For stalks with a high moisture content, e, and ey are each Targer

than 10, in which case eg and e can be simplified to

| &l )
el =l +2 vy (2.10)

4 v 8"
" st_v . {2.11)
(e3)2 + {ey)? -

Sitice 8; and 83' increase with increasing moisture content at
bomparable rates, the above expression for gy leads to the result
that e; decreases with increasing moisture content of the
stalks. In the Timit where the stalks are "perfect conductors"
with € = =, we have e = 0. This implies that ordinary waves
propagate through such a uniaxial crystal with no dielectric
Toss. Since the electric field for an ordinary wave is in the x-y
plane, it cannot induce currents in vertical wires if the diameter
of wire is sufficiently small relative to A to be considered
zero. Hence, there is no absorption and no conduction, f.e.,
there is no dielectric loss.

According to the treatment of wave propagation in uniaxial

crystals given by Borh and Wolf (1965, Ch. 14), the resu?fs given

below apply to the configurations shown_ﬁn Figure 2.6.

Horizontal ?oTarizqtion _
The attenuation coefficient for a horizontally polarized wave

(Figure 2.6(a)) is given by




ah ::—;z\lor- ng . : , : (2.12)
where
""o = |Im {/eo}[. _ ' | (2.13)

Since vgy is very small, €f << 1 and

T ,
_ S - g » (2- 14)
o'h AO 0

The stalk's dielectric loss factor for canopy height h is
L¥(e,h) = exp(2 o b sec®). (2.15)

Vertical Polarization

Although in the general case 8" # §' ¥ 8, these three angles
are approximately equal for a stalk canopy bécause e, and &5 are
each only sliaghtly 1arger than 1. This is a consequence of having
~air as the background material in the canopy and of the fact that
thé volume fraction of stalks, vgy, is of the order of 1072 or
smaller. | o

The attenuation boefficient'for a_verticé]ly polarized wave

(Figure 2.6(b)) is

.av=%§n;;,_ . N (BT
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where

=
<z
]

= ng cos? 6 + ng sin? o, (2D

= [Im {%e_}, | (2.18)

=
=
|

and ng is given by (2.13). Fina11y,}the dielectric loss factor

. for canoby height h is given by -

L:t(e,v) = exp(2 @, h sec8). ' ' (2.19)

Application to Experimental Data

This model may be applied to all thze sets of data mentioned'
earlier concerning wheat stalks: (1)lthis data set, (2) Stdty's
data, and (3) Lopes' data. ' |

In the first set, wheat Stalks were observed at 10.2 GHz with
an inéidence angTe- of 60°. _7The- mean of measurements from six
locations. is 30.4 d8 m™l with a standard deviation of
12.4 d8 m~!. ~ From the measured p1ant' parameters, a velumetric
water content of 35% was compufed. Based on measurements made by
Ulaby and Jedlicka {1983) of wheat stalks at 8 GHz, the stalks
were found to have a die]ectri¢ 6f IO;Q; ~-j4.53. By applying the

mixing formulas reported by Polder and Van Santen (1946) and

de Loor (1968) for needle-like inclusions comprising a volume -

fraction of 0.00363, the dielectric along the vertical or z-

direction was computed to. be 1.036. - Jj0.01644, whereas. the -

29




‘horizontal or x- or y-direction was‘i.OOG - j0.00042. Based on
these values, the model for uniaxial média gives an index of
refraction for a vertically polarized wave propagating at an angle
of 60° from the optisal axis of 1.014 - jO.00611, which
corresponds to a one-way attenuation of 21.1 dB m~1. The measured
value of 30.4 dB8 m~! is within one standard -deviation (12.4 dB
m-1) of the computed value.

The next set, Story's data ét 16 GHz, 1is for dry sta1ks; He
reports the vertical attenuation coefficient to be 0.55 dB m-1,
whereas the horizontal coefficient is 0.22 dB m-! through a
b]anting density of about 900 plants m~2. Using stalk dielectric
data at 8 GHz, modified to fit the vertical polarization data
(0.54 dB8 m~1), the horizontal attenuafion coefficient was computed
usinj the technique described above. It was found to be 0.25 dB

m™!, which yields a ratio of 2.2:1 (dB) relative to the measured

ratio of 2.5:1 (dB). It would seem that this model again proves

satisfactory.
Finally, a plot of Lopes' data along with the modeled fit is
shown in -Figure 2.7. His all and %L-correspond to extraordinary

and ordinary wave attenuatijon. Clearly, the model provides c]osé

. agreemeﬁt to the measured data. Since the wave's direction of
 propagation is orthogonal to the optical axis of the uniaxial

- medjum, tﬁe wave - is simply décomposgd into “extraordinary (V

polarization) and ordinary (H polarization) components, attenuated

~fappropriate1y,sadded once again; and'thehISquarEd td yie1d the
" power. The ratio'here between vertical and horizontal éttenuatiqn

:~;fs‘abdutf20£1'(dB) or about 100:1 in real units, which is higher
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 Data and mode] reported by Lopes (1983) showing how

attenuation through wheat stalks is dependent on
polarization.
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than Story‘s'daﬁa by two orders of magnitude. This is due to the

higher'stalk moisture content.

2.4.2 Absorption Loss Factor for Wheat Heads

A similar situation 1is seen in the wheat-head absorption

~ data. The measurements by Lopas (1983) shown in Figure 2.8

indicate unequal attenuation through the heads at 9 GHz at a 90°

~incidence angle for V and H po1ariza£ions. This agaih implies a

uniaxia1~1ike behavior yielding a larger absorption factor for

vertical polarization than for hOrizonté1. Further complicating-

the situation 1is the fact that the heads are not as uniformly
vertical as the éta1ks, and due to their larger dimensions
(comparab1é to a wavelength at X-baﬁd),a sﬁbstantia] part of the
attenuation may be due to scattering. .Accurate measurements hove
yet to be devised to quantify the latter effect.

Ignoring these added complexities, a computation of the loss
due to ‘absnrption is possible. The heads may be modeled as
prolate spheroids whose hajor axes are all vértica11y para11é1.

Again, the de Loor formula applies with the fo11owing reﬁu}ts:

v, (&, = 1) : _
e, = 1+— h b , u=a b, orc (220
: 1+A, [eh - 1) |
where . ’ o
: 1-e2, d+ae ' | e

r— e

-t
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Figure 2.8 -
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‘Data reported by Lopes (1983) showing a
polarization dependence in the attenuation through

wheat heads.
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By = Ay = (1= A2 | (2.22)

and

[ ———

e = [1 - (a/c)Z]L@; c>a=h | (2.23) i

- where a and b represent the x- and y-directions, and-c denotes the
z- or vertical direction. Also, v, and g, are the volume fraction | !

and dielectric constant_of the inclusion material (heads) and the

B
dielectric of the host medium (air) is 1. Eccentricity, e, is {
given in terms of the ratio of the minor axes (a and b) to the 3

P

major axis {(c).

In app1ying these formulas to the 1983 experiment reported

1

ear1ief, first it is necessary to obtain a value fbr €head*
Nelson and Stetson (1976) reported values for the dielectric

constant of winter wheat grain as a function of gravimetric

p———1 prem———

moisture (wet basis) up to 24% over a frequency range from 250 Hz

to 12.1 GHz. From their findings it is possible to extrapolate a

LI

moisture of 45% and correct forAthe difference in bulk density
 using the results given by Nelson (1976). From_thfs we obtain a ' I
value for the head dielectric of 6.92 - j4.74. The ground-truth N |
~data permit calculation of the volume fraction and this is found
to be 0.01016. Now the only variable left unknown is the f
eccentricity. Physically, the head measures about 8 cm in length
and aboutll cm in‘diaméter, yielding a value for a/c¢c of 1/8ﬂ  This }

variety of wheat is characterized by awns, i.e., it has hair1fke : _.{
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fibers extending from the heads in a vertical direction. If we
incTude the awns in the length measurement, the a/c term is
1/15. Using these two values, we compute values for n; and n" of
0.0169 and 0.0012 for the awnless case and 0.0206 and 0.0011 for
the case with awns. . o

These values, when figured for a frequency of 10.2 GHz and an
incidence angle of 60°, yield values of vertical attenuation
through an 8-cm Tayer of heads of 3.86 dB and 4.86 dB for the
awnless case and the case with awns. The uniaxial crystal
properties have been included in the above calculations. The

reported value for measured attenuation is 8.3 dB with a standard

deviation of about 3.5 dB. As neither the non-vertical head

distribution nor the loss due to scattering has been accounted for

a definite conclusion cannot be drawn.

2.5 SUMMARY

To .aid in the understanding of the interaction between
microwave energy and a vegetation canopy, measurements were made
-on a winter wheat field which demonstated - that under the
~conditions described, one-way attenuation due to the heads when

moist 4§s approximately 8 dB . at 60°, 10.2 GHz, vertical

poiarizatibn, and attenuation due to the stalks when moist ranges

from 15 to 48'68 m-l.  The value of the head attenuation agrees
with values reported previously by Story et al., after adjustment
for moisture differences are made. The variability-in the stalk

attanuation is similar to that seen by van Kastern and Smit, which

‘they attributed  to the variations 1in the biomass. between
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antennas.  Also, for a dry canopy (8% moisture content) no
significant attenuation was found.

A-model that treats the stalks (and Tater the heads) as
uniaxial crystals was applied to the measured data as well as to
previously reported data. Good'agreement was shown, indicatfng

that a similar mechanism may be in action.

2.6 STiding-Horn Experiment

In this section, the details and vesults of a sliding-horn
experiment are presented. The methodology is similar to that used
by Ulaby and Jedlicka (1983).

The major advantage of the sliding-horn experiment is that it
yields a large numbér of independent samples, which when combined,
provide a good estimate of the average and standard deviation for
canopy attenuation, as shown by Ulaby and Jedlicka (1984)}.

Another advantage of the sliding-horn technique is that
attenuation can be measured as a function of horizontal position,
which meaps that autocorreiation and associated statistics become

available. This is important for applications to theoretical

‘models.

- 2i6.1 Experiment Statistics

The one-way attenuation through a Tossy vegetation canopy has

been modeled by Attema and Ulaby (1976) as"

L= eXp(ke * h * sech), - ) S - (2.24)
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where @ is the incidence angle relative to nadir, h is the canopy
height, and kg is the extinction coefficient. For a Tossy canopy
with a small albedo, extinction is dominated by absorption, hence
ke = ks, where k; is the absorption coefficient.

Electromagnetic theory tells us that for a dielectric
ky = 20 | - (2.25)

where

£33
1
ray
Q
—
3
p—r—y
o
3
——

=k n", . (2.26)

where o is the field absorption coefficient, k, is the free-space
wave number, €. is the complex relative dielectric constant of tha

medium, and n" is the imaginary part of the index of refraction of

the medium.
The received power through a vegetation canopy at position x

~is therefore
Pr(x) = P, exp(-2 k_ n"(x) + h(x) sect), S (2.27)
_where P, is the signal strength that would be received without an
intervening canopy, and n" and h are canopy parameters that are

“dependent upon Tocation. When the received power is expressed in
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dB and canopy height is assumed to be independent of Tlocation, we

‘obtain
P LX) = kg +k,n"(x), dB | (2.28)

where ki and k, are constants fog a given transmitter power level,
incidence angle, canopy height, and frequency.

Given the magnitude of the transmitter power, ki may be
determined, leaving ko n"(x), attenuatfon in dB, as the measured
quantity.' Based on this know]edge, statistics fof Ko n" may be
determined.

The autocorrelation for a stationary, stochastic process is

computed as follows

.

A() ='3%57 J W(x) W{x + 1) dx, A - (2.29)
where W(x) is the function for which the autocorrelation is to be
computed, and t is the displacement or lag. A7) is normalized by

the A(0) factor, the autocorrelation with zero lag.

2.7 Soybean Attenuatiqn Experiment

On July 20, 1983, the sliding-horn experiment as described

~above was condu «° in* a fuliy-dgqe1oped soybean canopy.

Table 2.4 Tists the. measured groupdifruth conditions  for this

field on this_day,'as well as‘measured“c6 data.. Figure 2.9 shows
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TABLE 2.4

qubean Attenuation Experiment
Ground-Truth Data

~  DATE: July 20, 1983 (Day 201) :
TEMPERATURE: 95 - 100 F

Crop Type: , Soybeans

Canopy Height: 82 cm

Planting Density: 26 plants m™2

Plant Spacing: 5 cm

Row Spacing: 74 cm

Percent Cover: 90 - 95%

Soil Moisture: 3.7% (0 - 2 cm, grav1metr1c)
Leaf Moisture: 76.4% (Fresh Basis)

Stalk Moisture: 81 2% (Fresh Bas1a)

Leaf Fresh Biomass: 0.590 kg m~2
Stalk Fresh Biomass:  0.970 kg m‘2

Measured ¢% {50° Incidence Angle, 10.2 GHz, 2 Tr1als)

V¥ Polarization ' VH Polar1zat1on
-6.80 . -16.30_

o 39‘
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Figure 2.9 Plan of the experiment setup for measuring
- soybean-canopy attenuation by using the -
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a plan of the expérimeht arrangement. .The experiment was
perforﬁed three times to improve the statistical quality of the
data, Figure 2.10 shows thg recorded data.jn its raw form.

Two problems immediately appear. ~ First the power Tevel at
the beginning and end are not equal, although neither suffers any
attenuation due to the “cleared" areas showﬁ in Figure 2.9.
Second, the record length for a kﬁown distance is different from
one tfial to the next,‘ The first problem 1s‘cau5éd by the fact
that the transmittervis supported and transported by a truck. If
the motion of the truck is not exactly parallel to the motidn of
the receiving antenna, the antenna pattern‘causeé a reduction in
signal strength., This may Be corrected if it is assumed that the
signal loss 1s a linear process as a function of position. The
second problem is also truck-related. The recording mechanism
records signal strength versus time; thus, although the truck
maintains a nearaconstént speed dufing the pass, its speed varies
between trials. This teo may be corrected, since the length of
~ the canopy section is known and shows dp cleariyvin the record.
The edges were defined as the point at which the signal drqps 3dB
from the powar received at that end.

Based updn» these corrections, Figure 2.11 was generated,

echuding\the regions outside the canbpy. One significant'error ,

remains. however, and it cannot be corrected. In trial 3, the
sigﬂa? Tevel dropped because of truck drift, and it is possible

that the signal strength became comparable to ‘the  noisa-floor

level, thus corrupting the results. - Hence, this data set may

produce inconsistent results, as discussed below.
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2.7.1 Experiment Resuits

Both the mean and the standard deviation of one-way canopy

attenuation were computed for the three trials after excluding

0.5 m from either end due to possib]é edge effects. These results

are shown in Table 2.5, along with the number of discrete samples

or elements into which the data were segmented, and the distance
each element répresenfs,‘as we11‘as the offset needed to correct
the raw data. The means for trials 1 and 2 were quite consistent,
whereas that for trial 3 was off by about one decibel,

A histogram was computed for eacﬁ trial, and the results are
shown "in Table 2.6. A plot of the histogram computed for aill
three trials combined is shown in Figure 2.12. The distribution
is seen to approximate a normal or Gaussian d{stribution-and has a
mean of 13.6 dB and a standard deviation of 2.6 dB.

The correlation length at various points within the record
was also computed for each trial, The results are shown in
Table 2.7. Again, the results for trials 1 and 2 agree, whereas
trial 3 results do not. The offset in element is the number of
elements from the left edge in Figure 2.11, at which point the
computation starts. As an example of the shape of this
aﬁtocorreiatioh, a plot of the computed autocorrelation. is shown
in Figure 2.13 from trial 2, with an offset of 200 elements.

Figure 2.13 shows what appears to!be a consistent period of
about 50 cm.  The cause underlying this cyclical behavior is not

knowns the“plant spading'is approximately 5 cm.
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- TABLE 2.5
Shdmg Horn - Soybean Data, July 20, 1983
10.2 GHz, 37°, V-Polarization -
‘ Slope Total : Mean Std. No. of "~ Element
Trial  Correction (dB} No. of Elements . Attenuation {dB) Dev. “dB) Elements Used ‘.(Size
R : ~{cm)
e
i
1 5 479 o 13.2 2.36 438 2.39
2 3 469 13.4 2.89 428 2.4
3 8 448 14.4 2.40 409 2.55
13.8 : 2.61 1275
v - et A A SRR vt v ke o
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TABLE 2.6

Histogram Data - Soybean Data
Number of Data Points Exceeding a-l but Not «

a(dB)

Trdal 5 6 7 8 9 10 11 12 13 ‘14 156 16 17 18 19

1 0 0 6 8 20 23 31 75 71 65 57 52 26 2 2

2 2 6 7 615 32 39 4 6 77 43 39 2 15 7

3 0 0 6.5 6 7 14 5 45 4 71 65 63 20 3

Total 2 6 19 19 41 62 84 173 181 188 171 156 114 37 12
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Figure 2.12 Histogram of one-way attenuation through the
soybean canopy.
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TABLE 2.7
AutocorreTétion Length (cm) f

Offset (Elements)

Trial 50 100 150 200 250 Mean
1 84 107 128 18.2 - 13.2 1.6
} 7.9 13.1 15.2 11.0 1.9 11.8
3 41.1 15.0 . 11.6  13.5 80.8 - 32.4

C4g
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Figure 2.13 Example of the computed autocorrelation from the
attenuation plots. -
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2.8 Vertical Attenuation Profile Experiment

Immediately after the three sliding-horn trials were
pefforméd, vérticaT attenuation profiles were produced for nine
Tocatfons within the same canopy. From these profiles, total one-
way attenuation was determined by subtracting the power measured
in dB at the bottom of fhe canopy from thaﬁ measured above it.
Since the height of the receiving antenna in this case was the
same as that for the sliding-horn experiment, i.e.,- about 23 cm,
the estimates of attenuation should agree. For calibration
purposes, one additional vertical—-attenuation profile was made
without any canop} obstruction.

The resu]fir: attenuation estimates for the nine Tocations
are shown in Table 2.8. The mean, 15.9 dB, although high, when
taken in conjunction with the. associated standard deviation,
ovérlaps the estimate yie1ded by the sliding-horn' data. The
increased standard deviation is a result of the Timited sample

~size (9) as compared to over 400 samples for trials with the

- sliding horn.

2.9 Summary |

An estimate of the one-way soybean canopy attenuation was
arrived -at by two methods. The sliding-horn method yielded an
estimate of 13.8 % 2.6 dB, whereas ;the vertical " attenuation
profile yielded 15.9 # 7.5 dB, at 10.2 GHz, 37° incidence angle,
and V-polarization. Hence, the sliding-horn method seems to be

much more accurate than the vertical attenuation profi1e.
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TABLE 2.8

Vertical-Attenuation ProfiTe Data, Soybeans, July 20, 1983
10.2 GHz, 37° Incidence Angle, V-Polarization

. One-Hay
Location No. Attenuation_{da)

18.63
17.23
25.62
21.79
17.20
5.22
2179
3.94
11,60

YW O NO U AW N

Mean: 15.89 dB
Std. Dev.: 7.5 dB
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A histogram of attenuation was also obtained from the data,
- which revealed a near-normal distribution. Further analysis
yielded corre]ation-iength estimates of about 22 cm and cyclic

structures in autocorrelation with a period of roughly 50 cm.

2.10 Comparison with Past Results and Models

The experiment described above is a repetition of a series of
similar measurements made in 1982 at .the University of Kansas
(Ulaby and dJedlicka, 1934).  Those reéths ‘are presented for
comparison fn Figure 2.14. On Day 201, the one-way attenuation

was of the order of 9 dB through a soybean candpy.about 58-cm tall

at an ‘incidence angle of 52°. 0On Day 215 the canopy height was:

comparable to that used in this report, i.e., about 8% cm, and
one-way attenuation of about 15 dB was reported.

It is assumed the attenuation follows a sec® behavior, i.e.,
a(9;dB) = «{0;dR) - secs, (2.30)

where 6 is the incidence angle, and «{8;dB) is the attenuation in
dB at an angle 6. Using this model, the data obtained at 37? may
be computed for an angle of 52°; the result is a .one-way
attenuation of 17.7 dB. Assuming a standard deviation of about
2.5 dB (from the 37° data) and a compar§b1e standard deviation in

Jedlicka's data, the measurements agree. Unfortunately, Jedlicka

‘did not report canopy biomass data, so variations may also

contribute to differences.
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Témpbi-a? véri étit_m of the measured one-way
attenuation at 10.2 GHz for a soybean canopy, and -
calculated attenuation due to absorption by leaves

and. stalks (from UTaby and Jedlicka, 1983). ..
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If the vegetatidn canopy 1is modeled és a collection of

random?y oriented discs (not a bad ~approximation for a soybean

canopy because of leaf shape), a comparison with a theoretical

medel is possible. The model proposed by Polder and Van Santen
(1946) and de Loor (1968) considers the case of ellipsoidal
inclusions Suspended in a host mgdium. In this case, the
~ ellipsoids are compressed into discs and the host medium is air;

The equivalent dielectric of such a medium is
e =g +—3 (5 - )2+ ), ‘(2-31)

- where &, is the equivalent dielectric constant of the medium, the
subscript h denotes host, the subscript i denotes inclusion, and
Vi is the inclusion volume fraction. Also, e* is usually replaced
by‘em howéVer when V; is quite small, e, and g, are fairly close,
therefore, & is chosen.

'.JedTicka‘aTso‘reported measurements. of e for. corn and wheat
Teaves és a function of volumetric water cohfent at around
8 GHz. Using -the value reported for corn leaves and a computed
yolumetric waﬁer content of 54%, a dieTécﬁric of 20.6 -~ j9.1 was
obtained for the leaves. A volume fraction of the canopy material

(Teaves and stalks) was computed to be 0.00282. This yields an

equsaTent dieTécfric bf'the'medfum of 1;038'f.j0.61707; From .

this, the one-way attenuation may be computed using an expreésion;

from'electrOmagnétic theory

o(d8) = 2+ 4.3 « §L o 0" o secs, O (2.32)
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where A is the free-space wavelength, n* is the imaginary part of

the index of refraction, and h is the thickness of the medium. As

- n*=¢, 0" = |Im /€|, Here n" = 0.00838. At 10.2 GHz, & = 37°,

a one-way attenuation of 15.95 dB is predicted, whereas 13.67 dB
is the mean attenuation measured. Again, an uncertainty of the

order of + 2.5 dB is associated with the measurement.
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3.0 EFFECTS OF FREE WATER IN A VEGETATION CANOPY

3.1 Introduction

One advantage of microwave systems over optical systems is

that microwave systems (radars, radiometers) are. "all weather,"

f.e., sun position, clouds, fog, snow, and rain have negligible

affects on microwave propagation. This means that rémote1y sensed
data can be acquired at anyAtime.

| The weather may dffect the characteristics of the target,
however. - Backscattering from water will be different depending on
wind speed and direction (Bradley, 1971) as well as on whether or
not it is raining, for example. A snow layer's backscattering may
be different in the daytime and at night due to the change of
phase of the water (Stiles and Ulaby, 1980).

Another possible weather influence upon targét .

. character1st1cs is the presence of free water in a vegetat1on

canopy. The water may be present for a number of reasons:
condensation or dew, rain, or irrigation. The presence of free

water in a vegeftation canopy should influence the way it appears

" to microwave sensors, as water has a much Targer dielectric

COnstant than vegetation matter, i.e., between 40 and 80 depending

on frequency (see Figure 3.1) for water versus between 10 and 30

for fresh leaves, stalks, and grain (Carlson, 1967; Ulaby and

Jed1idka, 1983; Nelson and Stetson, 1976) at X-band and belaﬁ.

The backscattering coefficient from a Vegetation'canohy"méy

be written (Ulaby et al., 1982)
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Figure 3.1 Cole-Cole diagram showing how the real and

imaginary parts of the dielectric constant of water
vary as a function of frequency.
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%an = ®veg * 950q1/L% . (3.1)

0
ag
where veg

and °§oi1 is the backscattering due to the soil. The soil term is

is the backscattering due +to the vegetation

attenuated twice by the vegetation layer, hence the L2 term.
Therefore, even though °§o€1 increases with' water content, its
influence may be ignored if oﬁeg » G§011/L2 ’ i.e.; if L? §s
large and a‘\’,e'g is sufficient. Ulaby and Jedlicka (1983) reported
values for L of more than 10 dB for corn and more than 20 dB for
soybeans at ‘10.2 GHz, at 50° incidence angle with vertical
polarization at full canopy height. In Chapter 2, values for L in

excess of 30 dB for wheat at 10.2 &GHz, 60°, and vertical

polarization at full height were shown. Hence, when the observed

o}

o is sufficiently large, the soil component may be ignored for

wheat and soybean canopies, and perhaps also for corn. Based on
this- information the influence of free water on oo, was

can
investigated.

3.2 Experiment Description

On June 14, 1983 é small section (approximately 40 feet by 15
feet) of a winter wheat field was 'observed by the MARS X-band
scattercmeter (Gable et al., 1981). Watek was applied twice by a
water truck in a fashion to simulate a rain.  Altogether,
approximately two inches of water was ﬁniformly distributed over
the area. Logisfica] problems necessitated.a secoﬁd spraying to
permit observation of rapid dry-down. The. weather, which was

clear with a temperature 1in the 70's and a wind speed of

- 58
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10-15 mph, aided the dhy-down process. Two moisture sensors were
placed in the canopy to qualitatively monitor the presence of free
water. Table 3.1 Tists the measured ground-truth data.

On August 1, 1983, comparable areas of a soybean and corn
field were also observed by the MARS X-band scatterometer.
Approximately. 1.5 inches of water was uniformly distributed over
both areas to simulate rainfall. The weather, which was clear
with a temperature of about 85°F and a windspeed of 5 to 10 mph,
aided the dry-down process. One moisture sensor was Tocated 1in
each field to qualitatively monitor the presence of free watér.

Tables 3.2 and 3.3 list the measured ground-truth data.
3.3 Results

3.3.1 Wheat

Plots of U%V and aﬂH versus time, acquired on June 14, 1983
for wintér wheat are showh in Figures 3.2'and 3.3. Also indicated
are the gpraying events, along with the moistufe sensor data. No
scale is given for the moisture sensor data, as it is included for
qua1itative value only. It is proportional to -log of the sensor
resistance meésured, which varied from > 20 M2 when dfy to about
35 k& when moist.

Notice in both figures an overall increase of ‘o of about
3 dB between wet and dry canopy conditions. Also in both cases, a
steady dry-down is observed in @, which tracks the sensor data

well. There is more scatter1ng in UVH than “VV around 1500 hours,_

but a def1n1te trend is apparent.
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TABLE 3.1

Winter Wheat Ground-Truth Data

Canopy Height:
Head lLength:
Planting Density:

Ground Cover:

Head Moisture:
Leaf Moisture:

Stalk Moisture:

Head Water Content:'
Léaf Water Content:
.Stalk water Content:

109 cm

8 cm |
900 plants m™2
100%

53% (fresh basis)
22% (fresh basis)
62% (fresh basis)

0.821 kg m~2

0.071 kg m~2
1.858 kg m~2

60"




o i A ko L T D B . L L

TABLE 3.2

Soybean Ground-Truth Data

Canopy Height: - 85 cm

Planting Density: 27 plants m™2
Ground Cover: | 90 to 95%

Leaf Moisture: ' 75% (fresh %asisg)
Stalk Moisture: 77% {fresh bas{s)
Leaf Water Content: . 0.479 kg m™2%
Stalk Water Content: 0.910 kg m™@

Soil Moisture (0 - 2 cm, gravimetric)

Before Sprayiﬁg: ' 3.3% (dry basis)
After Spraying: . 18.2% (dry basis)
61"
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TABLE 3.3

, Corn Ground-Truth Data

Canopy Height:
Planting Density: :

Ground Covér:

Cob Moisture:
Leaf Moisture:

Stalk Moisture:

Cob Water Content:
Leaf-water Content:

Stalk Water Content: -

267 cm
3.2 plants m™%
70 - 80%

76% (fresh basis)
73% (fresh basis)
68% (fresh basis)

1.238 kg m™2
0.488 kg m™?2
0.985 kg m~?

Soi1 Moisture {0-2 cm, gravimetric)

Before Spraying:

2.7% (dvy basis)
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3.3.2 Soybeans
| Plots of °§V and °$H versus time acquired on August 1, 1983

for soybeans are shown in Figures 3.4 and 3.5. Also indicated are
the spraying event and moisturs-sensor data. The measutred
’resistance of the moisture sensor varies from > 20 MQ when dny‘to
about 30 k@ when moist. |
In the case of ofy, a trend is discernible similar to the one

seen in wheat. Overall, an increase of about 3 dB is seen in the
cﬁv'of.the dry canopy.

~In the case of ch, an overall increase of about 3 dB fs
again apparent. A large amount of scattering in the data ohscures
“any definite trend beyond a general decrease.

In both cases the levél of <@ at the end of tﬂe experiment
was higher than the Tevel before spfaying. The moisture sensor
indicates'that‘;he canopy is nearly dry by 1100 hours, which may

indicate the:infiuence of the change in soil moisture upon o°.

3.3.3 Corn

 Figures 3.6 and 3.7 are plots of oﬁv7and'o$H versus time
acquired on August 1, 1983 for corn, with the spraying event and
moisture sensor data ihdiéétedvalso. The measured resistance of
thevmbisture sensor varied from > 20 M when dry to about 30 ke |
”when moist. Equipment probiems Timited the number of seﬁsor
‘measurements. |
In the case of ogv,‘a single point acquired immediatély'after

spraying is the only anomaly in an otherwise. flat temporal
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response. In the case of °$H’ an overall increase of about 1.5 dB
is all that separates the cohditions before and after spraying.
Again, as in the cése'of soybeans, this overall increase may
be attributed to an increase in the soil term due to an increase
in soil moisture. Although no soil-moisture measurement was made
after_.spraying; it 1is ekpected to be similar to the case of
soybeans, since the soil type is almost identical and tomparable

amounts of water were applied.

354, Cenclusions

Fbr all three crops observed (wheat, soybeans, and corn), the
presence vof free water in theA canopy results _iﬁ about a 3-dB
incréase in oﬁv over the case ih which no free water is present.
For corn and soybeans this value may be only 2 dB, as the soil may

contribute an additional 1 dB due to the increased soil moisture.

For oy, an overall increase is seen in all three crops;

however, trends indicating dry-down are difficult to discern

because of an increase in the amount of data scatter.
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4.0 MODELS FOR THE PREDICTION OF @

The“usg of radar as aifemote—sensing foo1 in the field of
agriculture “has been explored with promising results by
investigatoﬁs throughout the world (van Kastern and Smit, 1977;
Ulaby et 31;, 1984; Peiyu et als, 1983). By selecting the proper
frequenty, ;oTarization, incidence angle, revisit interval, and
resolution cell size, informatioh such as crop type, areal extent,
and in some cases stage .of growth (Brisco et al., i982; U1aby et
al., 1984) can be acquired.

In order to use radar data effectively, an understanding of
the microﬁave interaction proceés fs necessary. By knowing which
target e1ements.produce dominant backscattering, an understanding
of the way a targét might appear at another frequency,
po1arizati9n, or jncidence angle, as well as some knowledge of its

| temporal behavior, may be gained. Such an understanding is made
possible by fhe use of mathematical models of the target.

. These models incorporate such factors as :the target's
geometric anq dielectric propertiés as well as variations in both
its spatial and temporal scope}'-In ordek to test such models once
conceived, reiiable Vradar data . collected éoncurrentiy with
necessény information about the target's‘pafameters (grouhd trufh)
must bé.availabIe."Thefunderstanding‘gained by such a process can
help to pinpoint which target parameters are and which are not
:significant_ias vell as which new target parameters should be

' samplad as a result of their pateﬁtia11y;éignificant‘inf1uence on
- .. radar data. The mo@e]ingetesting.brocess provides feedback to the .

- data-acquisition effdrt,»thus forming a closed 1oop.
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4.1 Modeling
The first step in the modeling process draws upon prior

know1édge based bn both theory and previous observations. The

fundamentals of microwave behavior are based upon Maxwell's

equations, from which, given sufficient knowledge about the
target, exact deterministic solutions are  theoretically
possible. Due to the complex. and probabilistic nature of all but
the simplest remote sensing targets, however, this a{aproach is not
widely used. Nevertheless, basic elements do Tend themselves to
this effort in a general fashion. For example, in the case of a
vegetation canopy, the basic geometry‘ consists of a layer of
vegétation separating semiinfinite spaces of air and soil.
Vegatatfon may be thought of as a collection of TJossy

scatterers uniformly distributed horizontally, with-a known but

changing vertical distribution. . Such a description Tesads to a -

mathematical model of the form of Eq. (2.1}, Each term in (2.1)
depends on frequency, polarization, and incidence angle.
Therefare, depending on the applicétion, a certa'in set of radar

parameters is indicated as being preferable. When monitoring s0il

condition, namely, soil moisture, it is preferable to minimize the

i.nf'[uencie of 'the- vegetation by selecting the proper frequency,
. incidence ‘ang1e, and polarizaﬁion. Investigations (Ulaby et al.,
1977) have shown _that the usé of low -frequencies (C-band); Tow
incidence ang'les (_aroﬁnd 10°  from ngdir), and horizontal

polarization is optimum for this appiication.

. When monitoring vegetation, the proper choice of * radar .

parameters can minimize the soil componen't with respéct to the
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vegetation term. Investigations (e.g., Ulaby et al., 1984) with
this aim indicate the use of the higher frequencies ~(X-band and

higher) at incidence angles around 50° (from nadir).

4.2 The "Cloud Model"

A conceptually simple model developed by Attema and Ulaby
(1978) treats the vegetation layer as a "water clToud" composed of
a uniform distribution of identical water particles. Based on

this assumption,fthe;following elements - of (2.1) were derived:

o | cu cos® " _
Veq( ) = _ e (1 -L (B)) (4-13) .
L(8) = explk, h seco) , | (4.1b)

where k, is the extincinn coefficient of the vegetation'medium
(Np m™1), h s the h°1ght of the vegetat1on canopy, and o, is the‘
volume backscattervng coefficient (m2 m 3). Relating “v amd ke to
the physical p7 .nt parameters, Egs. (4.1a) énd (b) reduce, by

virtue of the simple model, to -

.cv . :

1 = B (4.2a)
e 7 .

kg=Asm . C  (a.2b)

where n, is the volumetric. water content of the canopy (kg m™3),
- and A and B are constants depending on frequency, polarization, .

and canopy geometry (or croﬁ type).
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An expression for the contribution of the soil was determined

empirically from measurements made on bare soil (Ulaby et al.,
1984) and takes the form

o _ L
o, = Cexp(D +m) , | (4.3)

"where € accounts for soil roughness, and D is a constant

- representing the sensitivity of of to the soil moisture content .

mg, both of which are functions of frequency, polarization, and

incidence angle.

Inserting (4.1) through (4.3) into (2.1) leads to

‘ : 1 c .
ogan(e) = B cos8(l -'EE) +:EE exp(D ms) (4.4)

with

L = exp(A = m, +h - sece) . (4.5)
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This model met with significant success when applied to a numbér
of crops, namely, alfalfa, corn, milo, and wheat, at incidence
angles ranging from 0 to 70°, frequencies from 8.6 to 17.0 GHz,

and HH and VV polarizations.

4.3 The "Two-Layer Model™ ‘

In 1979, further measureménts by Dutch fJnvestigators
concerning the backscattering coefficienti ‘.from vegetation
substantiated the effectiveness of the cloud model for,predicfing

cgan,for,other plant types as well (beets, potatoes, and peas)

_ based on the knowledge of only a few plant parameters -(Hoekman et

al., 1982). Difficulties arose, however, when attempts were made

to predict °§an for certain crop types that produce small grains,

‘such as wheat, barley, and oats. This was attributed by the

investigators to the fact that in the course of development, the
geometry of these plants changes significantly, as when the grain
head appéars. To account for this phenomenon, a two-layer c¢loud
model was adopted. The upper layer consists of the_grain_heads, :

whereas the Tower layér is ’compased‘ of the stalk and Teaf

~ material. The upper layer contributes fits own backscattering,

while attenuating that emanating from below. As in the.original
cloud model, the same is “rue for the Tower layer. This model has
the form | |

° h, » sec@)}

0 b -
ccan(e) = Cz(e) fl - exp(Dg - m,

L+ CI(B) {1 - ekp(D1 *m, hy secf)}




hﬁi_(a AA &.—4—;

R A N R S S

. exp(D2 *h, - m, secH)
+ G(8) « exp(k +m)
. exp{(D1 .- h, em +D,«hy mv) . sec8} .
(4.6)
This two-Iayér model, which proved more suitable for pred"fct‘ing
°f:’an using the indicated plant and soil parameters as inputs was
tested at 10 GHz for HH and WV polarizations at incidence angles

ranging from 20° to 75° from nadir.

4.4 -Multiconstituent Canopy Model

.On a different fack, investigators from the University of

Kansas in 1979 and 1980 (Ulaby et al., 1983) made measurements of .

ogan and supporting ground truth with the aim of refining the
cloud model to include backscattering terms for individual plant
parts. The crops observed were corn, sorghum, and wheat. Again,

it was necessary to treat wheat differently than corn or sorghum

‘because of its changing geometry, as menticned above. The

availab]e ground=- truth information inctuded soil moisture, freﬁh

and dry p]ant b1omass by plant par-t, and plant " dens1ty, height,

and green Ieaf area 1ndex (LAI)

Ana1ys1s of aﬂ three sets of crop data findicated that the .

variation of o can with respect to LAl was much the same as that
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observed using m,, the volumetric canopy water content. Replacing
m, with LAI improved ol,, prediction accurécy, given the necessary
ground-truth parameters. The explanation for this is attributed
to the fact that green Teaves contain most!y water and are thus
strong scatterers of ﬁicrowave energy. Although the the stalks
contain significant amounts of water, théy do not contribute much
in 3the way of backscattered energy, especially in the case of
wneat, because of théir geometry. Hence the LAI ferm includes
much of the same information as m,; nevertheless, it also includes
some information not previously available, di.e., the areal
coVefage of the leaf material. This ability to relate LAI to of
is significaﬁt in that LAI 1is an‘important element in the yield-
prediction algorithm (Coelho and Dale, 1980).

| The wheat model that evolved indTudes_ a backscattering
contribution by the heads; by the Tleaves as attenuated by the

heads, and by the soil as attenuated by both the leaves and the

_ heads. ‘Thus, this model for wheat takes the form

0 0 - 0 o

4] o. + + .
can Teaf * head ~ %soil

0
Yean

A « LAI{l - exp(~E ¢ LAI)} » exp{~D * DWT)
+B DN+ Com « exp(-E » LAL =D » DWT) ,  (4.7)

Where.DwT-is.the dry head biomass per square meter (kg m™2), mg is

. the vo}umetric soil moisture (g ecm™3), and A, B, C, D, and E are .

all constants determined for each frequency and polarization.
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This model is‘differentrfrom those presented above in three

significant ways.' First, there is the aﬁpearance of the LAI term

multiplying the [1. - exp( )] term. Secondly, there is a

diffeweht form for °ﬁead’ Thirdly, there is a linear rather than
an exponential dependence of °§011.Un soil moisture. . As for the

first difference, in the original derivation of the cloud model it

was assumed that there is a uniform distribution of ‘identical.

water particles. If these water particles are not in fact

~identical but are distributed in much the same way that water is

~ distributed in an atmospheric water cloud, the dependence of ag,y

will have an m, term included in the G?eaf term. Hence, in

keeping with the utilization of LAI in place of m,, LAL appears as
a multiplying factor in Eqe (4.7) beéause this form is superior to
the one that does nct dinclude this factor, and - there is &
rationale bohind it. |

As for the second difference, a linear dependence on dry head

“biomass was found to work Best'for «® and therefore was adopted.

The third difference is the result of a simplification in the

modsl treating o§0i1'a§ a linedr function of mg rather than as an
exponential. Indeed, there is but Tittle difference over narrow
ranges of mg. | | |
‘This model proVided _go@d_ agreement between qbservéd and
thus providing fnsight into the factors

o o
predicted Toans

determining what the radar is "seeing." The model was tested at

four frequencies (8.6, 13, 17, and 35.6 GHz), two polarizations

(Vv and HH),_and one incidence angle (50°).
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Wher applied to the corn and sorghunr datda, the model 1is
31m11ar in jts use of LAl rather than My s and in the linear rather
than exponentijal dependence of og .1 on m.

One point of difference, ﬁowever, is that the ofgqa¢ term
includes LAI in the iexponentiaT only. This choice was made
because the model gave results in better agreement with
measurements. Since the distribution of water particles fis
unknown, this criterion is reasonable. | |

A second difference is that a new term, o, replaces the
%fead term |

- The full medel takes the forﬁ

0 0 0 0
+% o+,
%can = %leaf T %talk T %oil

| L -. - ' ..
can = Mear * U = exP(-Bygpe * LAIN

' - L ]
+ Asta'lk m, h2 EXP( B} eaf * LA)
L] L] ....'. . u.-' L ] .
* CsoiT' Mg exp Bleaf LAI BstaTk My hz) ¢

(4.8)

The stalk term is éitenUated -Qy the 1eaves;' based on the
assumption that back5qattering by leaves occurs fn the top portion -
.df the canopy,‘whereés~backscatteringvfrom_the stalk must first.'
- pass ‘through the'1e&ves§ The dependence OF““gtaTk on m, * hy is .

reminiscent of “the c¢loud mode1.'in that m, represents the
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volumetric water content of the stalks, and ho is the effective
stalk height, which in this case is set to be the physical canopy

height. The soil term . is attenuated by both leaves and stalks,

but in the course of obtaining coefficients it was revealed that

when Bliaqp = 0y thé model behaves best; hence, apparently, no
significant stalk attenuation existse.
This modet proved to be superior to the cloud medel in jis
predictive capacity for °gan at all four frequencie;, ie8a, 8.6,
13, 17, andlssgﬁ GHz, for both VW and HH polarizations, at an
iricidence angle of 50°. Iﬁ addition, it worked slightly better

for sorghum than for corne.

4,5 1981 Vegetation Experiment

During the 1981 growing season, .extensive radar
backscattering measurements were made as well as suppbrting
ground-truth data (Brisco and Allen, 1982). Ten fields each of
winter wheat; corn, and soybeans were observed repeatedly
throughout the growing season. Thesé fields are located in the
’f1oodplafn north of Lawrence, Kansas, and are <indicated in
Figure 4.1. | |

 The radar data consist of ¢° values for 10.2 GHz at two
polarizations (VW and VH), at an angle of~incidence‘of 50°. On
occasfon, thfee, fields of each -crop type were observed at

incidenca éng1es’of 30°, 40°, 50°, 60°, and 70°. -Two-hundred and

six complete radar data sets were acquired on. the ten wheat

_ fields, 318_on_the.t¢n corn fields, and 348 on the ten soybean .-

- fields, giving a total of 869 data sets consisting of oﬁv and‘aﬁH
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' Figure 4.1 Location of the target ﬁc’ds in the North Lawrence
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' monitoring four rain gauges distributed throughout the north-

at a 50° incidence angle and 10,2 GHz. Among these, 70 data sets

include incidence angles of 30°, 40°, 50°, 60°, and 70°. This

~ volume of data was made possible by using for the first time the
Mobile Agricultural Radar Sensor (MA_RS 10‘.2 GHz), which acquires -
- data while aboard a truck being driven alongside a field, all the

while integrating the received signél stkength. This greatly -

reduced the time required to acquire a single radar data set.

The supporting garound ¢ruth consisted of 0.— 5-cm soil-
moisture content, plant height, planting density, and fresh and
dry plant biomass. For wheaf plants, plant biomass data were
broken down ‘into two parts: head material and feaves with

stalks. For corn plants, plant biomass data were broken down into

three parts: leaves, stalks, and fruit or cobs. For soybean

pTants,‘ the plant biomasses were for the entire soybean plant.
Soil type and bulk-density measurements were also made for each

field. Weather data consisting of daily high and Tow

' temperatures, humidity, wind speed and direction, and rainfall

amounts, were provided by the University of Kansas Weather

Station. Additional rainfall information was made possible by

Lawrence test area.. Farm operators cooperated by providing such
information as planting date, tillage history, harvest date, seed

variety, fertilizer used, herbicide used, field-preparation

N method. yield, and bushel weight, Growth stage was also recorded

periodically for .each fieid, as was any crop damage due to

~insects, weather, etc. -
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Due to the ambitious size of the experiment and. to limited
faéilities, on]y-‘smaTT, inadequate sampies of wvariables having
Targe within-field variances (Brisco et al., 1981) such as plant
biomasses were acquired; This became noticeably severe during the
data-processing sequenée; when it was decided that a smoothing of
the variables in question was necessary. This was accomplished by

fitting the raw data to a best-fit third= or fourth-order

polynomial, depending on the shape required. Once this was

accomplished, a manual check was made to ensure that the overall
trend and absolute level of the data were intact. This sequence
was followed for &ll plant‘variab1es {biomass data and heights)
but not for soil moisture. The rationale behind the smoothing is
that the parameters in question, though changing, fcllow a
prediCtable, even péttekn. Figuré 4.2 shows the temporal behavior
of oﬁu and cﬁH and the associated ground truth after smoothing of
plant biomasses and height for Wheat Field No. 8.

One reason for choosing such a large number of fields on such

a frequent revisit basis was to look at the statistical side of

- modeling. A1l preVious nbdeiihg attempts, with the'exception of

the 1979-1980 Kansas experiments, were restricted to examining one

or possibly two fields of a single crop type. (The 1979-1980 data

- represent an ‘exception“because of their scope). . The 1979

experiment examined two<fie1ds_bf_wheat, six of corn, and six of
sorghum. . At most, ten data sets were écquired for each field in

1979. In 1980, three fields each of corn and sorghum were
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observed approximately 22 times per field throughout the growing
season. In addition, this experiment examined actual agricultural

fields, as opposed to small, uniform test plots.

4.6 1981 Wheat Data

As mentioned abﬁve, 206 data sets were acquired for the ten
wheat fieids used in the 1981 experiment. Twenty~two of these
data sets were acquired after harvest. Of the rema%ning 184 data
sets, another 41 were omitted from modeling due to abnorma?-a°
behavior, which occurred apparently as a result of a weather event
within the previous two days. The exact inf]uence  of these
wearher events {wind damage, hail damage, heavy rain, or strong
wiﬁd during data acquisition) is not well understood and therefore
would have complicated the modeling effort. Thus, of -the original-
206 data sets for wheat, 143; or about 14 per field, are‘ayaiTable
for modeling puﬁposés. Figure 4.3 shows Wheat Field No. 8, with
- the weather-affected poihts and post~harve5t data as examples.

By restricting the experiment to only one frequency and one
incidence angle, the modeling pkdcess_ had only to deal with
changes in ﬁ]ant. geometry, dielectric (Via-.water' content), and
| :soi1-moisture changes throughout the growing season.
 Figure 4.4 shows a plot of the'temporai changes in o° for
" each ?ield-in real.‘(m2 m~24) units. Both oﬁV and oy are shown
with the”oﬁH_using thg.righpfhand scale (which is 2.5 times larger
fhah tﬁe '1éft'“héhd§§¢ale). ~ This was .donez to énhénce the
sfmi]arity :betweeh the ]iké:v(VV) and cross (VH) polarizations. -

The same overall trend is seen in plots of both., At the time
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observation was begun (Day 121, May 1, 1981), there were few

dyﬁamiCs appearing in ¢°% This continued'for most of the fields
until a point on or after Day 160 (June 9, 1981), after which a
dramatic increase occurred. Soon after, harvest occurred.  The
© fact that this was'rep;ated in most of the fields and that it'has
‘been seen in the past (Bush and Ulaby, 19?5) indicates that this
is a ‘genuine phenomenoh, characteristic of wheat. Additicnally,

the fact that the final weeks before harvest were accompanied by a

dramatic increase in o°

harvest and following ifs progress, as mentioned by Bush and Ylaby
(1975). The 1a¢k of an eérly peak in u°'priof to the seemingly
uneventful period before the pre-harvest increase as seen by Ulaby
et al. (1983) may be due to the late start in data-acquisition,
differing rates of development at the two locations, and qiffering
weather factors.

Figure 4,5 shbws a superposition of temporal plots of ¢® for
all ten fields shifted in time to coincide at approximately the
. same peaking time. The upper plot shows °€V versus time, and the
' Tower one shows a plot of opy versus time using the time shifts
determined for the,cﬁv case. The fact that all ten overlap nicely
reinforces the supposition that this behavior is characferistic of
wheat and is not an ancmaly. The requfréd time-shifts varied from

no shift for two reference fields to as many as 29 days for

may in fact be useful in predicting the

another field. This is the result of different growth rates due

to slightly different environmental conditions, such as avai]able'

e il 2
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water and nutrients. Such differences in developmental stage were
not, however, seen in the periodic‘stagé-ofugrowth observations

made by ground-truth personnei.

4.6.1 Initial Ana1ysi§

As a first step in the analysis of the wheat data, Tinear

correlation coefficients between measured ¢° values expressed in

dB and ground-truth parameters were computed. Tables 4.1 and 4.2

show the results. For VW polarization, high correlations were
revealed relating oﬁv(dB) to the percentage of moisture in the
plant (expressed on a fréSh-weight basis). Also of significance
is the fact that these high correlations (0.68 to 0.77) were all
negative, ‘indicating that as the percentage of moisture decreased
cﬁv(dB) increased. This agrees almost exactly with what Bush and
Ulaby observed in 1974 at all freq&encies (8.6 to 17 GHz):
incidence angles of 30°, 50°, and 70° and HH and W
polarizations. Their conclusion was that as plant moisture
decreased, penetration into the canopy increased, resulting in a
iarger o° value. This implieés that the o° of a wheat canopy
alone, at the fréquencies and angles specified, is less than that
of the_.under1ying soii_ and - that the attenuation of thé canopy

layer is sufficient to -reduce the soil’s contribution

significantiy. This hypothesis provides one possible explanation

of what fs seen in the 1981 wheat data. In terms of changes in

o, the period of time several weeks prior to harvest is observed

to be relatively flat. This occurs when the canopy is still lush

and quite moist; thus, what is being observed is the ¢® of the

. '..-,._‘



1981 Wheat Statistics

TABLE 4.1

Minimum

‘ Mean Std. Dev. _Maximum Units
Volumetric o | ' : o

- Soil Moisture . 27.3 10.4 54.0 3.8 “em3/cm® x 100
Fresh Leaf and | |
Stalk Biomass 2.06 1.23 4.81 0.27 ka/m2.
Dry Leaf and

- Stalk Biomass 0.79 0.33 1.80 0.16 kg/m?

g " Height " 0.83 0.14 1.06 0.29 m
Fresh Head : |
Biomass 0.57 0.40 1.53 0 kg/m?

Cry Head f _
Biomass - 0.31 0.24 0.89 0 kg/m?

SOy 0 -13.3 3.3 -6.0 -20.8  dB
‘ UOVH: ‘ "17-58 ‘_ 3-2 . "9-1 ) -24- 8 V dB a
Leaf and Stalk :
Water Content = 1.28 0.95 3.85 0.03 kg/m2
| Head :
Water Content 0.26 0.23 0.75 0 kg/m2
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TABLE 4.2
Linear Correlation Analysis {r)
_ 19681 Wheat Data
. 'Corre’lafion _ -
Coefficient r 1 a - 3 4 5 1 8 9 10 11 12
1. Volumetric
Soil Hai_sture 1
2. Leaf and Staik -
Fresh Biomass =0.07 1
3. Leaf and Stalk .
- Dry Biomass 0.14 0.88 " 1
A, Leaf and Stalk |
Water Content «0.13 0.97 0.79 1
5. Leaf and Stalk
= Percent. Moisture
‘ (Fresh Basis) -0.43 0.69 0.41 0.74 1 - -
6. Head Fresh o ' .
' Biomass 0.29 -0.00 ‘014  =0.06 0.07 1
7. Head Dry
~ Biomass 0.50 ~0.41 -0.18  -0.48 -0.45 .0.74 ‘1
2, Head Water ‘ ' : .
Content -0.04 0.39 . 0.38 £.37 0.54 0.77 0.15 1
9. Head Percent
* Moisture (Fresh ° _ :
Biomass) ~D.45 0.68 0.51 0.72 0.8% 0.00 =0.63 0.60 )}
10. Height 0.28 0.64 0.68  0.59 0.3 0,14 -0.25  0.44  0.56 1
11. o"‘w('dB) 0,31 -0.40 -0,21 -0.41 -0.68 0.00 0.45 -0.44 -0.42 ~-0.3% 1
12. Uow(dB)' 0.47 -0.54 -0.34 ~0.58 -0.76° 0.06 0.49 -0.38 -0.12 ~0.23 0.81 1
H = 143 in all cases except cases Involving Read grcund truth Information, then N = 116.
_.’,J_,______,, T — - & T I T S T = TR RS s e e T
LI < - e )
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° term due to the

‘wheét canopy plus an attenuated backuround o
s0il. - |

A positive correlation of 0.31 between cﬁv(dB) and volumetric
soil moisture content js consistent with this hypothesis, since
obseryations' of bare isoiTs yield higher positive correlations
(BatTivala and Ulaby, 1977). Other correlation coefficients that
support this hypothesis are seen in the dry head bjomass, the
water content of the leaves and stalks between cgv,‘and the water
~content of the heads. A positive correlation between oj, and dry
head biomass indicates that thé heads mdy also be a source of
significantAbackscattéring. Again, negative correlations with the
water content of plant parts support the attenuation hypothesis.

Similar results were seen in the linear correlation analysis

betwaen cﬁH(dB) and piant moisture, soil moisture, dry head

_biomass, and plant water Eontent. ‘This would ‘indicate that a
similar mechanism drives both ofy and oiy.
To further examine the relationship between ¢°

moisture, plots were made of o° (in real units, m® m™2) versus

plant-part moistures. These'are shown in Figures 4.6 and 4.7.

The choice to express ¢° in real units rather than decibels was

°, A linear dependence of

made to enhance small changes in o
_c°(dB) on some pafameteb corresponds to an exponential dependence
of «® (in real units) 6n the same parameter. brevibus models have
shown ~that . attenuation takes;un an exponentiéi?fonn;'thus;-it'is
‘linear when expressed in dB.

_ Figures 4.6 and 4.7 show similar results. In both cases,

when the percentagerf moisture is at a maximum (around 70%), vety

and plant |
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 little scattering in ¢° 1is observed. As the percentage of

mofsture decreases, increased scattering'is observed and higher
overall ¢® values are seen. This s true in both the W and the
VH cases. The scattering in o for low moisture contents may be
due to varying soil mo%stures as well aé to varying contributions
to "gan from the canopy itseif.

To further investigate the relationship between o° and plant

® versus volumetric soil moisture

moiéture, a plot was made of o
content, as shown in Figure 4,8. To elucidate the effects of
canopy moisture, the data 'were' broken into two sets: one with
Teaf- and s.ta"lk-moisture percentages exceading 50% (indicated by
asterisks), and the other with leaf- and stalk-moisture
percentage.s of less than 50% (indicated by circles). In generai,
with only a few excep;ions, the data denoted by asterisks maintain
an almost constant Tlevel for all of the soil-moisture values
availabie. . The data marked by circles, on the other hand, show

considerable scattering. A weak yet observable trend is detected

" in the relationship between o° and increasing soil moisture, which

agrees with previous models that predict o® given soil moisture

_(U1aby et al., 1983). This result serves as further evidence that
some form of attenuation of soil backscattering by the wheat
canopy is  occurring, along with significantly smaller
back'scatter'ing due tc the danopy jtself. Finally, a multiple
correlation coefficient r2 of 0.65 was fbund between og)(dB) and
c‘ﬁH(dB), Aindicating that the same or similar mechanisms are
di;iving boths A plot of 'c\?\,(dB) versus ojy(dB) is shown in -

Figure 4.9 for all wheat data unaffeéted by weather or harvest.
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4.6.2 Modaling of the 1981 Wheat Data

For'- two reasons, the availability of the 1981 wheat data
providés a heretofore impossible opportunity to test and develop.
canopy models. F-IrsAt, this data set ‘includes ten actual
agricultural fields grown using current and widely used farming
techniques, and a variety of sged types, fertilizers, and soil
textures. All fields were observed freguently, using the same
ca]ibratéd'system, thus removing any possible calibration problems
that might have been encountered when data sets from different
systems and/or different years were combined.

Secondly, becausé of the design of the radar system, reliable
cross polarization (VH) is now avajlable throughout the growing
season of a wheat crop. In previous years, due to system
ﬁmita’cions mainly in the antenna area, the ability to measure VH
data was degraded. However, by restricting the design of the MARS
system so that it would deal with only one frequenc,y,‘ and by
employing two distinct antennas, sufficient isclation was achjeved
to make rel i-able crbss;pblar‘ization measurements possi'ble.

With ‘th‘is in mind, attempts to model the 1981 wheat data were
begun by testing the models previously presented. The criterion
for judging the ability of a model to predict "ga‘n given the

necessary canopy parameters was based on three major factors.

- First, a hfigh‘ correlation coefficient between nﬁeasured and

predicted o2, was desired. Similarly desirable was a small RMS

difference error expressed in dB (RMS dB), defined here as




3

- [°;éas(dB) - crpr'r-zd(dB)]2 Yo
RMS error (dB) = [ v ' 1 » (dB)

‘PJ

(4.9)

»

represent1ng the average deviation of the predicted value of o ogan
from that measured, expressed in dB. ~The third factor determ1n1ng
the effectiveness of a model for predicting ogy, is the number of
model parameters or constants that are necessary. ﬁLogica11y, as
the number of model ‘parameters increases, so0 too will the
corre]at1on coeff1C1ent that neasures the model's effect1veness.
However, this also dJncreases the compliexity of the model ;

therefore, a tradeoff is made between model comp]ex1ty (the number

of parameters required), the corre]atton coefficient, and the RMS

error {dB).
ModeTs that require the determ1nat1on of parameter values for

optimization may show a superior fit per field when new constants

are determined for each field. However, ‘in otder'to test the

effectiveness of a mode1 for predicting'agan for a given crop type

- rather than for a specif{c field, it should be ab]e to predict, on

the basis of the ground-truth information available,. for all

can
fields from a set of constants determined on the basis of all
available data for that crop type. Thereforé, each model wt11 be

tested on the basis of the entire data set.

The first model tested was the cloud mode1 deve1cped by
* Attema and Ulaby. (1976). It has the form.




o =A-[1- exp(-B * w = h)J +C . exp(D - Mg =B *we h) ,

(4.10)

where w is the volumetric water content of the canopy, h is the

physical height of fhevcanopy, and mg is the volumetric soil-

‘moisture -content.  This model requires only four parameters

(A,B,C,D) and provides a correlation coefficient (r2) of 0.50 with
an RMS error of 2.30 dB when applied to the W data; and 0.55 and
2.12. dB for the VH data. A1l four parameters were determined to
yield an optimum model in each case (VW and VH) when a nonlinear
regression package prdgrmn on a digital computer wés used. The
values determined were different from tﬁose published by Attema
and Ulaby but not significantly different in the W case. When a

comparison of the predicted ojy, based upon their model and using

, theif constants, was made with the measured 1981 data, a

| ¢ovre1ation'coefficient (rz) of 0.09 and an RMS error of 3.79 dB

resulted. They did not attempt VH optimization.

The second model tested was the two-layer model presented by

_ Hoekman et al. (1982). It takes the form

T = Cz[l - exp(-uz * W 'hz)]
+ Cl[l - exp(-D1 W hl)] exp(-DZ'e W h,)
+ G explk -~ms»-,(Dz ‘W hw-+ D1 ‘W e hl)]'

(4.11)

- 102

=3

oy S o

[

A

o R o

£

=3

=3




H 5 | p—_—— | "'ﬁ—%w_“{.

After its six parémeters-(cl, Css Dys Dy, G, k) were optimized for
eaéh case (W and VH), the following corré]ation coefficients (fz)
and RMS errors were .determined: VV had 0.51 and 2.29 dB, whereas
Vi had 0.60 and 2.00 dB, respectively. Again, the parameters
found were not'signifiéant1y different from those published.

Wheh a comparison was made between the predicted and measured
1981 data 'using their model and constants, a corréTation '
coefficient (r2) of 0.07 and an RMS error of 5.52'dB resulted.
The fact that their correlation coefficient exceeded 0.9, whereas
their RMS error remained below 0.9 dB, may be due to the féct that
(a) they dealt with multiple angles giving a wide dynamic range
for o® and determined eight additional parameters to handle the
apgu1ar variation, and (b) they dealt with‘only two Timited test
p]ots.of winter wheat, which had an artificia11y high uniformity
not riormally found in ordinary agricultural fields. '

‘A third model tested was the plant-part model presented by‘
Ulaby et al. :(1983). . This model requires five parameters and
takes the form |

o® = A+ LAT {1 = exp(~E » LAI)} exp(-D * DWT)

+ B *DHT + C *m * exp(-E * LAL - D - DWT) .  (4.12)

~ Here DUT is the dry head biomas#_per square meter, and LAI is the

 green Teaf area index. The 1981 experiment did not include LAI as

a ground-truth parameter; thus, in order to'test'tﬁis nwdel,,a

- substitute parameter was reduiredaf,A_previous,investigation into
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the relationship between LAI and fresh leaf biomass for corn and
sq}beans (Brisco et al., 1983) indicatés a strohg correlation
between LAI and fresh leaf biomass. Therefore, assuming that this
relationship is true fqr whéat as ﬁe11, and further assuming that
the ground-truth paréméter_measuriné fresh leaf and stalk biomass
is highly correlated to fresh leaf biomass aTDhe, a substitution
of fresh leaf and stalk bjomass was made for LAI. The result was
a correlation coefficient (r2) of 0.45 with an a;sociated RMS
error of 2.42 dB for VV, and 0.57 and 2.06 dB for VH. It shou1a
be mentiohed that part of the driving force behind using LAI as a
model input had been the early season peak, which was attfibuted
te the leaf material. Hdwever, as mentioned previously, no such
beak was detected in the 1981 data due in part to the late start
in data acquisition. Again, most of the model parameters
determined for the VV case did not djffer significantly from those
published; however, two did vary, dramatically. The C and D
constants, which ~determine the = magnitude of - the . soil
backscattering‘ and head_ attenuation, were ordefs of’\magnitude
smaller than those‘ reported. ~ In the case of the total soil
contribution to ogan, these changes offset cone another, resulting
. in an appropriate'overai1 level. The need for such a Targe value
for D might have arisen in the early peak périod, which again is
missing from the current data. -

Based updn'these results it was determined that a neﬁ model
- should be developed, employing different aspects of .then“thréé
models mentioned previously This éemiempiricél mbdéT shqu1d ,

. provide for head backscattéringaas well as'attehuatioh, leaf and
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- sta]k backscatter1ng and attenuat1on, and 5011 backscattering.

The basic form adopted for this new model s

0 _ 0 o 0
O = %ead * Teaf t %s0il (4.13)
stalk
where
uﬁ =B » f,(head) o  (4.14a)

o . ¢ = Al - exp[-F + fo(1 + )]}
:{1 - exp[-E « £5(1 +5)]} » expl-D - y(head)]
‘(i4.14b)
o: =C -+ (ryy + 6+ Ty < exp[-D - £,(head)

CEef e8], | O (18.14c)

~ where fy(head) and (1 + s) relate the measured ground-truth

quantities to the backscattering by heads, Teaves, and stalks,

--respectively, - and 'fg(]' + s} and f4(head) relate the measured

ground-truth quantities to - attenuat1on by the Teaves, stalks, and

heads, respectiveTy. The exact nature of the funct1ons (f ( )) s

left as an unknown at th1s point. In keep1ng with the obJect1ves o

of th1s study, however, the dependence w11l be of the form of a

simple relationship involving measured ground-truth quantities.
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The form adopted for ag inciudes two new expressions: Iyy and
I‘Hi'i' These represent the Fresnel 'reﬂection coefficients
([Ryyl? = Tyy)e In-Chapter 12 of their book, Ulaby et al. (1982)
ilave shown .that .for:_ a "'r-oug’n" surface such as soil, the

backscattering is proportidna] to T where pp indicates

pp?

polarization. Subsequent to the 1981 experiment, soil samp]es: from

various fields representing all textures encounte}re'd in 1981 were
characterized by dielectric measurements at various moisture
contents and various fre@uencies, including X-band (Hallikainen et
al., 1983). From this data, I‘pp can be calculated at each moisture

and entered into the model. In Appendix A, the 10-GHz dielectric

data and I'pp plots are presented. They are neither truly linear _

nor exponential in shape; hence, this substitution should yield

- superior results.

For VV polarization, the factor G is set equal to =zero,

i‘ndicating that no HH backscattering is expected for a vertically
polarized ‘incident wave. For VH pb'lar_izatio‘n, jt is assumed that
' negTigib'le. depolarization occurs at the soil surfacé, compa‘re._q to
that from volume scattering in ‘the cancpy. It is also assumed that
this polarizétﬁon is as _'11'ke'ly to occur when the wave is traveling
_downw__ar-_ds tov}ards.the soil as when it is t?ave]ihg towérdé the

antenna. -Ohe further ,ae‘;sumption is that thé attenuation through

" the “v_egetatiori’ canopy is polari‘zat_ion?indtependeht. 'Although‘th'is_

last assumption seems weak, it is a necessary one in keeping_with‘
the goal of developing a simple model. Based on these assumptions,

for VH po1arization the G term is set equa1 ‘to one.

| e |
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Several simple, physically reasonable forms of the unknown
fié ) functions relating backscattefing and attenuation to
available ground-truth data were tried. Prior knowledge indicates
that the amount of wafgr present is a strong factor in determining
attenuation, whereas fts role in conjunction with the vegetative
matter in backscattering is Tess understood. Afterla trial-and-
error process, optimum choices for the 5 ( )'s for both

polarizations were found to be

fy(head) = FUT,  f,(1 + 5) = SH20/HT . (4.152)
fo(1 +5) = SH20,  f,(head) = FHZO , (4.15b)

where FWT represents the frgsh fruit (or head) biomass (kg m-2),
SH20 represents the water contained in the Teaves and stalks
(kg m™?), HT 4is the height of the full canopy, and FH20 is the
water contained in the fruit (or head) layer (kg m-Z); |

Incorporating these functions into Eq. (4.13) resulted dn

- correlation coefficients (r2) of 0.61 and 0.64 and RMS errors of .

2.04 dB and 1.90 dB for VV and VH, respectively. Table 4.3 Tists
the coefficients determined and the resulting correlation
coefficients (r%) and RMS errors (dB) for all fields, both combined

and individually. Figure 4.10 Shows a plot of °ﬁred Versus opac

jn dB for VV, whereas Figure 4.1l -shows the same for VH. In both

cases a linear regression findicates a slope of Tess than one and an

intercept less than O dB.

p



Pol. A
W 0,153
WH 0.025

Field (N)

TABLE 4.3

Model Coefficients and Resulting Statistibs>1

C
0.073

r2/RMS Ervor (dB)
W

Hheat.
F.
0.112.
0.125

r2/RMS Error (dB)
VH

AN (143)
1 (15)
(11)
(14)
(13)
(12)
(18)
(13)
(18)
(15)
10 {14)

80T

todoFJmm-p-w'N

0.61/2.04

C.85/1.26

0.6272.27
0.65/1.75
0.76/2.06

0.85/1.20

0.58/1.64
0.56/3.46
0.86/1.81
0.47/2.64

0.83/1.57

0.64/1.90
0.71/1.21

0.62/1.93
0.46/1.64
0.93/1.08

0.858/1.59

0.52/1.71
" 0.88/3.34

0.78/1.54
0.50/1.92
0.62/2.32
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Figufe 4.12 shows a plot of the errors (defined here as
oﬁeas(dB) - cgred(dB))' for W polarization versus VH
polarization. As the statistics given previously indicate, there

is a tighter grouping in the VH errors than in the W errors--again

implying that the VH model is superior.

 _ Figures 4.13 and 4.14 show a plot of o° in real units (m2 m~2)
versus time for a given field {No. 8) showing measufed, predicted,
and individual components of o due to plaht parté and soil for
both polarizations, WV and VH, respectively. As proposed earlier,
the model ihdicates'that the increases in ¢° late in the sedson are
due, in both polarizations, primarily to soil. The magnitude of
the head, Teaf,‘and stalk attenuation agrees with measurements made

during the summer of 1983 on a winter wheat canopy (as shown in

Chapter 2). In all cases, the attenuations in the- VH model are

smaller than the attenuations in the VW model, indicating that our -
assumption that attenuation'is polarization-iﬁdependent is not a
very good one. |

Figures 4,15 and 4.16 show temporal plots of predicted and

observed o° for all fields at ‘both polarizations. In all cases,

both models do 'a good job of predicting ¢® while the canopy is

still moist, ife., pfior to Julian date ;50 to 160. After this
time the models do fairly well, yet Tlarge discrepancies are
obvious, e.g.; Field No. 4, W pole; Field No. 7, W pol.; Field
No;'7 VH bb1.; and Field No.-iU VH po1arization. The cause is

not ciear, however, as the canony dries and the so11 contr1but1on

becomes 1mportant, surface roughness ‘may be the cu1pr1t or head

'backscatter1ng may be the cause. One way to deal with this




- Figure 4,12

'
L
]
5] ! I - ,I . l T 7 l : . I : l . i
_ 1981 WHEAT DATA A A A :
10.2 GHz 50 ) Deg A B Ty
3~ N =143 r2 e 039 A | r
. A & 8
a éAA |
- i
; i :
o NS
o 1
& , .' .
% —1 -
B )
- f; _

=31y - A A -
rf/’/ a A A 1 ﬂi

A 'AAY

.;.5 1 I . 1 I ! l 1 I | | _ D
—5 ~3 ~1 1 3 5]
ERROR VH (dB) =
A comparison of the ways in which érrors in s

- predicting “VV relate to errors in. predwct1ng °VH

o 1 A Ak A . ot et s 8




e
SIGMAO W (dB)

1 A " D L. E— | N i - 1 T h .._1, ] o

WHEAT FIELD # 8 10.2 GHz W 50 Deg

0.25 T [ T I T I i | T I T
~ r?=086 .  N=18 i
i RMS Dif. Error (dB} = 1.8 1
il © Measured Sigma0 ' ]
0.20 = Total Predicted )
[~ —--— Leaf & Stalk SigmaQ 7
~~—~= Head Sigma0 ]
*e+ -+ Soll Sigmal -1
0.15 p— _
0.10}— J
K -
0.05 t~— —
o _
0.00 20 = $ i 1 |
120 130 140 150 - 160 170 180 180

JULIAN DATE (1981)

Fi'gure 4.13 The measured a{,’v along with the predicted Ugl\{ from
e

wheat field No. 8. The predicted value is sum
of three components, also shown here.

S

| il




WHEAT FIELD # 8 10.2 GHz VH 50 Deg

0.10 (AN I M T '-] I I 1 T T E—
5 = 0,78 = 18 .
RMS Diff. Error (dB) = 1.5
© Measured Sigma0
0.08 Total Predicted -
' ~--— leaf & Stalk S!gmuo
—— Head Sigma0
er e Soif SigmaQ ° ’
2 008 -
- = i
= 2
& 0.04 —
A
0.02 ]
.IQ_OQ' . . !
120 130 140 150 160 170 180 180

Figure 4.14  The measufed o{,’H atong with the pred1cted um from
: wheat field No. 8. The predicted value is the

JULIAN DATE (1981)

sum

of three components, also shown here.

s o s o S e S v Y s S it Bt S s M s e T e e e e R

e e T T




¢ I 3 % I i s
-

—— e T i e s e e e . B SIS SN —

O T T g8 WHEAT DATA T 1 T T 3
z 0208 10.2 GHz 50 Deg 5
o 0.15F- #] r2= 0,85 _ | 3
< = RMS Error = 1.3 dB 3
& 010 % =
D 0.05FE- X ot X 5
0.00= : =
0.25 - _ -
0.20F- - | : 3
g =t o 2 . : » v 5
o 015 #2 r* =062 . =
< = RMS Error = 2.3 dB j =
7 ‘los§:~4£f~*_4e-—4w——€r——§"“””/ 3
0.00E . X X =

9 :
. O%E X MEASURED SIGMAQ W 3
z 020 | ¢ PREDICTED SIGMAC W =
o 0.45f- #3 r2= 0.65 | 3 E
2 o,mﬁ:, BuiS rror =15 a8 E
& BIVET X oy » , b =
D 0,05[F e . =
o = ’ \@—g{ri’—x X X =
0.00E X E
0.25 -
3 0.20F =
o 015 #4 r?=076 =
= = RMS Error = 2.1 dB =
B 010~ o 3
G T s e s E
0.00E ' L. 3
0.25¢ ——— : .
0E- B =
> 0.2 B | _ ' =
- 0150 #5 r*=085 - » X 4
2 0 155 gMS__ Error = 1.2 dB s s
g 0010 ;‘— ‘ ' " j—-
7] & . ' ) . 3
0.05 ¥4 _x s K;/ 3
oo — L v TR b T L g 3

(o]
(@]

120 150 140 150 160 170 180
- JULIAN DATE (1981)
Figure 4.15 A comparison of measured and predicted opy over
time presented on a per-field basis. \
BN T I e




e e S S P

- 0 T T T 1981 WHEAT DATA T T ] 5
?; 0.20 - 10.2 GHz 50 Deg =
~ O0.15E-#6 r2=058 . E
< . RMS Error = 1.6 dB . =
& 0.10g- L =
T 00SE Xy g wx—xr—gE AR .

0.00 & _
0.25 : ' X =
3 020 = | =
sE #7 r2=056 5 X 3
9 O15E RMS Error = 3.5 dB -
5 010 ' -—;
2 = E
0.05 L X =
- % < Pl =
0.00E M , 3
0.25 - ' .
_E X MEASURED SIGMAO W X ¢y I
> O0.20F- ¢ PREDICTED SIGMAC W =
0.15 I=- # 0.86 . x =
2 ) §RSError—-18dB | X =
7] [~ =
0.05 |3 =
St s

0.00k

0.25 . _
; 0.20 %" é
o 0155 f9 r?= 047 =
< 0.10 = RMS Error == 2,6 dB =
— g Ve & ]
= [~ P ¢ Cw X 3
.o - » X pn
0.05 - : X =
. M-x—if &—o0-6 &—Q-H—‘*’/ =
0.00 _ 5
0.25 = : p. =g
3 O020F - X =
> #10 % = 0.83 3
g 0.15 = RMS Error = 1.6 dB =
= 010 3
7 ::/A\ L E
T 005 e 7 =
f x 'h___‘__ . ) -
SRR S N B v ST B 5

£ 0,00
120 130 140 150 160 170 180

JULIAN DATE (1981)

Figure 4.15  (Continued)

o]




SIGMAO VH

' SIGMAO VH

0.10 —_ - — T
_ 5 T 1981 WHEAT DATA | -
- 10.2 GHz 50 Deg .
3 1 r?2=0,71 | .

0.05— gms Error = 1.2 dB —
W -

0.00 :

0.1 S i |

_ " . B ]

z - 2 r?=0,62 : X

< 0.05~  RMS Error = 1.9 dB 7 - X —

o - . ‘ :

m wd —

x o]
0.00 X
0.10
N X MEASURED SIGMAO VH .

x - .o . %PREDICTED SIGMAO VH N

Q = Ewd Ervor =116 dB .

2 0057 rror = 1. - -

o In 7

w ™ —

0.00 N
- o.0r
| N > S

E a 4 r2=093 -

< 0.05—  RMS Error = 1.1 dB -

<] _ ; ]

N - - -

0.00 N
- 0.10 _
[ #5 r2=088 .
0.05 |— MS Error = 1,6 dB ]
0.00 B T T .
120 130 140 150 160 170 180

Figure 4.16

-
L )
o

“JULIAN DATE {1981)

A comparison of measured and predicted oyy over
time presented on a per-field basis. -




SIGMAO VH SIGMAC VH SIGMAG VH

SIGMAO VH

SIGMAC VH

S D I SO e P -

OO T T 1gs1 wiEaT DATA | ' | ' 1
- 10.2 GHz 50 Deg S
C 6 r2=052 : N
0.05 - MS Error = 1.7 dB . —
- ’ : C -
: .
0.00
0'10 R ] ‘ x ‘J
- 7 r?=0.88 X ]
N MS Enmr-=:&3,g8 _
- : : x _ -t
0.05 |- o X | .
S 3
0.00C ‘ A .
0.10
- X MEASURED SIGMAQ VH .
- 4 PREDICTED SIGMAC VH -
N 8 r?=0.78 ]
0.05— MS Errer = 1.5 dB —
R .S -
x -4
0.00 X
C.10 5 . '
- $9 r2=050 - .
- - . -
SOV DAV 2 :
0.00 m—**-o— ‘ R _‘ . . By
0.10 . : — = -
T #10 r?= 062 % o u|
0.05 b~ MS Error = 2.3 dB % x o
N L. LT ol . . S MR RO B
120 130 140 150 180 170 180

JULIAN DATE (1981)

F?'Q-ure. 4.16  (Continued) -

190

prammen 3,

P
§
-

!

r

!

ot



Kpmcymr—r=l

B vrrerried L

complication s to optimize the model for each field
individually. This was done with the 'results shown in Table
4.5. As expected, the r? values for each field exceaded the

previous values obtained using the coefficients in Table 4.3, -

~jndicating there are between field differences for which the model

does not account.

4.6.3 Error Analysis

In deriving and testing a mathematical model based on

~experimental data, the quality of the data determines, to a

‘degree, the quality of the model. Errors exist in both parts of

the'data involved, i.e., in the independenﬁ_data (ground truth)

and in the dependent data (radar ﬁeasuremehts). Errors on both

sides of the equation tend to degrade the model’s performance,

jeeu,

0

) £
meas :

_ 0 _ _
neas = °bred(9r°”"d truth) ¢ ¢

pred®
In order to evaluate the significance of these errors, the
following - approach -was taken: First, choosing the model

considered to be best in terms of “goodness of fit" and number of

- parameters, we assume that. it is jdeal, i.e, that it represents

exactly %he relationship between o° and the crop parameters.

‘Secondly, by examining the statistics of the raw ground trutk,

: variances for each parameter are estimated. ThirdTy, by

performing experiments and examining -the temporal history of

"constant" quantities such as oy, data, the variances associated
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with the radar .measdrements can be estimated. Finally, the
experiment is numerically simulated on a computer using a Gaussian
random-number generator to simulate measurement errors to perturb
the "trﬁe“ ground truth. This.data then are used in fhe model to
determine a simulated o;7.. Similarly, the measurement of radar
data is simulated by first assuming that the original ground-truth
information is perfect. These data predict the measured radar
data, which .are .assumed to be qideal. This. ideal ¢° is then
perturbed by the estimated variance again using the Gaussian
random-number generator. Thus, for each data set of ground tfuth,
a simulated ogajc and a simulated ofg,g are determined. Thus, it
can be seen that even a perfect model reléting ¢® to ground-truth
data will not yield a correlation of 1.00.

The errors in the grdund—truth data are from Fwo sources:
one is true within-field variability, and the other is measurement
error. Both contribute to the total error and are represented in
the associated variance. Analysis of these ground-truth data

indicates that the Standard-deviatian-to-mean ratio is much more

constant than the standard deviation by it§e1f, which implies-fhat ﬁ?
_the magnitude of the error is dependent on the magnitude of the t
quantity being measured. The estimafed values for thevstandard .
deyiqtipn associated_with'the ground-truth parameters involved are .
listed in Table 4.4. B | - | -
There are three sources of error in the radar data: the‘ T
first is,fading, whfchrmay be mihimized by acquifing Targe numbers t
of-ihdependent sémples for each data point; the second is within- 1
field.variabiljty,(both'factors‘are reducgd_§y the method_of'data ' r
, ‘ o , H i

L L
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TABLE 4.4

Error Simulation Results - Wheat

Leaf and Stalk : Head
: Wet Bry ' Wet Dry
Parameter A Biomass Biomass Height Biomass Biomass
Standard Dev.  0.21u 0.20u 0.09u 0,23y 0.23u

121

i represents the mean of the measured value
¢y has a stuzadard deviation of 0.8 dB
o°yy has a standard deviation of 2.0 dB

W results:  r? = 0.64 RMS error:
VH results: r2 = 0.69 RMS error:
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acquisition, namely determining a field average by integrating the

received power over a portion of the field), and the third is

calibration. The system is externally calibrated periodicaliy.

yelt changes that are not corrected via calibration still occur.
Experiments (Brisco and Allen, 1982) have shown that an additive
standard deviation of 0.8 dB should be used in simulating opy
measurements, and that an additive standard deviation of 1 dB
should be wused in simulating oﬁH measurements, gince the

determination of ojy(dB) depends in a Tinear fashion on opy(dB).

Results

Based upon the assumptions stated, it was shown that given

data with the types of errors discussed, the "best" that could be

done in modeling the data would result in a correlation
coefficient (r2) of about 0.64 for VV duta and about 0.69 for VH

data, using the mode], which is indeed exact. Therefore, the

correiations reported in the modeling section should be regarded.

as statistically respectable.

4.6.4 Analysis of Weather Effacts

As mentioned previous]&, of the original volume of data
acquired in 1981, a part was set aside for future analysis after

the modeling effort was completed. In the case of wheat, 206 data

sets were obtained originally. Of these, 22 represent data sets -

acguired after harvest, and 41 correspond to data sets that might

have been influenced by weather events. To i1lustrate, Figure 4.3

shows the temporal behavior of ofv‘and oﬁg for Wheat Field No. 8,
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inc]u&ing data that apparently had been inf]uenced by weather. To
investigate the significance, if any, of weather influence, the
model developed prevjous1y will be empioyed to predict a value for
¢® based on ground-trufh parameters. This predicted value will
then be compared to "the measured value.  The Magnitude and
distribution of the errors found using the Weather-inf]uenced data
will be comparsd to the‘nmgnitude and distribution of the errors
found dging the "unaffected” data; | |

In order to increase the reliability of the model (or to
reduce the RMS difference error) the model was optimized for each
field, i.2., new constants were determined for each field. These
coefficients are shown in Table 4.5, with the associated r2 and
RMS difference errors. |

The types of weather: influence observed inc1udg_recent'rain
(affecting. 18 data sets), strong winds during data acquisition
(affecting 11 data sets), and blown-down vegetatioh (affecting 10
data sets). Two additional data sets were deleted from the
analysis fﬂr other reasons. _ 7

| The'resu1ts of the comparison usfng a T-test are shown in

Table 4.6. In each case the errors found usiﬁg "affected" data
are statistically comﬁéred to thosg "unaffected“'data on which the
model was optiﬁiied. For the'case of b1dwn-down canopy regions,

significant differences in the nature of the errors are shown.

~ For the case of strong wind during'data'acquisition,v“he nature of

the errors is shown to be quite similar,-indicating;few,_if any, -

weather effects. In the case of a recent rain, the nature of the




Tab(]e) 4.5
- Model Coefficients and Resulting Statistics
Optimized on a Per Field Basis - Wheat

Crop: 1981 Wheat Polarfzation: VWV
RMS
_Field Yo. A B C D £ F G v Eliﬁﬁ’gﬁgfe ]
1 0,085 0,029 0.8/ 0.826 2.954  0.268 0 ' 0.88 059 . 15
2 2.132 0,026  1.500 5.144  3.880  0.011 0 0.78 1.74 n
3 0.221  0.007 1.500 1.785 2.237  0.108 0 0.91 - 0.77 14
= 4 0.800  0.030 ~ 0.490 5.440 0,906 ©.014_- O 0.83 .28 13
I 5 0.10  0.001  0.85 1.233 2.243 0.222 0 - 0.9 0.85 12
€ 0.134  0.012  1.500 0.977 4711 0199 0 0.88 0.82 18
7 0,045  0.03¢0 1.500 0.003 1.509  0.064 0 0.86 o 1B
8 0.075 ° 0.010 1.150 0,117  3.408  0.167 0 0.89 1.34 18
9 0.098  0.047 1,500 0,144 4.251 "0.128 0 0.65 L1 15
10 0.133  0.000 1500 1.362 4.008  0.182 0 0.9 '1.13  14
ATl 0,153 0.03 L1488  4.271 2.4 0.112 0 0.61  2.08 143
?
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TABLE 4.5(b)
Crops 1981 Wheat Polarization: VH
RUS

Fleldfo. A B ¢ ® E ¥ 6 r? Error(dn) N

1 © 0.001 0,006 0.033 1175  0.037 0.082 1 0.82 0.1 15

2 0.136  0.009 0,079 4330 1.403  0.022 1 0.72 . 1.52 1
-3 0.145  0.001 0.203 0.018 2.28¢ 0.023. 1  0.82 0.94. #o-
s 0.040 . 0.008 0.081 1586 1135 0.05 1 0.9 0.87 13

5 0.031 ©  0.006 0,087 0.004 2267 0.070 1 091 .  Ll2 12,

6 0.04 0005 0103 0.010 337 0048 1 0.66 11 18

7 0.018  0.010 0,303 0.006 1.714  0.05 1 0.93 1.31 13

8 0.000  0.007 0.067 3.100 0.492 0.007 1 0.67 1.09 18

9 0.000 0,012 ° 0.032 0.668 0.217 0.001 1 0.71 13415

10 0.051  0.022 0.3 0000 496 oM8 1 075 L7 - 14

AN " 0,025 0,073 2.377 1.480  0.125 1

0.64 1.90 143

s
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TABLE 4.6
1981 Wheat - Weather Effects

R o . T-Test .
Data Mean RMS Diff. 2-Tail
_Class N Error {dB). Error (dB) Probability
L . - | W Polarization
. '__. - n : X . .
X Normal 143 0.04 - 1.24 -
' Blown-Down 10 1.62 ] 3.95 0.002
Windy - 11 0.31 2.21 0,530
Receat Rain 18-~ 1.58 2.73 . 0.000
o VH Polarization
Normal 143 0.00 W S
B1own-Down 10 - 1.14 : 3.62 0.019
Windy 11 0.56 - 2.11 0.167

Recent Rain 18 1.96 2.68 -~ 0.000
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errors s shown to differ s%gnificant?y, thus indicating that the

rain effects probably were a genuine source of error.
~In order to visualize the nature of the errors caused by

weather effects as compared to residual errors in the .model,

examine Figures 4.17 and 4.18, which are histograms of these

erroré, separated by class (blown-down cahopy, wind during data
acquisition, recent 'heayy rain, and "normal" data). - For both
polarizations (VV‘ and VH), the "normal" errors are centered on

zero and decrease gradually in both directions. For both "blown

down" errors and rain errors, the distribution is much wider and

uniform in level. The wind-influenced errors are more like those
found in the "normal" data. Hence, the T-test indicates that the
rain and blown-down canopy errors afe from a distribution unlike
that for the "noriial" daté errors, whereas the wind-influenced
errors are from a distribution similar_to that of the "normal"
data errors.

Fﬁna11y, a pTot of the errors {in dB) for VW polarization
versus.those {in dB) for VH polerization is given (Figure 4.19).
Small correlations are shown between the YV and VH errors for both
“normal" data and "rain" data, indicating that the mechanism
causing the errors ‘is eithef random or it behaves independently as
a function of polarization. Fok bldwn—down~canopy.data and wind-
influenced errofs, réTative1y high correTations are shown, which

1

indicates the converse,
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data.
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Conclusion

A statistical investigation into the nature of the errors
introduced by weather events as compared to sources of error that
are not weather-related demonstrated that a recent rain or a
blown-down canopy introduced significant error that was unlike any
observ-éd previo'uﬁy in the anaiysis_; however, the presence of wind
during data acquisition had no significant influence. |

These results reaffirm the belvief that microwave interaction
depends upon the dielectric and geometric prdperties of the
target. | Following a rain event, the dielectric property may be
inﬂuénced by the presence of free water in the canopy, whereas
for blown-down areas of canopy, geometric changes drive the varied
‘response. In the presence of wihd during data acquisition,
neither th.e dielectric nor the geometric changes are
significant. In fact, the presence of wind may improve the-

0

estimate of o~ by providing more independent samples, which. in

turn reduces fading.




4.7 1981 Corn Data

0f the 318 data sets Obtained from the ten corn fields during

the summer of‘1981, 130 were omitted from modeling due to the fact

‘that they might have been affected by rain (within two days of

data collection); another 10 péints were acquired after the fields

‘were harvested, and thus do not represent a normal corn canopy; 12

were omitted due to either missing data (soil moistﬂre) or
incbrrect o© vé]ues; and the remaining 166, or aboﬁt'17 per fie]d,
were used in  the following analysis and modeling. The
actompahying.ground truth'bonsisted of fresh ahd-dny biomass per
unit area for three plant parts (stalks, fruit .or cobs, and
leaves), canopy height, and soil moisture. A smoothing of the

plant variables, as described earlier, completes the data clean-

up- A sample data-set is shown in Figure 4.20.  Note the

similarity between ofy, oy, fresh leaf biomass, and fresh stalk
biomass. A tempbrai plot of fresh and dry fruit biomass is not
included because previous experiments have shown that the fruit is
not important'at this frequency [¥~band) and incidence angle (50°)
[Ulaby (1982)]; subsequent analysis has reaffirmed this finding.
Figure 4.21 shows temporal ploté of both oy and oﬁH (in real

units; m2 m~2) for all ten fields. Although there is no clear

“overall pattekn as there was for the wheat fields, a subtle

behaviora1“trend is present in the form of a relatively small a°

early and late in the growing period, with the middle part shbwing

“a gentle increase and then a decrease. This behavior is seen in

'most of_the fields observed, although anomalies were present late

in Fields Nos. 1 and 7, and early in Fields Nos. 4 and 10. The

-

e ey

ore——y | e | poTmm——)

o ——
- e



SIGMAO W

0.9

LEAF BIOMASS
(kg m“)

STALK BIOMASS .

HEIGHT (m)
- (kg m2)
' N
1 I | | I l 1

SOIL. MOISTURE. %)

- 0.1

0.4
0.3
0.2

Illll“ll[lll“r

S ORNFlELD#Ql
- # 10,2 GHz 50" Deg

Q.10

0.05

unbhiiulislng

0.00

20
1.5
1.0
0.5

llllllilll”lllrﬂl B

Fresh Biomass
=+ Dry Biomass

-
--
Y e e w m m m -

pobunbielion

o .
o

A

" '—— Fresh Biomass
-« Dry Biomass

-
--------------

l!l!lll

I]Illlillllll

Llllli-llllLl

ot
o

"1??MT ﬁT

' 160

e 4:20

Temporal histories of the radar data (¢%) and the
.- ground-truth parameters (after smoothing) along
with the measured ramfaﬂ events for a gwen corn

Py
N

(wo) TvINIVY

Jllllllllllllll!_lll

80 200 220

“JULIAN DATE (1981)

- field (No. 9).
o183

fi14

Q $H~ 0o

N
o
Qo

HA OVIOIS




el B T L, . o U, - PRI e e T e T e e e s e e S I et

O4E =TT Ti3a1 coRN DATAT T T g010
> 0.3 10.2 GHz 50 Deg € %
] A =z
% 0.2 50955.
n 0.1 W é
VH 3

(=
O
o

o
+
O
—a
=

#2 A4

FlﬂlllTl[l
1

SIGMAD W
© o o £
22 . F
TATT | | _
%. 1,
FYSIITIT IREREIOLT,
o
o
[}
HA QVADIS

o
o
o
o)
o

I
]
+

0.10

SIGMAO W

HH!L;HLU]LiLH
o
B
a
HA OVA9IS

Q.00
-0.10
i
% ang
& = =
~0.00
270.10
4
> N
% ‘_-é0.0Sg
7] ~ =
o 3
EEE— e _ —=0,00
140 160 180 200 220 240 260

JULIAN DATE (1981)

Figure 4.21 Em;;gra] behavwr of oyy and oy from all ten éorn

134 -

D SvE— e s - s o + it W o
N e 43 oy o - AT T



TR, AL SRR

A b e

[ i } o

H
I

i

1

b S .

R e et S S S

SIGMAO W SIGMAD W SIGMAD W SIGMAO W

SIGMAO W

JULIAN DATE (1981)

Figure 4.21 (Continued)

ME T i}g&g é:}?RbéngTAi T 3.0.10
= \ E ”
073 :*'— #6 | Z eg _3 ©
0.2E- -3 3
. - -'*‘ "-l-.*.. : 0005 §
-, % |
0.1 - ¥ i&VH é
-
0.0 0.0
04 3 0.10
- N
o < 0.05°
0.1 3 5
3
o 0.00
O4E 3 0.10
= = -4
0.3 - #8 + = 9
0.2 5 £
T =4 30052
0.1;‘7‘ - e _5 T
0.0 0.00
0.4 = : 0010
ot . 3 |
0.3 :T—'- #9. "'é c_gr_).
02E ¢ 4 0.05°
01F 4 El <
n. ’ :
>0 0.00
0.4 : _ 200
2 put 7]
£ 5 -
02E~ 0.05 2
0'1-:- ‘\+;.—" ++ __E §
Y| I SR B Lo 1 :‘ooo
140 . 160 180 2000 220 240 '




XTI TS P U U e e e S - ST P S— . e LT

characteristics of Fields Nos. 5 and 9 are reminiscent of the
.oﬁera31 behavior seen by Ulaby et al. (1983), i.e., early in the
growing cycle there is an obvious peék, which then Tlevels off for
the remainder of the cycle and falls off again tuwards the end to
reach a Tevel comparéb]e to that seen at the beginning.

Also apparent from these ten plots is the similahity between
opy and ofy . Figure 4.22 shows a plot Of:cﬁv(dB) versus ogy(dB)
for this:corn data. It is readily apparent that there is a fairly
high correlation between the two, which indicates that either the

same or a similar mechanism is driving both of them.

4.7.1 Initjal Analysis

As a first step in the analysis of the corn data, statistics
and Tlinear corre1ation coefficients between measured ¢° values
expressed in dB and ground truthwparametefs were computed and are

_shown.in‘Tables 4.7 and 4.8. From the statistics we have scen
that the dynamic range of ofy is almost 10 dB, and for oy it is
jﬁst over 11 dB. This means that the value of the backscattering
coefficient varies by about a factor of 10 (in real units of

m? m~2). Therefore, subsequent analysis may be presented in real

- units (w2 m™2) and the finer details may become more app’rent than

when the data are compressed into the decibel scale. However,
when the madels are tested, thé‘deci?elvsca1e will be retained to
ensure that efrors remain proportional to the values they are

trying to estimate. |
An examinaﬁioﬁ:of Tabie 4.8 shows that ofy and ofy do not

correlate well with;any of the ground-truth parameters. In the
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TABLE 4.7
1981 Corn Statistics

‘Std. .
Mean Dev. Haximum Minimum Units

Volumetric Soil . : h ’

Moisture 27.4 8.5 ©47.3 : 6.0 cm3fem? x 100
Leaf Fresh : ' ,

Biomass 0.78 0.47 1.90 0.04 ka/m2
Leaf Dry

Biomass . 021 0.11 0.45 0.01. kg/m?
Leaf Water .

Content 0.59 0.40 1.48 0.01 kg/m?
Stalk Fresh ‘

—_ - Biomass 2.29 1.18 5.45 0.03 kg/m?
& Stalk Dry

_Biomass 0.37 0.2} 0.79 0.01 ka/m2
Stalk Hater '

Content 1.92 1.00 4.78 0.02 kg/m?2
Fruit Fresh ’ : _

Biomass 2.01 0.73 3.10 0.11 ka/m?
Fruit Dry . . .

“Biomass 0:84 - D.46 1.76 0.03 kg/m?
Fruit Water -

Content 1.17 0.66 2.42 0.08 kg/m?
Height . 2.07 0,86 2.95 0.17 m
Uo\lv YY) i 1-6 "4-2 -14-0 ’ dB
GOVH -14-5 . 1.8 "11 l'l . "22-8 dB
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TABLE 4.8

Linear Correlation Analysis
- 1981 Corn Data

Correlation

Coefficient v . 1 2 3 4 5 6 1 8 9 1 1

1. Volumetric .-
Soil Moisture 1

2. Leaf . .
) 'Frgsh Biomass -0.22 1

3. Leaf ' ' o
Dry Biomass - «0.21 0.65 1

4. Leaf A _ ‘
Water Content -0.20 0.98 0.50 1 _

5. Stalk ‘ : . : : : ' .
Fresh Biomass -0.12 - 0.70 0.84 0.61 1

6. Stalk . '
Dry Biomass ~-0.09 ¢.51 0.88 - 0.37 0.86 1

7. Stalk ) | : _
Hater Content -0,13 0.71 0.80 D.64 0.99 0,80 1

8. Fruit I
Fresh Bicmass =0.25 0.23 0.62 0.13 -0.11 0.40 -0,20 1

9. Fruit )
Dry Biuma;s 0.21 -0.60 0.22 ~0.66 ~0.25 0.41 -0.36 -0.45 1

10. Height o -0.17 0.60 0.92 0.47 .89 0.90 D0.85 0.71 0;31 1

11, o%y(d8) BB 8,30 0.20 0.29  0.28 0.6 - 030  -0.16 -0.22 Q.25 1

12. oOpy{dB) 0.11 0.40 0.3 0.37 0.47 0% 0.50 -0.43  -0.40 041  0.82 1.

= 172 for all casés except cases jnvolving leaf or fruit blomass, then H = 130.
for alt cases involving soil moisture, N is smaller by 6.




case of the.fruit'biomass data (fresh and dry) the correlations

are negative, which is contrary to expectations if we assume that .

the fruit contributes significant backscattering. As mentioned
earlier, the backscatterihg-‘froﬁ the fruit is believed to be
insignificant compared to the backscattering from the other
components and will therefore be omitted from subsequent modeling
attempts.

‘Ulaby et al. (1984) ‘showed that 7leaves are the dominant
source of backscattering (at a 50° incidence angle in the X-, Ku~,
and Ka-band frequencijes) over the bulk of the growing season. The
Tinear correlation between 1leaf biomass and ¢® 1is not too
impressive, due mainly to the fac; ‘that the relaﬁionship is
nonlinear.  Figure 4.23 shﬁws plots of ¢° versus fresh-leaf
biomass that are similar to those presented by Ulaby et al.
(1984). The fact that Ulaby et al. characterized the Teaves by
using the'leaf—area#index‘(LAI) parameter, whereas here we use the
fresh-leaf biomass quantity, is not a serious incdnsistehcy, since
LAI and fresh-leaf biomass are highly correlated, as was shown by
Brisco et al. (1983). The overall trend is the same. For Tow
values of leaf matter, o°® shows more scattering and is in general

Tower than o° for higher values of Tleaf matter. The scattering at

the low leaf-biomass end may be gxpTained by variations in soil

moisture and other contributing factqr;, while for higher values
of leaf biomass, the reduced scattering supports the theory that
the Tleaves dominate baékscattering' while attendafing other

s0uUrces.
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4,7.2 Modeling of the 1981 Corn Data

The same criterion used in evaluating the models used
previously for the wheat data will also apply here. Again;
appropriate models presented in the Titerature will be evaluated,
and then any variations on theﬁ will be evaluated in order to find

the "best" model for predicting measured o° with the highést

- correlation coefficient, the lowest RMS difference error (in dB),

and the fe.wwst model Paraméters. ‘In order to evaluate the ability

‘of a prrticular model to predict the backscattering from a given

canopy type (and underlying soil), data from all ten corn fields

will be pooled in the evaluation, di.e., tﬁe coefficients
determined will be optimum for the combination of all ten fields.

The first model teéted was the cloud model devé1oped by
Attema and Ulaby (1976) and given earlier by (4.10),

P = A[l - exp(-B *w + h)] + Cexp(D - mg =B <w-h),
(4.16)

where w is the volumetric water content of the canopy, h is. the
physical height of the canopy, and mg s _the volumetric s0il=~

moisture content. This model requires only four parameters

(A,B,C,D) and provides a correlation coefficient (r?) of 0.29 with |

an RMS error of 1.34 dB when applied to the VV data, and r2 = 0.43

and RMS error ofA1.39 dB for the VH data. The model coefficients

determined via a nonlinear regression. computer program that

-minimizes the squﬁred errors were different from those presented

by ~Attema 'and. Ulaby for- W polarization, ~although not
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significantly. They did not .treat the case of VH po]arizatfon.

The next model tested was the plant-part model presented by

Ulaby et al. {1983). This model requires five parameters and

takes the form

=E o LAI) -E LAI)

P =Al-e +BeWeH(l-e

eD "W - H B -ILAL (4.17)

f () me *

Here, LAI 4s the green leaf area index, H is the height of the
canopy, _and W is the volumetric water content of the stalks.
Agaih, the 1981 summer experiment did not inc1ude LAT as a ground-
truth parameter; therefore, a'substitution bf'fresh Teaf biomass
was used. As a result, correlation coefficients (r2) were
determined to be 0.25 and 0.42 for VV and VH polarization,
respectively, and RMS errors were 1.37 dB and 1.40 d8 for W and
Vi polarization, réspectively. ‘The coefficients that were
determined to optimize the model fér-the'lgsl corn.data, which

generated the above correlation coefficients and RMS errors, are

not identicé] to those given by Ulaby et al.; however, they are

-similar in maghitude, except for the stalk -attenuation term, which

Ulaby - finds to be dinsignificant but which appears to be

significant in the 1981 data.

.

From these results, it was determined that a new model or
models should be developed.: The expériméntal data described. in

Chapter 2 is also aVQfTable.as a further improvement, giving

a3
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typical values for canopy attenuation at X-band, 50° incidence -

ang1é,_and VV'po1arizatibn.
- The basic fdrm adopted for this new model for corn

backscattering is

0o_ o 0 0
O = %1eaf T %talk T %soil (4.18)

where

'c?eaf = di = A{1 - exp[-F fz(leaf)]}

{1 - exp[-E - f3(1éaf)]} (4.19a)

°§ta1k = 5§t =B "f1(5i31k)'EXP[-E - fy(leaf)] (4.19b)

Ugoi1 = % = C(Tyy * GTy) exp[-D « fy(stalk) - £ » F3(1eaf)] ,
(4.19¢)

where fi(stalk) and fé(1eaf) relate the measured 'ground-truth

quantities to ~-backscattering . by the stalks and Teaves,

’respectively, and f3(Teaf) and f4(sta]k) relate the measured

ground-truth quantities to attenuation by the leaves and stalks,

respectively. The exact nature of . these functions (f;( 1)) are

* unknowns at this point. " In keeping with the objectives of this

study, this ~dependence will- be represented by a simple

* relationship involving measured ground-truth quantities. The form

o
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of the soil backscattering component is the same as that used in
the wheat model and is explained there.

| Several models were tried using various combinations of
available ground-truth data. As with the development of the wheat
model, an emphasis on variab]és related to water content,'e.g.,
fresh leaf bicmass and Teaf wéter content, is appropriate because
water haé been shown to be a significant factor at microwave
frequencies. After a trial-and-error process, the optimum

combination of ground-truth parameters for the fi( }'s was found

to be
f,(stalk) = SHz0, t (4.20a)
f,(leaf) = LWT/HT - (4.200)
fa(leaf) = LWT . - (4e20c)

~ Also in the course of the model evaluation, the attenuation due to
the stalks was found to be ‘insignificant, i.g.,' the model
coefficient D = 0. Thus, f4(sta1ks) is. not necessary:. Here SH20
represents the stalk water content (kg m™2), LWT represents the
fresh leaf bjomass (kg m™2), and HT is the canopy height (m).
Incorporation of these functions into Eq. (4.19) resulted in
a correlation coefficient (r2) of 0.35 and 0.44 for W and VH
polarization, respectively, with associated RMS differenCe errors.
of 1.28 dB and 1.37 dB. Table 4.9 lists the seven mode]

coefficients determined, and the r2 and RMS errors for each field




TABLE 4.9

Hodel Coefficients and Resulting Statistics
1981 Corn, 10.2 GHz, 50° Incidence Angle

Pol. A B ¢ D E

F.
W 020  0.080 0.5 0 2.030  1.836
_VH 0.079 0.018 0.023 0 1.340 1.263
o | r2/RMS Error (dB) r2/RMS Error (dB)
Field (N) vy VH
C A1 (166) 0.35/1.28 0.44/1.37
2 1 (26) - 0.44/1.37 0.53/1.40
2 (13) 0.48/1.00 0.67/1.51
37 - 0.43/1.18 0.73/1.17
4 (11) 0.16/1.05 0.30/0.97
5 (18) 0.40/1.20 0.22/1.39
6 (18) 0.21/1.18 0.38/1.00
7 (1) 0.67/1.19 0.70/1.11
8 (12) 0.36/1.10 0.71/1.36
9 (16) 0.93/1.30 0.93/1.59
10 (18) 0.34/1.81 0.20/1.84
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for both W and VH polarization. Figures 4.24 and 4.25 present
plots of predicted versus obser;fed or measured o° for all fields
combined. In both cases, a Tinear .regr'ession indicates a slope of
less than one and an intercept of Tess than 0 dB.

Figure 4.26 shows a pTo;c of the érrors (defined here as
meas(dB) - red(dB)) ~for VW polarization  versus  VH
polarization. As the statistics indicate, the quality of fit is
comparable for both models.

Figures 4.27 and 4.28 show plots of of,,c and "Sred as a

function 6f time, as well as of the constituent parts -(aﬁ, "gt’

“and o) for Corn Field No. 9. In both cases, the soil is the

dominant backscattering source early in the season, whereas in
mid-season, when the canopy is the most Tush, the Teaves
dominate. Towards the end of. the season, as the 1eave$ dry out,
the stalks begin to dominate, aithough the soil component is
nearly as significant. o
Figures 4.29 and 4.30 show a comparison bf a Meas and "pred
for all ten fi‘e]ds over time. In general, it is apparent that
while the correlation coefficients are not too impressive, a
better measure in this case is the RMS difference error value.
With a few .exception_s, _‘the agreement ‘between "rgeas and o2 pred is’
quite good. - An explana_tion of why this is not reflected in the
correlation coefficients goes B_ack tc_ the Timited dynamic range in
the data. Referring back to Figures 4.24 and 4.25, it is clearly |
evident that most of the data lie in a cluster 3 or 4 dB in
extent. Unfortunately, the way the'correlation coefficient is

computed introduces a factor that is dependent on slope, and the
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Figure 4.24 A comparison of observed (measured) o8, with
predicted “3V' using Eq. (4.18). H
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FREDICTED SIGMAO VH (dB)
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Figure 4.25 A comparison of observed méasured) °3H with
predicted oy, using Eq. (4.18).
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A comparison of measured and predicted oy over
time for corn field No. 9. The predicted value is
the sum of three components, also shown here.
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Figure 4.28 A compariscn of measured and predicted :g" over

time for corn field No. 9. The predicted vaiue is
the sum of three components, also shown here.
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* - subtracting (in real units of m? m™2) the soil tem from the of

estimated slope of such a tight cluster is open to error. Hence

the correlation coefficient 1is not entire1y indicative of the

_ qua1ity of the fit, and here the RMS difference error becomes

useful.

One final observation is in order before We move on to the
errorfana1ysis phase. In August of 1981, one of the corn fie]ds
used 1in this 'experimént .(No, 6) was the subject 7of another
experiment. In this special one-day experiment,‘a p]ot‘of about
7'x 7 meters of this field was defoliated, f7.e., the leaves,
fruit, and stalks were vremoved sequentialiy, and radar
observations were made between each defoliation stepl These data,
repbrted by ‘Ulaby (1982), proﬁided a unique chance to test the
corn model one component at a time. '

Table 4.10 1ists the measured ground. truth on the day of the
experiment (Day 224) as well as the measured o° throughout the

experimeﬁt. At ‘the bottom of Table 4.10 is a listing of the

- measured ¢° of each component along with that predicted by this

new model. The measured o°® for the stalks is obtained by
| 0il
+ 0% a1 Measurement. - This is also true for the Tleaf term,
although the attenuation prédictéd'by the model is also taken into

account. For stalk and soil backscattering, the model does quite

~ well, although for the leaf term the agreement is not quite so

good. One reason may be that for the Teaf term the attenuation
estimaté: is used twice: once in reducing the measured o° to

OJaafs and again'to obtain the predicted Peaf
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Stalk Water Content:
Fresh Leaf Biomass:

Height:

Soil Moisture:

TABLE 4.10

Corn Defoliation Experiment

Day 224

2.357 kg m~2
0.772 kg m~2

2.779 m
- 29% + (Iyy = 0.1906, Ty = 0.5059)

Corn Field No. 6

' , Leavés l.eaves and
8 = 5(° Full Canopy Removed = Fruit Removed Bare Soil
ofy(dB) - 6.79 - 5.77 - 5.78 ~10.05
ofy(d8)  ~12.74 ~13.42 -13.43 -18.30
Measured o° Predicted o° %_Error
9gpi] W 0.099 0.104 +5
- VH 0.015. 0.016 + 7
s W 0.165 0189 415
stalk v - o.o3t 0,042 +35
W@ ie W 0.154% 0.094 =39
et gy oloare 0.015 59

- *The leaf values assume an attenuation of 6.8 dB and 4.5 dB (2-way) for
VV and VH, respectively, as predicted by the model.
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Qverall, the test increases the credibility of the models for

corn.

4.7.3 Error Analysis

Because a mode! is only as good as the data from which it is
derived, an evaluation of the errors (on both sides if: the
equation) may permit some insight into the impact such errors
have. As originally described in the eya1uation of the wheat
model, measurement errors tend to dégrade.the model's ability to

represent nature, -

0 = d(ground truth)

2] + £ .
meas meas pre pred

In this evaluation, a numerical simulation of these errors is

performed and a correlation coefficient of opang With of.qq is
compdted. Thus, given that we assume that this model describes
nature exactly, these errors degrade it to some. degree, solely
because of these data errors. A

The sources of error are described in the evaluation of the
wheat model. va summarize, an estimate of all measurement errors,
both for ground truth and radar values, is necessary. When this
has been done, the simulation wiil provide the desired data. The
values of variance in the groundAtruth and radar quantities are
Tisted in Table 4.11. These va]ues.were‘arrived at by examining
the variance in the raw-data. A |

The resuits of the simulation indicate that g1ven these

sources of error, an exact ‘model of nature could, at best have a
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TABLE 4.11

Error Simulation Results, 1981 Corn Data

Stalk  Fruit . Leaf

‘ ~ Fresh Dry Fresh . Dry Fresh Dry
Parameter Biomass  Bijomass Biomass Biomass Biomass Biomass Height Soijl
Std. Dev.  0.21n 0,201 0.23n 0.234  0.21n

0.22n 0.09u 0.20u
u represents the mean of the measured value

ojy has a std. dev. of 0.8 dB
oy has a std. dev. of 1 dB

N = 166
W results: r2 = 0.35 RMS Diff. Evror = 1.10 dB
VH results: r2 = 0.48 RMS Diff. Errer = 1.09 dB
[~ BN neurs SRR riceer RN A SR VU SN S S S SR
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correlation coefficient (r%) of 0.35 and 0.48 and RMS errors of
1,10 dB and 1.09 dB for VV and VH polarization, respectively.
That iS not to say that this simple model ié an exact mathematical
description of nature, only that given the sources of error, which
may or may not be as“mode1ed; a large number of the errors in

0

predicting ¢ ‘may be attributed to uncertainties in both ground

truth parameters and in measured values of o°,

4.7.4 Analysis of Weather Effects

Of the 318 original data sets, 130 were omitted from the
model development set due to the fact that they might have been
affected by a recent rain (within two days). In this section,
those 130 data sets are examined to determine, what, if aﬁy,
effect the rain nﬁght have had on ¢° This is possible because a
model describing the behavior of o® as a function of_grodnd-truth
parameters is now available. 'Sinﬁe the effect may be small, a
more accurate model is desirable. Hence, the form of the
previously described model will be  optimized for each field
individually. These new model coefficients are bresented in
Table 4.12. Given these models, optimized on a per field basis, a

determination of errors in the "normal® data used to determine the

model coefficients, and the errors in the "rain-affected" data is

made. A statistical comparison of these errors 1is performed to

determine if the nature of the errors is similar, (i.e., no rain

effect) or dissimilar (some rain effect).
The results are shown in Table 4.13. Significant differences

are apparent in the two classes of errors for both W and VH
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Table 4.12
- (a)
Modei Coefficients -and Resulting Statistics
Optimized on a per-Field Basis - Corn

€rop: Corn Polarization: W
: RMS
Field_No. o 8 ¢ D E F 6 r2 Evror(an) N
T 1+ - L8 0,083 0.556 0 2178 1.833 0 0.51 - 1.24 2
2 0.253  0.035 0,507 0 0.989  0.257 0 0.67 0.59 13
| 3 0.7 0.028 0.3 0 1503 1357 0  0.58 - 0.83 17
= 4 0,135 0.078 1,175 0 0.779  12.643 0 0.58 ~0.54 1
- 5 0.7 G.062  0.792 0 27713 5412 0 0.71 0.63 _ 18
6 0.2 0.500 0,236 0 5.266  4.013 0 0.64 0.60 18
7 0.274 0,381  0.144 ¢ 4,927 1.8 0 0.87 - 0.68 17
8 . 0.2:2 - 0.022 0518 0 5400  9.085 O 0.61 0.61 12
g £33 0,066 - 0.224 0 1.034  0.793 0 0.96 0.44 16
10 0.133  0.035 1911 0 7.0 14.840 0O 0.62 0.71 18
Al 0.232 0.080  0.546 0 2,029  1.833 0 0.35 1.28 166
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AN - 0,079

0.023

1.253

o o 3 o a3 =3 £ - - 1 B R
A TABLE 4.12(b)
Crop: Corn Polarization: VH
RMS
Fisld No. A B c D E F G r2 Error(ay. N
1 - D.244 0.034 0.009 o 2.927 0.257 1 0.57 1.24 26
z -0.406 0.003 0.016 0 0.175 1.357 1 0.71 1.19 13
3 0.253 0.012 0.018 0 0.301 12.643 1 G.75 0.87 17
4 0.308 0.003 ©.039 0 0.399 5; 412 1 0.70 0.63 1
P~ 5 | 0.117 0.020 0,037 g 0,833 0.511 i - 0.27 1.21 lé
@ 6 0.068 0.021 0.022 0 1.952 4.013 1. l 0.41 0.90 18
7 ' 0.042 0.078 0.010 0 3.734 3.838 ' i 0.93 0.52 17
B 0.126 0.019 0.022 0 1.256 9.085 1 - 0.72 C0.91 12
g 0.208 0.023 0.506 0' 0.427 0.793 1 0.93 0.76 16
10 0.037 0.011 0.076 0 9.764 14,840 1 - 0,31 0.78 18
0.018 Li] 1.338 1 0.44 1.37 166
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TABLE 4.13
1981 Corn - Weather Effects Analysis

T-Test
Data Mean RMS Diff. 2-Tail
Class N Error (dB) Error (dB) Probability
V¥V Polarization
Normal 166 0.0209 0.77
Recent Rain 130 0.7880 i.54 0.000
7 VH Polarization
Normal 166 0.0069 0.95
Recent Rain 130 0.5459 1.51 0.9000
S VR uttal AN s SN vt SR S SS shsmus N st S it R e s S e S S S
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polarizations; thus, there is a high probability that the errors
come from two different distributions. To illustrate this
difference, histograms of the two types of errors are presented in
Figures 4.31 and 4.32. In both VW and VH polarizations, the
"normal" data has errors that appear to have a Gaussian
distribution with a2 mean error of 0 dB. The "rain" data shows a
much wider distribution, with errors of over 4 dB that do not
occur in the "normal" data and a mean clearly larger than 0 dB.
Hence, the effect of the rain seems to be to increase ¢° over | .
of the “normal™ canopy.

Finally, Figure 4.33 compares the relationship between WV
errors and VH errors for the two classes. Scattering is much
greater for the "rain" data; it also has a higher correlation
coefficient. This may indicate that recent rain affects °3V in
much the same way as it does °3H; hence, the errors are

correlated.

4.8 1981 Soybean Data

During the 1981 summer experiment, 11 soybean fields were
monitored with the truck-mounted radar system,and a total of 348
data sets were scquired. Shortly after beginning the observation
phase, Field No. 7 had to be dropped from the experiment because
of farm-operator problems; therefore, the five data sets acquired
on that field have been omitted fran.the analysis because of size
limitations. Arother six data sets were omitted from analysis
because they were gathered after the field was harvested. A

recent rain (within two days) might have influenced another 64
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Figure 4.31 Histogram of the errors between predicted and
measured a§¥ for the two sets of corn data: normal
e

and rain-afttected.
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Figure 4.33 A comparison of how the errors between predicted
and measured o° vary with polarization and weather
influence.
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data sets, so these data sets are excluded from initial analysis
and mode1ing. Another 18 data sets Tacked soil moisture data and
had to be omitted. Thus, of the original 348 data sets, only 255
will be ana]yzéd and modeled.  The smoothing of the plant
‘variables (ground truth) completes the clean up. (Smoothing is
pekformed on all data exc1uding“ post-harvest and Field No. 7).
Due to the structure of the canOPQ, no diffefentiation among plant
parts was made while obtaining biomass data. A sample data set is
shown in Figure 4.34. Note the similarity between ¢° and soil
moisture prior to Julian date 210 - 220 when plant fresh biomass
values surge.
Figure 4.35 shows the temporél_behaviof of ¢° for all ten
fields. Note the differing time scales in Figure 4.35a and b.
This is because Fields No. 1 through 5 were ail planted in early-
to-mid May, whereas Fields No. 6 through 11 were double-cropped,
Tela, they were planted in fields previously planted with winter
wheat, and thus were not planted until late June or early July.
Due to the late start, these plants did not in general develop as
large a biomasé, and correspondinQ]y, did not produce as good a
yield as the first five. The overall temporal behavior of all ten
fields is sbmewhat similar in that most begin with smaller o°
values, which increase as time progresses, fluctuate, and in a few
cases deciiné to the values seeh'in Fhe beginning. Also note the
E | SimiIarify between c@vband oy for all ten Fields. Figure 4.56
compares Oﬁv.with cﬁH’direct1y. AAcorre1ation‘coefficient (r2) of
j 0.75 indicates that similar mechanisms may be driving both oyy and

| oy
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4.8.1 Initial Ana1ysis
As a first step in the analysis of the soybean data,

° values

statistics and linear correlation coefficients between o
expressed in dB and ground-truth parameters were computed and are
presented in Tables 4.14 and 4.15. The only parzmeter that seems

to affect o® (VW or VH) is height.

Previous investigations, though not with soybears, have shown

® to be driven by canopy water content or fresh biomass.
Therefore, Figure 4.37 was generated to examine any relationship
between fresh plant biomass and ¢° The plot contains data from

all fields, aTthpugh two different symbols are used to identify

Fields No. 1 through 5 from Fields No. 6 through 11. This

immediately i1lustrates the differences in dynamic range in fresh
plant biomass; while Fields No. 1-5 exceed 10 kg m~2 in some
cases, Fields No. 6-11 exceed only 2 kg m™2. For small values of
fresh plant biomass, ¢ varies over a range of about 10 dB. Once
fresh plént Liomass exceeds about 1 kg m'z, o® is fairly éonstant,
although some scattering still occurs. This is seen in both sets
of fields ‘ and may be interpreted as significant canopy
backscaﬁtering'and attenuation for large (> 1 kg m‘z)vfresh plant
- biomass  values, while small (< 1kgm™2) values permit

penetration, and soil backscattering is evident.

4,8.2 Modeling of the 1981 Sovybean Data

In ‘this section, various models are evaluated for their

ability to predict ¢ The criteria will be the same as those

used préﬁ%ouﬁ]y in evaluating both the wheat and the corn models,
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TABLE 4.14

1981 Soybean Statistics

. Mean Std. Dev. Maximum_ Minimum Units
~ Volumetric | - 1
: Soil Moisture 22.4 9.9 51.1 3.4 cm3/em3 x 100
R Plant
B Fresh Biomass 2.30 2.55 10.21 0.02- kg/mz
"o  Plant o , ’
’ " Dry Biomass 0.71 0.78 - 3,61 0.01 kg/m?
~ Plant | |
" Water Content 1.60 1.96 8.43 0.00 kg/m2
 Height 0.80 0.32 1.23 0.02 m
oy - 6.8 2.0 4.0 -16.8 az
LY -13.2 2.9 -8.6 ~24.8 d
At - — = - - e — e -



TABLE 4.15

L.inear Correlation Analysis
1981 Soybean Data

Correlation _ _ , | :
~ Coefficient r 1 2 3 4 5 6 7
- 1. Volumetric : :
Soi} Moisture 1
2. .Fresh |
Piant Biomass 0.08 1
3. Dy o
Plant Biomass 0.00 ~ 0.82 1
o 4. Plapt | -
e Water Content 0.10 0.97 0.66 1
5. Canopy Height -0.18 0.53  0.54  0.47 1
6. %y(dB) -0.10 0.38 -~ 0.34 0.36 0.57 1
. 70 Ul:J)H(dB) "0-18 ' (}'-34’ 0041 0028 0-67 0-87 1
" For all cases, N = 255
ll- f{/ e e - - O i e - n [ - _- g et e s :
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i.es, correlation coefficient, RMS difference error (in dB), and
number of model parameters or constants.

The only model reported in the literature that seems to apply
to soybeans is the cloud model from Attema and Ulaby (1976).
Although they d$d not test t on soybean data, the wodel

assumptions ap‘ply"cn the soybean canopy. Their model has the 'Form‘

o® = A[l = exp(~B + w * h)] + C exp(D -.ms ~Bewsh),
(4.21)

- vwhere w is the volumetric water content of the canopy, h is the

physical height of the canopy, and' mg is the volumetric soil
mo.isture content. This model requires 4 parameters (A,B,C,D) and
provides correlation coefficients (r2) of 0.49 and 0.50 with RMS
errors of 1.41 'dB and 2.04 dB for polarizations of W and VH
respectively. | -

Medifications to - this model ,shbwing some improvement in

results are (_1) replacing the exponential dependence on soil

moisture with computed Fresnel reflectivities, as was done for

corn and wheat; (2) permitting the canopy albedc and hence
backscattering to vary with canopy conditions as well as with
attenuation, as is'-curtent'ly the '_cas'e;_ and (3} determining which
property of ﬁhe canopy best represgnts the attenuation. The.se

modifications result in a model of the following form

o _ 0 , 0

@ = :uc'anbpy"_" %s0i1 (4.22)




where

Uganoﬁy = Afl - gxp[fB -'fz(plant)]}{l ~ exp[~D * fl(p1ant)]}

(4.233)
%oq1 = C(Tyy *+ CTyy) exp[-D « Fy (plant)] , | (4.23b)

where fi(plant) is a function of plant ground truth that is
proportional to canopy attenuation, and fz(p1ant) is a function of
plant ground tru?h that varies in &4 manner similar to'that of. the
backscattering of the canopy. In kgeping with the objectives of
this study, only simple relationships will be investigated. After
trying various combinations of available ground-truth data through
a process of trial and error, the-optimum combination of ground-

truth parameters was found to beA
fl(p1ant) = WET s fz(plant) = WET , {4.24)

where WET is the fresh plant biomass. This results in Cerelétion
coefficients (r?) of 0.58 and 0.67 ﬁith RMS errors of 1.28 dB and -
1.65 dB for W and VH polarizations. Table 4.16 Vlists the five
model coefFicients determined, and the r2 and RMS efrors for each
field 7or both VWV and VH polarization. Figures 4.38 and 4.39
present plots of predicted' versus measured o° for all fields
- combined. In both cases, a Tinear regression indicates a sTope of

less than one and an intercept of less than 0 dB. Also, both

iy b e g r—— =
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 TABLE 4.16

1981 Soybean - 10.2 GHz, 50° Incidence Angle

Model Coefficients and Resulting Statistics

S Pol.. A B ¢
W 0.245 . 6.739 0.297
VH 0.061 5,263 0.005

' .~ r /RMS Error (dB)
Field (N) VvV

D &
6.80 0
5.77 1

v /RMS Error (dB)
VH

S
o

ATl (255) . 0.58/1.28 0.67/1.65
1 (31)  0.62/1.31 0.71/170
2 (34) . 0.61/1.37 0.68/1.89
3 (35) 0.77/1.66 0.82/1.71

4 (26)  0.69/1.28 0.68/1.78
5 (30) 0.71/1.24 0.77/1.60
& (23) 0.05/1.32 ' 0.15/1.80
7 (N 0.47/1.11 0.59/1.18
8 (22)  0.66/0.95 0.66/1. 65
5 (19)  0.41/0.92 0.44/1.47

(18) 0.44/0.98 0.14/1.1%
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Figure 4.38 A _comparison of observed (méasuréd)'dﬁv with

~ OBSERVED SIGMAO W (dB) |

predicted oyy, using Eq. (4.22).
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plots show saturation along Ugred' This is the model's attempt to
fof?ow the behavipor shown in Figure 4.37, which shows ¢° becoming
saturated soon after the fresh plant biomass exceeds 1 kg m™2

The model s unable to explain the scattering in o° beyond biomass
values greater than 1 kg m"Z, '

Figure 4.40 shows a plot of the errors (definéd here as
qﬁeasde) ',Fgred(da)) for W versus VH polarization. There is
slightly less scattering along the VW axis than along the VH axis,
which explains the fact that the RMS error for VW is less than VH.

Figures 4.41 and 4.42 present tempora]l comparisons of
measured and predicted ¢® for a given field (No. 2). The
predicted ¢° is‘bnoken into its components, which shows the reaéon

it behaves the Way it does. Again in both cases after abocut

~Julian date 200 the predicted o°, composed almost entirely of

plant backscattering, becomes saturated. This level of saturation

is the optimum for all the fields, since all the fields were used

in determining the modef coefficfents. .

SimiTar comparisons of measured and predicted ¢® on a
temporal basis forv each of the ten fiéids are presented in
Figures 4.43 and 4.44. In most cases, the model predicts the
early behavior of o with a fair degree of accuracy. For tﬁe bulk
of the season, the plant biomass is so great that the model
becomes saturated in its pred1ct1on of ¢ and is unable to exp1a1n

minor fiuctualions g1ven the ava11able ground truth.
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Figure 4.42 A comparison of measured and predicted oyy over
time for soybean field No. 2. The predicged value

is the sum of three components, also shown here.
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A companson of measured and pred1cted “VH over

, time on a per-field basis.
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4.8.3 Error Analysis

As in the cases of the wheat ‘and corn models developed
earlier, an evaluation of the significance of data errors in the
model's ébility to pred{ct measured o° was performed. The sources
of errors and the method of simclation are identical ‘to the
previous two and hence further explanation would be redundant.

The-vaTueslof variance in ground truth and radar quantities
are listed in Table 4.17. These values were obtained through
examination of variances in the raw data.

The results of the simulation indicate that the types and
magnitudes of errors introduced in the data would permit an exact
model to have correlation coefficients (r?) of 0.62 and 0.79 and
RMS difference errors of 1;10 dB and 1.14 dB for the VV and VH
models, respectivé1y. This would seem to enhance ‘the credibility

of the models.

2.8.4 BAnalysis of Weather Effects

| Of the original 348 data sets acquired, 64Awere omitted from
anaiysis and modeling because the.data might have beern affected by
a recent rain (within two days),. An ihvestigation as to what
effect if any these rain events had on the data §s now possible.
Using the models previously optimized for ‘the original 255
unaffected data sets, a cdmparison of the distribution of errors
~is possible.  To make the analysis more sensitive to small
changes; the models will be optimized on a per-field basis

first. The results of this optimization, i.e., the new sets of
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TABLE 4.17

1981 Soybeans- Error Simulation Results

Fresh Dry
. Parameter _ Biomass Biomass Height " Soil _
T ‘Std. Dev. 0.21u 0.20u 0.09u 0.20u -
N :
u represents the mean of the measured value
oﬁv has a std. dev. of 0.8 dB
‘ of; has a std. dev. of 1.0 dB
VW results: ré = 0.62 RMS Diff. Error = 1.10 dB
VH results: rZ = 0.79 RMS Diff. Error = 1.14 dB
]
1 _
1 .o T3 CO D 3 25 o T Ty LI
gy B : e
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mode]l coefficients foé each field along with the accompaning r2
and RMS errors, are presented in Table 4.18.

Given these spgcialized models, errors between predicted and
measured o for the two cases ("norma]“ and rain-affected) may
becompared. A statistical comparison of these errors was
performed and fhe results are presented in Table 4.19. In the
case of VV polarization, the test concludes that the errors are
-frun different distributions, i.e., the errors -introduced in the
rain-affected data are unlike thoée seen in the “normal" data. 1In
the case of VH polarization, the test concludes that there is only
a 5% chance that the errors are from the same or similar
distributions; hence there is a 95% chance that they arc not.
More insight as.to the differing nature of the distribution of the
errors may be gained by a visua1A-in$pecti5ni therefore,
Figures 4.45 and 4.46 are presented,_which are.histograms of the
errors. In both cases- (VW and VH polarization) the errors
associated with the "normal" data display a distribution similar
to a Gaussian distributioﬁ with a mean of 0 dB. The errors
assoc1ated with the ra1n affected data have much broader
d1str10ut1ons, and they have va1ues extending beyond those *een in
the case of the "normal” data. A

.Fina11y, Figure 4«42'compares the re]ationshipubetween eriors
as a function of polarization for the two cases, rain-affected and
“normal." | The correlation coefficients indicate highér
correlations in the rain data, which may"ﬁndicate=tﬁat the effect

of the recent rain may be similar for both polarizations.
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Table 4.18

(a) - )
Model Coefficients and Resulting Statistics
Optimized on a Per-Field Basis - Soybeans
Crop: Soybeans '

Polarfzation: WV

- KMS

Field--.'.'o. A B __-¢ D G r2 "’Eﬁ?Eﬁ?ﬁE‘; N

1 0.253 5.669 0.759  6.80 0 - 0.62 1.04 a1

2 0.224  9.620 0.173 6.80 0 0.6 - 131 3

3 0.268, 2.9 0.248 5.83 0 0.79 1.43 35

8. s 0.260 9766 0.021 6.80 0 071 1.21 3
- 5 0.274 6770 0.258 670 0 0.71 1.16 30

6 0.0  3.15 0188 322 0 0.13 0.95 23

8 0.334 1,669 0.619 3.375 0 0.68 0.81 17

9 0.284 4.843 0,227 5595 O 0.66 0.79 22

10 0.248 2471 0.03 680 O 0.42 0.76 19

_"11 0.235  3.679 0.226 6.80 0O ~ 0.44 .79 18

ATl 0.245 6.738 0.297 6.80 0O 0.58 1.28 255
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TABLE 4. =,

Crop: Soybeans  Polarization: VH

RMS
Field No. A B - C D G r2 Eg:::?gg?ce . N
1 0.060 7.698  0.001 6.80 1 0.72 . 1.64 3
i 2 0.050 6.412 10" 6.80 1 0.69 1.70 34
L . 3 . 0.066 3.139 0.006 3.61 .1 0.85 1.53 . 35
AV 4 0.062 5.485  10°* 680 1 0.70 173 26
| 5 0.071 4.625 0.007  4.505 1 0,77 1.51 3
6 0.091 0.737 0.298  6.80 1 037 1.47 23
8 0.089 1.470 0.031 6.80 1 0.69 1.00 | 17
9 0.075 3.392 107" 4162 1 0.63 1.6 22
' 10 0,065 8.915 0.001  6.80 1 0.43 1.12 19
i1 0,057 6.185 . 0,004  6.50 1 0.16 1.07 " 18
Al 0.061 5.256 0.005 5781 1 0.67 - 1.65 265




TABLE 4.19
1981 Soybeans - Hedther-Effects Analysis
T-Test

Data o Mean RMS Diff. 2-Tail
Class N Error (dB) ~ Error {dB) Probability

V¥V Polarization

Normal - 255 -0.0018 1.10

Recent Rain 64 0.6606 .76 0.000
VH Polarization’

~Normal =~ 255 . -0.0055 1.49
Recent Rain 64 0.44?2 2.20 ' 0.051
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Figure 4.45 H1stogram of the errors between measured and _
predicted °vv for the two sets of soybean data°
“ normal and rain-affected, , .
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4.9 Summary and Conclusions
" An experiment conducted 1in the summer of 1981 by the

University of Kansas Remote Sensing Laboratory measured the

backscattering at X-band (10.2 GHz), at a 50° incidence angle,

with polarizations of VW and VH using a truck-mounted FM-~CH
scatterometer. Coincident ground truth, consisting of plant
biomass and height, soil moisture and texture, and the harvested
yield,was also collected. The data set collected is unique in at
Teast two ways. First, the data collected from typical
agricuTtural fields jncorporating commercia1 tgchniqugs, which are
un]ike special, prepared plots, consisted of ten fields of each
crop}type {corn, wheat, and soybeans). Each field was visited at
Teast twenty times during its growing season, providing an
enormous data set that will permit many new investigations.
Secondly, due to the scatterometer's design, reliable VH data are
available for the first time for agricultural data of this
magnitude.

Initial examination showed that the tempofal behavior of the
ten fields of each crop ‘type is similar but by no means
identica1. Wheat showed the greatest simi1affty‘ of behavior, .
while cofn and soybeans showed more variébi1ity. In all cases,
high cerrelations were observed between opy and cﬁH.

Models were developed for eéch crop type and pﬁ]arization;
and these proved to be superior to any previously reported in the

literature.  Although the same principles were applied fin

developing these models, an added feature was the introduction of

a function representing an albedo dependent on crop parameters
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{previous models had essumed a constant albedo). - A second factor
simplifying the modeling of soil backscattering was the- use of
Fresnel reflectivity. - This was possfb]e for the following
reasens: (1} dielectric measurements at X-band of soils having the
same or similar textures were made in conjunction with the 1981
Summer experiment, and (2) theoretieal models explaining rough
surface backscattering indicate a factor of Fresnel reflectivity
representing the dielectric dependence of the backscattering.
Table 4.20 Tists the models developed, along with model
coefficients, correlation cbefficients,'and RMS difference errors
for each c¢rop and polarization. In determining the model
coefficients via a hon1inear regression computer program.seeking
to minimfze the RMS error, the magnitude of the attenuation was
kept within the limits of values reported from measurements.‘ A
comparison of - the reported values and those predicted by the
models are presented in Table 4.21. Clearly, the values do not
match exactly, however for the most paft theyAare rot in great

disagreement, with the exception of soybeans. In that case, the

model would have selected an even higher value for attenuation had

not Timits been imposed to keep the values "reasonable." ° The
exact influence of this high attenuation on the model's ability to
predict ¢® is not clearly understood, so this trend for higher

attenuation may be a numerical artifact, i By on]y slight

A (1ns1gn1f1cant‘ 1mprovements in r2 and the RMS errors are achieved

by 1ncreas1ng the attenuat1on. The’ modeTed va]ues may , therefore,
not be indicative. of the true attenuat1on, jn the case of

soybeans. Also, none of the attenuat;on measurements was made in




TABLE 4.20
- Model Summany

Wheat: o _

& = AL - o+ SHZO/MEyey | oE ¢ SH20y D+ FH20 |
+B « FWT r
-D ¢ FH20 = E + SH20 - B
A B C D E__F g "
v 0.153 0.036 1.148 4.272 2.445 0.112 0 3
1.
VH - 0.025  0.013 0,073 2,382 1.440 0.125 1
N = 143 W +> r2 = 0,61 RMS Error = 2.04 dB
VB + ri=0.64 RMS Error = 1.90 dB %
- ! L
0 S O Y A U T S e e el S A M S Sk kA O U D P VP O P O ek R P e R e R B O O e P D U 0l D r}
| i |
Corn: | ‘ )
O = AL - & LT/ oE - LT U
+ B+ SHZO » @7 * MHT 5
U F i
# C(ryy + 6+ Ty) eE T HT
A B - F g B
W 0.298  0.080 0.546 2.030 1.836 0.
VHi 0,079  0.018 0.023 1.340 1.263 1 B
N = 166 W+ r2=0.35  RMS Error = 1.28 dB
TV r?= 0,44 RMS Error = 1.37 dB [ﬂ
_ 1
s |
e a2 B $; ;:’; ’_.;... _— » " ..;__'___._.;ﬁ,;?f.‘.‘f-‘_'f":"":f.?_.:hm';,-u'gs::-ii , ”‘-:



TABLE 4.20 (Continued)

Soybeans:' | ‘ ' | h
0 _ A(L - 2B " NET] (1- efD,. NET)
+ Oy + G Ty) e ¢ WET
| A B c D G
w 0.245  6.739 0.297 6.80 0
VH 0.061  5.263 0.005 5.77 1
N = 255 W + r?2= (.58 RMS Error = 1.28
VH + 12 = 0.67 RMS Error = 1.65

GROUND-TRUTH VARIABLE IDENTIFICATION

SH20 = stalk water content (kg m~2)
{(for wheat this includes Teaf water content)

Ht

canopy height (m)

fruit (grain head) water coatent (kg m-2)

FH20 =

FWT = fruit fresh biomass (kg m~2)
LWT = leaf fresh biomass (kg m™%)
WET = plant fresh biomass (kg m™2)

|
n

pp = Fresnel reflectivity [Rppl? for polarization pp

ety al
oo w




Atten. Coeff.

WA
VH

GT Factor

Mean
Std. Dev.
Maximum

Atten. (dB

Mean y
+ Std. Dev.
Maximum

Atten. (dB)
Mean -

+ Std. Dev
~ Maximum

_ TABLE 4.21
Attenuation Analysis (2-Way) 50°

Reported Attenuation {VV)

- 750°, X-Band

(dB)

Wheat .

Leaf Head Corn
2.445 4,272 Z2.03
1.44 2.382 1.34

LH20 FH20 LWL
1.276 ' 0.256 0.782
0.954 0.231 0.467
3.852 0.746 | 1.898

VYV Polarization
13.5 - 4.7 6.9
10.1 4.3 4.1
40.9 13.8 , 16.7

VH Polarization

8.0 2.6 4.5
6.0 2.4 2.7

- 24,1 7.7 11.0
30.4 9.9 20-~30

£12.3 12
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5

10.2 GHz

Soybeans

6.8
5.77

Wet.

2,249
2.530
10.211

66.4
74.7
301.3

56.3
63.4.
255.7

32-44
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 1981; therefore, various climatic effects might have played a role

in crop development and hence could have modified the canopy's
attenuation. | . '

_Another‘check'of ihe quality of these models was made in the
form of an error anﬁlysfs‘ in which the various errors were
accounted for in a simulation of the measurement process. The
results dindicated that a significant discrepancy between ‘the
measured and predicted o° could be explained in this way.

‘ These models, in combination with the Targe,‘continuous data

- set,, permitted an jinvestigation into the effects (other than soiTe

mofsture variations) of weather events on o°%  The results
indicate that the presence of wind during data acquisition does
not alter o significantly as Tong as it does not alter the canopy
geametry significantly. . H0wevér, these effects were only

investigated for wheat canopies, as were the effects of blown-down

‘areas of canopy, which showed a great deal of difference from

normal canopy conditions. Rain effects were present in all three
crop types and significantly altered the measured o° from the

model-predicted values. . In a11"case§,:'the average error was

greater than 0 dB, indicating that rain events tend to increase

o  This égreea‘with the obsérvations_présénted in Chapter 3,

which experimentally determined the effécts of free water in the

canopy.

' 4.101'Yié1d Estimation_from Remotely Sensed“Data

"_ As stated pfgvious?y, the ultimate application afA.kgmote

_sens%ng _With  regard to agriculture is to estimate total “crop

205
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production in a timely and efficient manner. To arrive at total

crop-production estimates, it is necessary to identify crop types,
éstimate the areal extent of each field, and finally, to estimate
yield.

Other investigations havé dealt with the first two objectives
by wutilizing various remote-sensing data; however, this
investigation will restrict jtself to an examination of ,yieId
gstimatﬁon oh]y.

The yield prbduced by a given crop at a given location is'a

functjon of many variables. The pilants must have available to

. them certain nutrients, including water and nitrogen. They must

also receive large amounts of solar radiation and their
temperature should remain within certain Timits to ensure vigorous
growth. Biologists and agronomists have studied thg effects of
these factors on plant vigor, and models can now be developed that
take these factors into consideration in order to éstimate yield.
One such model was developed by Coeiho and Dale (1980). It
is called the Energy Crop Growth (ECG) model and is used for

estimating corn (maize) yield. .This model takes the form

't .
EC& = I (SR/600). (SRI). (WF). (FT). , | (4.25)
9=t : 3 1 -7 1
!
where SR 1s the daily solar radiation available to the canopy, WF
is the ratio of daily evapotranspiratioh to potential
évapotranspiration (a measure of water stress), and F¥ s s caily

temperature . function that relates  growth = rate to soil

~ temperature. The summation occcurs over the growing season. For
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best results, it was. found that t; and t, should be 12 weeks
apart, with silting occurring midway.  The Solar Radiation
Intercepted (SRI) is a function that estimates a canopy's ability
to .interce"ept and utilize solar energy.' Of the four factors, SR,
WF, and FT are directly weather-dependent factors, and the last
two are also functions of soil condition. SRI 1is the only factor
that depends entirely on the plant. In essence, the model says

that given adequate water and proper temperature ranges, yield

“will be pkoportion‘a] ‘to the canopy's ability to ‘intercept and

utilize sclar energy. Li.nvﬂ]e et al. (1978) showed a

relationship between the canopy's LAI (leaf area .index) and SRI

|

i | b

[ECFEEC S .

(solar radiation intercepted) of the form
Skr =1 - g 0079 * LAI | L (8.26)

Hence when LAl is 7aro, no energy is intercepted, and when LAI is
about 2.9, 90% of the available energy is intercepted.

Therefore, it would appear that if remote-sensing data could
provide an estimate of LAI, .and assunﬁ‘ng that no significant

water- or temperature-stress occurs during the growing season, a

yield estimate is obtainable, for.corn at Teast. Shibles and

Weber (1966) reported .similar SRI-LAI behavior for soybeans,
indicating that the ECG may be appropﬁate for soybeéms as well.
Osman (1971) showed a relationship ‘bet'We'e'n SRI and dry-matter
production in wheat, which again indicates another possible crop
appropriate for the ECG model. | H

- Remote-sensing research in the optical regjon shows that a




-combination of channe'l.s (Green, Red, Infrared) termed "Greenness"
may be related to LAI for "corn and soybeans (Daughtry et al.,
1982) for use in estimating yield. Tucker et al. (1981) ‘showed
thé’c pIant vigor was related to red and infrared spectral data,
and goes on to show a relationship to total dry-matter
accumu?ation. -

Little if any work of this kind has been done using radar as
the remote-sensing tlool. Based on the models for vegetdi_:ion
backscattering, radar shows some of the properties necessary for
crop. mnnitoring; name1y, that radar backécattering is strongly
'dependent on LAI (for corn, wheat, and milo) (Ulaby et al., 1983)
and that radar is se'nsitive to the amount of soil moisture present
(Ratlivala and Ulaby, 1977), and "hence can monitor moisture
stress. Brisco et al. (1983) showed a strong linear dependence
between LAI and fresh 1leaf biomass 9n corn and soybeans,
indicating that the models developed earlier can be converted into
LAI dependence, for corn at least.

With this in mind, an analysis of the 1981 radar data was
performed to determine if there is any correlation between a° and
yield. The farm opsrators provided yield data for each field
after harvest. These data: are shown in Table 4.22. Of the 30
fields, thr'ee_ were not har\}ested fér grain; hence no yield data
were available. With the remaining nine 'Fie'id_s of eaéh crop type,
a correlation between the yields and mean o® for the growing stage
was computed. These results are shown in Table 4.‘2'3. For wheat,
the radar data were broken into two periods: one with hi.gh‘ .

‘attenuation (Tow ¢°), typically Julian dates 120 to 160, and the
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TABLE 4.

22

* Crop Yield Summary

Yield (Bushels/Acre)

Field No. ____Wheat Corn Soybeans
1 54 141 43
2 5645 - 49
3 42 152 52
4 44 149 47
5 55 161 38
6 58 144 44
7 50 137 30 (8)
8 48 75 37 (9)
9 48.3 141 -~ (10)
10 - 144 44 (11)
Mean 50.6 : 138.2 42.7
~ Std. Dev. 3.5 (1% zg.a (18%) g.7 (16%)

N :
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W(real) = W(dB) VH(real) VH(dB)
(N = 9) Wheat ' _ '
Days 120-160 -0.083 -0.062 +0.015 +0.019
_ Days 1611190 -0.130 -0.104 -0.231 ~-0.315
=T Difference -0.112 -0.030 -0.272 -0.326
- Ratio -0.313 ~0.173 -0.042 0.004
(N =19) Corn
Days 135-220 0.115 0.085 0.062 0.042
(N = 9) Soybeans B
Days 180-260 (1-5)
and 230-230 (6-11) ~0D.166 -0.159 -0.524 -0,522
< 72 I s B s N s S oot St O o S e — e e
E:.EV. . e 2 R

TABLE 4.23

Mean ¢® ys. Yield: Correlation Analysis

Correlation Coefficient (r)




other with Tow attenuation (higher ¢°) typically 161 to 190. For
corn, this period was from 135 to 220, inclusive, and for soybeans
it was from 180 to 260 for Fields 1 to 5, and 230 to 280 for
Fields 6 to 1l. In each case the mean o° was found in real
numbers (m% m~2) and éorre1ation§ were done with ¢ in both real
units (m2 m~2) and in dB. The "difference" label under wheat
“indicates a difference in the means for the two periods per field;

"ratio" indicates the ratio of the two means. Clearly, in all

cases, no significant correltation is shown. It is only for:

soybeahs with VH polarization that a correlafion exceeds even 0.5.
| FolTowing the hypothesis that o° is proporticnal to LAI, or
simply that U? is proportional tq'p1ant vigor and productivity, an
integration of o° (real, m? m™2) 6ver the growing périod. was
performed. Sihce the early portion of the growing season in wheat
'was "missed," which -apparently incTuded thé peak seen by Ulaby et
al. {1983), wheat was excluded from this type of analysis. The
period chosen for corn was the same as that recommended by Dale
(1976) i.e., date of silking (}82) + six weeks (42 days) or Julian
dates 140 to 224. The‘period chosen for soybeans was that period

© might be attributed mainly to vegetation and not

during which ¢
to soil, i.e., for Fields 1 to 5, Days 180 to 260 and for Fields 6
to- 11, Days 230 to 280. In- order to perform the dintegration,

interpolation was necessary. = The  results are shown in

Table 4.24. - Again, no significant correlétion - was - found for

either crop or polarization. )
One possible explanation for the absence of a strong

correlation between o° and yield, other than that they are truly -
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TABLE 4.24

Integrated‘g° vs. Yield: Correlation Analysis
Coorrelation Coefficient (r)

9) Cern (Days 150-220) 0.150 ~0.083
9) Soybeans ‘ 0.426 v _ 0.359
(1-5, days 180-160)
- (6-11, days 230-280) .
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uncorrelated, is that the number. of fields involved was small (N=9
per crop), and the variance in yields among these nine fields was

not great. Hence, in order to study this relationship properly, a

much larger sample of féers and a wider distribution of y%ers is

necessary.

5.0 A DETERMINISTIC APPROACH

In the previous chapter, experimental data were-mode1éd using
a semi-empirical/semi-theoretical approach. A]though this
approach is usualiy éuCCessful, questions concerning the nbdel's
physical interpfetation may be Teft &nansweréd; ‘Furthermpre,
constants obtained through the optimization of the model for one
set of data may differ sighificantly when the same model is
applied to another experimenter's results. Aside from the
questiﬁn _bf_ abso]ufe calibration 1level, one may' reason ‘that
althoﬁgh the measurements were made thousands of miles and perhaps
years apart, the physics of the phenomenon is the same; hence,
shouldf not the. models be quité similar? Perhaps as our
understanding of the physical processes_involved'becomes clearer,
our models will begin to depend more on theory and Tess on
empiricism. | | | i

This §s certainly true in the case of modeling the microwave
backScattefing properties of agricultural fields. Thé form of the
canopy backscattering model, . -

o _ 0

6 ,mp o ' ¥
Uca_n yeg * °§oiI‘L , S ) (Sfl)
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is theoretical in origin, as is the form for °°veg

©yeg = 0+75 «[1-L"2] cos 8 | (5.2)

where L™% = exp(~27 sec 6),
which assumes single scattering in a lossy volume having diffuse

boundaries. Here w is the volume albedo and T is the optical

‘thickness of the volume. Armed with these relationships, the

"ana1yst need ohly determine (empirically) values for w and T as

well as o <7, as was done in Chapter 4. Reliance on theoretical

models may be taken one step further, since accurate formulas

already- exist for scattering from rough dielectric surfaces, €eles

the Kirchhoff stationary phase approximation, the small-

perturbation model, etc. Although these models are quite complex:

'mathematicaTTy,.they agree nicely with measurements when certain
@hqracteristics about the surface are known _(e.g., die1ectric
constant, surface RMS height, and.roughness.statistics such as the
shape of the autocorrelation function). Again, {n order to yield
good results, these are usually Teft as- free paramgters fo be
determined by the analyst. |

Summaries of these surface-scattering models are presented in

-Appendix C along with examples of the ways in which various input

parameters affect backscattering properties. In addition, “an

effort was made to increase the usefulness of these theoretical

models by removing an obstacle for many would-be users,. i.e.,

" mathematical comp1exity;v 'when, appfopriate, relatively simple

empirical models were derived that agree closely with these
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*exact" models, thu§ eliminating the need for elaborate computer
programs. The same is true for a radjative-transfer solution to
the volume scattering situation (U1aby et al., 1982). The
theoretical model, thch requires tomplex integrétion and matrix
inversion, was approximated by a relatively simple empirical
model, which is in close agréemant with the origfnal ovef given
| regions of applicability. It should be noted here that the
theoreticaj' model for volume scattering tréats +the case of
multiple scattering as well as the case of surface-volume
interaction backscattering.
vaen this Tevel of understandihg of the interaction process,
the next step would be to develop theoreticé] models for canopy
attenuation (L2) and cénony'albedo (v). Electromagnetic theory
te?Ts'us that one of the.inpufs into any such model will be the
| canopy's die]ectric‘properties. Therefore, investigators at the
University of Kansas Remote Sensing Laboratony (and others) have
begun. detailed investigations into this topic. Determination of
the exact :reTationship between  canopy ‘ﬁroperties and canopy
- attenuation - and albedo, as _yeﬁ unattained, wﬁ11'}resu1t in
déterministic, rather than empirical, models that w€11 not need to
be "fitted" to-a given crop ‘type, freqUeha&, incidence angle,
polarization, etc. Given the necessary ground truth, the modei
‘will predict w‘mmm‘m_mmmw 1imited ~ohly by the
uncertainties in ‘the ground truth. Because the geometry of a
'végetation“canopy.représehts a random ptbcéés,.some f1eXibiTity'

will undoubtedly remain in the model.




'_5.1 A Deterministic Model for Canopy Attenuation

The experimental data coupled with  dielectric measurements
and dielectric mixiqg formulas presented in Chapter 2 have shown a
deterministic re]ﬁtionship with | a theoretical basis for
attehuation by wheat.sta1k5 and heads. Thus, given information on
the size-, spatial-, and anguTar—distribﬁtions of the stalks
and/or heads, a good estimate of the attenuation (due to
absorption) by these canopy . components becomes available.
Unfortunately, the lack of a sufficiently 1large, independent
data-set prohibits such a test at this time, although future
experiments will no doubt be conducted to test and improve upon
these deterministic models.

The case of attenuation (resulting from absorption) due to
Teaves in a canopy has been examined by Ulaby et alz (1984). 1In
their approach,'1eaves are considered to be thin Tayers of a Tossy

dielectric material, all of which for simpl%city are assumed to be

horizontally aligned. Two approaches are taken. The first is one

in which the dimensions of the individual Teaves are assumed to be
much larger than a wavelength (jn the leaf material), which is the

céser for a dielectric. slab {for A+0).  Hence the coherent

transmissivity (T,) is computed for a wave passing through a

leaf. To account for the number of Teaves in the volume, multiple

layers are superimposed (incoherently)} and the result “is an

~expression for Tleaf attenuation (due to both scattering and

absorption) of the form

_ o -LAD o o ?
Ly = 7 (5.3)
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For the details of computing T,, the interested reader is referred
to Ulaby-et al. (1982), Chapter 4.

The second appr.'oach- treats leaves as being much smaller than
a wavelength (in the leaf material). By treating the 1ea§es as
small, Tlossy, disc-shaped inclusions of finite thickneés, the
mixing formulas of Polder and Van Santen .('1946) may be applied to
obtai‘n an effective dielectric constant of the volume. In ordér
to cobtain the volume fraction of the leaf iné]’usions, LAl js used,
resulting in the foﬂowirig expreésion ff:r; Teaf attenuation (du'e to
absorption):

| . ". . | |
L, = exp(ﬁ—o- €y t, sect o LAI). (5.4)

Here =, is the imaginary part of the dielectric constant of the
leaf meterial, and t, is the thickness of the disc, taken here to
b.e the thickness of a leaf. Both models require 'as inputs €, and
t, and although the assumptions concerning the re1ati_ve sizes of
leaves and wavelength are vas{ﬂy different, the results of each
approach do not differ drastically for electrically thin leaves.
As a result, another step towards a wholly deterministic
canopy b'ack‘scati:ering' model has been made. Before these models

can'be_appﬁed with any confidence, however, tests verifying their

“applicability will need to be made. As mentioned previously, a

data set of adequate extent does not exist at this time to test

the validity of the wheat .stalk and head absorption model.
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However, because leaves dcminate both backscattering and
attenuation in the case of a corn canopy, and since Teaf biomass
data, soil-moisture data, and o° data are available, a test of the

deterministic model of corn Teaf attenuation is in order.

5.2 Test of the Corn Leaf Attenuation Model

In order to test the proposed deterministic model with the
1981 corn . o° data, a direct replacement of L, as given in
Eq. (5.4) will be made for the exp[-E-f3(1eaf)] in Eq. (4.19).
The choice of Eq. (5.4) over (5.3) is a matter of simplicity,
'i.e.,_ since both formulas give épproximate'!y the same value for
Lys Eqe (B.4) is chosen because it is much easier to compute.
This test cannot prove beyond doubt the accuracy of either (5.4)
or (5.3), since the data are not measures of L, dir?ct’ly, rather

they are measures of % Hence any number of formulas may work

~ equally well. However, since this model has its foundation 1in

| o |
o = o°lgaf * Tstalk ¥ 9 so0il \ - (5.5) |
" where
of o = 0 = A{L = L2} {1 - exp(-D-LAI/HT)} (5.62)
.0 A >o - . -2 | o o
Soralk = %gr = B SHZO L% . - (S'Sb).
218

theory, if _it proves satisfactory it will add credibility to its

utility. Thus, the equation for ¢® will be of the form
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where SH20 and rvv are das defined in Section 4.5.2, and L, is

from Eq. (5.4). - The necessary inputs for Ly include
lo’ e;, tk, é, and LAI. Both Ab and 6 are system parameters and
will be taken to be 3 cm and 509, respectively. The average leaf

thickness will be taken to be 0.2 mm, since this was recommended

by Ulaby n his presentation of Eqe. (5.4). The jmaginary part of
the Teaf dielectric constant (ag } was measured .by Ulaby and
Jedlicka (1983) at 1.5, 5.0 and 8 GHz, and an application of their
8 GHz data will be made. A polynomial fit of e: restTted ‘in the
following equation: |

L

. 2 3 :
e, = Q,847 mv + 15,462 mv 4,39 mv, N (5.7)

with a correlation coefficient of 0.999 and an RMS error of
0.0397. The range of values for volumetric Teaf moisture, my, is
0 <m, < 0.8, The final necessary input, LAI, is available in the

form of an estimate based on the fresh leaf biomass va?ue. Brisco

et al. (1983) showed a correlation coefficient (r) between fresh

Teaf bidmasé'endtLAI'Of 0.94, The estimate is of the Fonn

LA = 3.63 W,

"whefe'mW'is'the'ffesh'1eaf biomass per-ﬁnit'area'(kg m2),

Thus, all of the :nputs necessany to eva]uate th'= mode] are

“available. Because uncerta11t1es are present in tl, and to
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account for the fact that the Tleaves are not 4n fact all

horizontal, a fitting factor E will bé included 4n Ly of the form

Ly = exp E%§583 t, secs « LAI » El. (5.8)

To maintain the deterministic nature of Ly, the range of E will be

from about 0.3 to 2.5, since these are the approximate 1imits of
the uncertainties in the quantities involved.

With the model thus defined, a test using the 1981 corn data
set (containing 166 cbservations) was conducted with the Tollewing
results. The model was found to be obtimum with the following
values for the model constants: A = 0.350, B = 0.0374, C = 0.579,
D = d.?io, E = 0.586. Such an assignment resuited in a

correlation coefficient (r?) of 0.34 and an BRMS error of

1.29 dB. This is nearly identical to the results obtained in

Section 4.5.2 using the empirical formula. Thus, by eliminating a

‘degree of freedom in developing the empirica]rmodel through the
introduction of a deterministic quantity, a comparable fit of the
measured data waé obtained.

Béfore proceeding to a discussion of some of the benefits of
using such a deterministic model, a word or two should be said
about how an r? of 0.34’15 seen to be significant. 1t was shown
in Section 4.5.3 that the bulk of the Rmslerror,.as“we11 as the
seemingly poor r2 result, may be attributed to measurement
éﬁror. A simylation of the errbfs;was.made-and the result showed
statfstics similar to those obtained above. The true cause of the

Tow r2 Ties in the fact that the overall dynamic range of ¢® is
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Jess than 10 dB, with 'a.majority of the data varying by less than
about 3 dB. ~ Hence, thé RMSI'.er"ror of | just over 1 .dB may be a
better measure of the quality of the model than r2, because r2 is
influenced by the s]of:e of the re]at’ionsfu‘p between the two
vamab]es being correlated.

o

The significance of the fact that o has a 10-dB dynamic

range over the entire season should not be Tlost in this

staf'isti'cﬂ anomaly. The reason the va]ue‘s' of ¢®-are quoted in
umts of dB rather than in m® m™2 is that varjations of several

orders of magmtude in ¢° are a common occurr-ence. This s

¢

particu'iar‘ly'true when a° is nresented as” a function of incidence

~angle.  Still, a variation of no more than 10 dB over f;ime, when

canopy height and bioméss quantities go from near zero to their
maximum and then down again, 1is somewhat _surprising. Errors of
the order of 1 dB in ¢° measurement may reduce dramatically. thé‘

apparent quality of a model (determi‘ned statistically).

5.3 Analysis Using the Deterministic Model
One advantage of a model having a definite physical

interpretation 4s that 4§t enables the a'na1yst.to ‘perform

simulations of the effects of changes. in sensor specifications.

In this case, the e'ffects‘ of changés'in frequency and incidence

angle as wel? és 'thé_ ei“fe'cts“of variations in takgét éonditi'ons

~are "buflt inte" the formula for Ly

fus{hg data reported by U1aby'and'dediicka‘(lgaai, expressions

) similar to Ec,. (5. 7) were obtamed for ‘r‘requenmen of

1.5 Gz and 5 GHz. For 1.5 er, the form of e“ 1s




- and for 5 GHz, the form for &' is

G2
I

oo 2 .
15.69 m, + 21.29 m2 - 9.489 nd, (5.9)

4

A

€ = 7.400 m, + 19.14 m2 - 7.797 nd. | (8.10)

In both cases, r2 was found to be 0.9999 and the RMS error was

0.052. Ulaby and Jedlicka (1983) also present values for <} (as

well as gy) for various frequencies (from 1 to over 8 GHz) for

corn Teaves having a volumetric moisture Onv) of 60%. Using this

data, values for L, were computed with Eq. (5.8) using a vaTQe for

E of 0.586 as determined earlier. Figure 5.1 shows the behavior

of Ly as a function of frequency at three incfdenée'angTes. The
parameters characterizing fhe canbpy are a leaf area index (LAI)
of 4, a Teaf vo]umetfic moisture (m,) of 60%, and a leaf thickness
(ty) of 0.2 mm. On the basis of this figure, the effect of
increasing the frequency (decreasing AO) is clearly shown. As the
incidence 'ang1e is increased, the attehuation increases, as
expectede It is interesting to note that while values For s}
dacrease with increasing frequency up to about 2.5 GHz after- which
ey increases with frequency, this behavior is masked by the Agl

factor. The dip around 2.5 GHz is attributed to the saline nature

of the water in the 1éaf, measured by Ulaby and Jedlicka (1983) to
he about 11 parts per thousand or 11 %/¢0. The influence of this

dip in €y is apparent in the rate of increase in attenuation with

"ffequency--between 5and 10 GHz;_é factor of two in frequency,
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" Figure 5.1 Computed two-way canopy attenuation as a function
of frequency, using Eq. (5.7) with E = 0.586.
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attenuation increases'by about a factor of 3, yet between 1.5 and
3 BHz attenuation increses by only a factor less than 2e
As we now have'models for both soil backscattering and leaf
attenuation, “gan? as .defined iﬁ Eq. (5.1) using Eq. (5.2) to
define °3eg’ can be calculated and studied. 1In adopting the form
for cﬁég of Eq. (5.2), ve are modeTihg'the backscattering from the
leaves only (neglecting any stalk contribution), which s
acceptable only when Teaves are dominant, i.e., when Teaves afe
Tush and fully developed. - This aésumptidn js based on
obéervationsvat X-band, and since data on this sdbjectrare not
available at Tower frequencies, we will apply it to L--and C-band
simulations as well. |
‘One more assumption is needed before proceeding, and that is
a choice of values for the canopy albedo, w. To keep_the analysis
as simple .aé possible, the albedo wiill be modeled as being
independent of LAI, i.e., a constant albedo will be used, its
va]ué depending on the wavelength and the dielectric properties of
~the Teaves. As Rayleigh scattering has been used in obtaining
Eq. (5.2), it  is appropriate to adopt the Rayleigh approximation.

for albedo, w, where o takes the form
0= ES/Ee , {(5.11)

where £ and &g are the scattering and extinction efficiencies.

“In théiRayleigh approximation these efficiencies take the form

(Ulaby et al., 1981)
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8 .
5. =3 x*[K|? ' {(5.12a)

and
£ =2 x* [K|2 + 4 ¥ InfK] (5.12b)
where
X 2 ....%EE Y e;' : ‘ (5.13a)
0
and
g, -1
k&2 -, (5.13b)
ER, + 2

Here r is the effective radius of the spherical scattérer.

From the values obtained in applying the deterministic leaf
attenuation model to the 1981 corn ¢° data, an average albedo of
about Q.45 was determined optimum. This value shall be adopted.as
the X-band albedo and by scaling, values for C- and L-bands will
be obtained. From corn leaf dielectric measurements (Ulaby and
JedTicka, 1983) a ya1ue for e, at a given volumetric ‘moisture
(45%) 4s  available “at  all  three bands. At X-band,
ey = 16.76 - j7.16; at C-bands, ', = 17.68 - j6.50; at Il-band,
ez-% 26457 - jl0.51, when mv = 45%. Thus by knowing €, and w at
X-band (X, = 3 cm) the only unknown is r which when assigned the
value of 0.57 mm gave the desired value for w of 0.45. By using

this same value for v at C~band an albedo of 0.15 was obtained.
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At L-band the use of this value for r resulted in an albedo of
0.012. These values for albedo, 0.45, 0,15, and 0.012, shall be
used at X-, C-, and.L-bands, henceforth;

For the soil backscattgring term, the Kirchhdff scalar-
approximation nmdeTlis chosen, and values for the RMS height (o)
and correlation Tength (L) of 0.8 cm and 10 cm were chosen. A
volumetric soil moisture of 0.15 cm® cm™® was assumed also. Using
dielectric measurements of a given soil type (Soil Type No. 3) as
. discussed in Appendix A, the Fresnel ref]ection coefficients were

computed as the final input into the model.

Figure 5.2 shows the angular behavior of o®(dB) computed using

the model given above at L-, C-, and X-bands (1.5, 5.75, and
10 GHz). As expected, all three curves show a decrease in ¢° as
incidence angle {increases. As the attenuation dge to Tleaves
becomes sufficient, canopy backscattering begins to dominate ét
-1arge angles. ' |

To examine the significance of variations in ogy;1 due to
changes in soil moisture, a study of the sensitivity of ¢° to soil
moisture was undertaken. Figufe 5.3a shows the level of change ‘in
”gan (4B} due to a 0.10 cm® em~3 increase in'soi1 moisture. As
one might-expect; L-band shows ﬁhe highest sensitivity because it
suffers the Teast attenuatioh and has the lowest canopy albedo.
In addition, smali incidence angles enhance sensifi#ity in most
basés, again primarily because 6f reduced attenuation. The fact
that C-band is considéred optimum for ‘soil-moistire sensing

(Ulaby, 1977) rather than L-band is supported by the fact that C-

“band is less sensitive to surface-roughness changes, an aspect not
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Computed ¢® as a function of incidence gng}e .(6).' :
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Figure 5.3
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Computed difference in % as a result of changing
soil moisture for (a) a corn canopy over soil, and
(b) bare soil. Units are {(dB/0.10 cm cm™3).

= i N oy S e D s NS vocot NN s SN it SNt SN At

e sl am e




-]

5‘ —r

622

B ) — fmd et [ WS | S | o3 | SR Y . | | | i S I SN P | -
2.0 —_—
o HH .
1.8 = - -w
N S -
W ‘
é 1.6 _ ,
o 1.4} -7 -
= ) R - - _ -
- : . _ e e - - - - - - " "
8 1'_2-L—BnndL : - - I
' [ ¥-Bondm—= = = = ~ -
- - - = -t
N 1.0 C-Band T
2 8 -
, 2 SOIL PROPERTIES
= 0.6-— Volumetric molsture =
- 0.15 to 0.45 cm® em™
o O RMS height = 0.8 cm
S Correlation length = 10 em
0.2}
0.0 : ! = i BLE— l ; 1
0 G _ 20 30 40 50
INCIDENCE ANGLE (Degrees)
Figure 5.3(b)




- s - - - T - ‘ oL L 3
TR S Wit I TN CU U U R TV S S

)

e

treated here. For comparison, Figure 5.3b shows a the Jevel of

change in °§oi1(dB) {bare s0i1) due to a 0.10 cm® cm™3 increase in

i

soil moisture.

. .

To ‘investigate the sensitivity of o to Teaf-area index (LAI),

HWﬂ
|

the model was again used to compute ¢° this time with fixed sofl .
moisture (0.15 cm® ecm™3) and varying LAI. Figures 5.4(a) through L
(c) show the results. For all three frgquencies, it is apparent ]

)

that the larger incidence angles are the most sensitive to LAI.

It would seem that, given the behavior shown in these curves, C-

band might serve as well as X-band for monitoring LAI. It shoqu

=

be kept in mind, however., that C~band is also more sensitive to

soil-moisture changes, and hence measured o° values would contain

oy

two unknowns (soil moisture and LAI), each having a strong impact

upon ¢°.  An example of how variations in soil moisture might

1

. impact on the o®LAI relationship is presented in Figure 5.5(a)

I . b

through (c) for L-, C-, and X-bands, respectively, all at a 50°

incidence angle and VV polarization. Here of;, is computed for

two conditions, one with a dry soil (0.05 em3 cm™3) background and
one Qith a wet soil (0.50 cm? cm™3) background. Clearly X-band is : g
the Teast_senéitive to changes in soil moisture. For this reason, ‘
X-band is more suitable for monitoring LAI.

Finally, it 1is apparent from Figures 5.4(a) through {(c} that

- as thé-incidence angle, -as well as'the“frequéncy,fis'changed, the
level of LAI at which o becomes less sensitive also changes. To
quantify this effect, we may define a new termi -~ the LAI

Sensitivity Range (LSR}, which is expressed in the samé units as

LAT (m2 m~2). The definition of LSR is that level of LAI at which
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the value [1 - L;2] is 0.80 or 80%. .In the case in which ogyqq is

gan(LAI = »), the saturation value of ¢%, then when LAI

0

- reaches LSR, o5, will be within 80% (or about 1 dB) of its

saturated value. A'further increase.in LAI would result in a Tess
than 1 dB increase in o% Ciearly, if ogo31 » 9ap (LAI = ®),
then this is not nééessari1y true. Assuming GOSOi1 = 0, the LAI
Sensitivity Ranée was computed at L-, C-, and X-bands, for a given
canopy condition, as a function of incidence angle. -Thi# is shown
in Figure 5.6. If we choose X-band as the frequenqy of our LAI
monitor at an incidence angle of 500, then we can monitor LAI up
to about 4 m? w2 (neglecting the influence of soil
backscattering). If, on the other hand, we accept the increased
corruption of our measurement due to variations in soil moisture

and chocse a C-band monitor, we can monitor LAI up to about 9 m2

m~2 at an incidence angle of 50°. Clearly some trade-offs between

~ decreased soil sensitivity and increased LAI sensitivity range

will have to be made in. defining a real system. One possible

alternative is to use more than one frequency and incidence angle
in the sensor configuration. Thus with two or more measures of
two unknowns, an astimate of both soil moisture and LAI may be

made.

5.4 Conclusion
. The vaiue of deterministic models over empirical models is
clear. . As more measurements of canopy scattering and attenuation

are made and our understanding of the various phenomena is
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" wheat, it was shown that the increase in o° ¢Ver_that of a "dry" .
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- ‘improved, our choice’ of parameters for ﬁystem design will be

optimized, and our ability to extfaét information from remotely

sensed data will be maximized.

6.0 SUMMARY AND CONCLUSIONS

After having established the need for models and experiments

to verify or refute the models presented in Chapter 1, a course of

resea: '~ was undertaken to further understanding of the ways in

which microwave energy interacts with vegetation material.

In'Chapter 2, descriptions of experiments designed to measure

the attenuation of X-band microwave energy by wheat stalks and
heads and soybean leaves (with stalks) were presented. Overall
values bf canopy atténuation, with an associated standard
deviation;'were a result thatAwas used in Chapter.4 in setting
realistic Timits on these quantitiés. Further, theoretical models
for attenuation caused by die1ect%ic “inclusions of varying
geometries were shown to give similar values for attenuation. One

interesting result was the effect of polarization on attenuation

| throdgh,wheat‘sta1ks, which was substantiated by data from Lopes

(1983).

In Chapter 3, the effect of free water in the canopy on ¢°

was investigated experimentally. The result from all three crop

types was an increase in o° of the order of 2 to 3 dB, although

- some uncertainties remain in'thevcasé’of the corn canopy, Since

~ changes in soil moisture also seem to be a factor. In the case of
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canopy tracks closely with the amount of free water present in the
caﬁopy. Establishing the need for -careful' treatment, 1in
quantitative work; of data acquired from canopies containing free
water as a reéu]t of dew or condensation, recent rainfall, or
irrigation is one resdit of this investigation.

In Chapter 4. a review of past models for predicting o° from
vegetation canopies was presented, followed by a description of
- the ;981 summer‘experiment involving multitemporal o:O measurements
of 30 agricultural fields. Various models for predicting o°® (VW
and VH) from each crop type (wheat, corn, and soybeans) were
tried, including those reviewed earlier. Finally, a single model,
yielding the best results among the models tested, was optimized
for each crop-canopy type. The quality of fit was measured by
correlation coefficient l(rz) and RMS error. The -infiuence of
experimental error {both in ground-truth data and -in radar data)
was investigated and found to be a probable source of Tow r?2
values (<70%) and RMS errors of the order of 1.2 dB. A combarison
between data possibly affected by weather conditions (previously
omitted from ana!ysisj and "unaffected". data was also made using
the newly developed models. The errors between the measured and
predicted values showed the effect of recent rain upon o° values

- 1in most cases, The same was true of wheat data acduiqed following
" a wind storm in which the fields were blown down. Winds present
during data acquisition produced no data significantly different
- from the "unaffected" ob normal data. Finally, an attempt to
relate the measured o” values to the reported yield values was

made, without success. The probable cause for failure lies in the

e s e 3 e S e e e

e




1imited number of data {9 yield va]ueé per crop type) and quite
_siﬁilar yields. '

In Chapter 5, -the need for additional deterministic models
was justified, and an-assessment-df the progress of this Tine of
research was given. ‘A deterministic nodel for leaf attenuation
was tested and shown to be adequate. The Tack of quality data for
testing the model did not provide strong evidence either to
confirm or deny the usefulness of the model. An éna1ysis using
the model was performed to investigate the ability of radar as a
moniter of LAI. The results confirmed previous reports indicating
that. L- or C-band is optimum to monitor soil moisture, using
incidence angles near nadir. Some trade-offs are necessary
between the LAI sensitivity range (LSR) and the necessity of

minimizing the influence of soil.

Recommendations

Upon concluding this investigation, several areas for further
investigation became‘apparent. To extend our current level of
understanding of the‘ways in which microwave energy interacts with
vegetation, .additional detailed inveétigations' of - éanopy
attenuation should be made at various frequencies and
po1afizations.‘ The backscattering models and experimental data
presented here pertain to "norha?“ environmental and deveIOpmenfa1
érop conditions. Ordinarily, such models are'based upon a certain
cet of assumptions about caﬂdp& geometry, which if.violated‘will

~invalidate the model. The effects of abnormal environmental

 factors such as strong winds, heavy rain, hail (i.e., weather
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'ev'ents) upon o¢° of. a vegetation canopy are difficult to

incorporate into the design of a backscattering model. Hence,
such effects may be regarded as deviations from normal behavior
and should either be _quantified or deleted from the data. In
future experiments aimed at modeling canopy o°, Ag‘r‘ound truth
should be acquired on é scale that will reduce uncertainty to
reasonable 1imits. - Also, the nature of °°soi'l should be
determined for each field used, so as to e'{‘imin‘at.'e one area of
uncertainty for which the modéis must account.

As the dynamic range of the temporal variation in o°® is of

the .order. of 10 dB, extra care should be taken to ensure the

accuracy of the o° measurement. Because dynamic changes in canopy

condition may result in a 1- or 2-d8 variation in o°,. the

resolving power of the sensor should, if possible, be a fraction
of a decibel. '
Finally, as a result of the experiment described in this

report, it 1is apparent that the temporal patterns of ¢ from

agbicuitura] fields of the same crop type are not identical.
'Although a model based on one set of observations from one or

several fields may perform nicely, it may not represent 'the,'

overall behavior of the entire populatfon.‘
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APPENDIX A
Soil Dielectric and Reflectivity
In  concert with the 1981 summer experiment, which

investigated the o® of cropland, soil samples of the various

- fields were also acquired, A textural analysis was performed to

determine the constituent parts by percentage (e.g., sand, silt,
and clay). The results are presented 1n'Tab1e A.1. Accompanying
the analysis for each field is a c1assificétion' (e.9., silty
loam). Dielectric measurements were made subsequently on five
general soil types, into which all of the fields in the 1981
summérvexperiment could be grouped. The composition of these five
soil types 1is given 1in Table h.z. The dielectric measurements
were made at a number of frequencies from 1.4 GHz to 18 GHz,
including 10 GHz, under,vafious soil-moisture condi@ions. Based
upon these experimental data, the dielectric constant as a
function of soil moisture at specific fréquencies waé obtained.
An example of this relationship is shown in Figure A.1 for a
frequency of 10 GHz. MNote that soil types 1 and & represent the
textural EXtremés between which all others lie, i.e., they have
the highest sand and clay contents, respectively.

The curves in Figure A.1 are the results of polynomial
regression fits performed on the measured data. For details on
measurement techniques, amalysis procedures, etc., see Hallikainen
et al. (1983). The polynomials used in obtaining the burves of
Figure A.1 are listed in Table A.3.

Based on these equations, it s possible to compute the -

Fresnel feflectivity, r, for each soil type under a wide range’cf
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TABLE A.1l

" Particle-Size Classification of the 0« 5-cm Layer for the

Summer 1981 Vegetation Experiment

Field. % % % Soil
No. Sand Silt Clay Type No. Classification
W {115) &7.7 33.6 8.7 1 Sandy Loam
- 2W (6S) 53.7 37.9 8.4 1 Sandy Loam
3W 10.1 6l.4 27.8 4 Siity Clay Loam
AW 26.0 54.7 19.3 3 Silty Loam
5W 18.0 61l.2 22.8 4 Silty Loam
64 (7S) 13.2% 72.4 14.4 4 Silty Loam
7W (8S) 11.4% - 76.5 12.1 4 Silty Loam
8l 32.0° 53.1 14.9 .3 Silty Loam
o8¢ {95)  59.3 31.1 9.6 1 Sandy Loam
108 (10S) 46.0 41.5 12.5 2 Loam
1C 35.9 51.9 12.2 3 Silty Loam
2C 24.1% 51.1 24.8 3 Silty Loam
3C 29.9 60.5 8.6 3 Silty Loam
4C 40-6 : 44-3 15.1 2 Loam E
5C- 36.1 49,9 14.0 3 Loam
6C 31.5 62.4 16.1 3 SiTty Loam
7C 31.2 52.2 16.6 -3 Silty Loam
- 8C 30.4 . 40.9 28.7 3 Clay Loam
9C 56.6 29.9 13.5 1 Sandy Loam
10C 39.7 44,2 16.1 2 Loam’
15 -37.2 45.8  17.0 3 Loam
2s 60.9 29.5 9.6 1 Sandy Loam
3 32.4 56.0 11.6 3 Silty Loam
45 1
8S 6.1* 68.3 25.6 4 Silty Loam
*Dafoamed
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TABLE A.2
Soil Textures of Five Soil Types Used in Dielectric Measurements

Soii

Type _ Soil Texture (%)

No. Designation _ Soil Type Sand _ Silt _ Clay

1 Field 1 Sandy Loam 51.51 35.06 13,43

2 Field 2 Loam 41.96  49.51 8.53

3 Field 3 Silt Loam . 30.63  55.89  13.48

4 Field 4 Silt Loam 17.16  63.84 19,00
T 5 Field5  Silty Clay  5.02  47.60  47.38
250




Dielectric Constant €gqq

35 —T——— T —— T
1-Field 1~ Sandy Loam

- 2-Fiele 2-Loam . | 1
30 |- 2-~Field 3-~Silt Loam - . -
L -Field 4-8ilt Loam

5-Flield 5-S8ilty Clay . 4

N
Ul
t

Frequency: 10 GHz
T=23C '

- N
o

oy
U‘I.‘

. |
Ol.o . 0!1 . 0.2 013 . . 0:“1 . 015 0-6
. Volumetric Moisture m, :

Figure A.1 Die]_.egtric.pro,perties of five soil types as a
~function of volumetric moisture content. From
Hallikainen et al. (1983).
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TABLE A.3

Polynomial F1ts of the Dielectr1c Cogstant of Five 5011 Types l
g, = - Je !
.r

Real Part, e' = AO + Ay my + A2 m%

1

s

.fqu

Soil Type Ay Ay Ao
1 ' 2.453 17.24 - 88.12 1
2 2.306 20,29 64.25 .
3 2,071 27.16 46.25 -
4 2.657 5.194 101.1 %i
5 2,276 12.57 . 64.98 .
Imaginary Part, €" =By + By m, + By mﬁ' ﬁL
Soil Type By - B By i
1 -0.0346 4,591 47.72 .
2 ~0.1127 8.073 29.43 EJ
3 -0.1245 8.234 . 29,36 L
4 0. 00181 2.698 41,76
5 -0.0563 3,531 36.30

RS
L
L

Range of Validity
0. 05 < m, < 0.50

R

f = 10 GHz




moisture  conditions, for a given incidence “angle, B The

equations for computing the Fresnel reflectivity are

L
- - o 2
|cose [e | sin? B] i 2

H 1
cos® + [g - sin? 8]72
. j/
_ ~£_ cos8 + [e_ - sin? 6] 72
r, = l r . r - i 2 ,
' C ein2 gl 72
¢. cosd + [e, - sin? 6]
where er‘is the dielectric constant of the medium (which may be

complex) and @ is the incident.angle of the incoming wave. Plots
of the FresneT Eeflectivity at a 505 incidence angle for various
soil-moisture conditions are presented in Figures A.2 and A.3.
Thé five curves,'bne for each soil type, show similar though not
identical behaviors. The relatidnship betwsen reflectivity and
soil moisture is neither entirely linear nor expanentfal; however,
theilinear.form is a much more accurate épproximation. For this
reason T was included as computed above directly into the modeling
of the o° data. A Tisting oi the results of the textural analysis
of the observed  fields,  shown ih' Table A.1, includes.
| classification into one of the five soil types studied in detail
(actually only four soil types were used, because fields having a
soil type similar to soil type'5'weFe not'enéountered during the

1981 summer- experiment).
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REFLECTIVITY

0.4 -

- Soil from North Lawrence Area :

. 10 GHz 50 Deg Pol-V ._
0.3~ J
0.2 —
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0.0 0 0.2 0.3 04 0.5
' YOLUMETRIC SOIL MOISTURE
Figure A.2 | Computed Fresnel reflectivity for V polarization,.
at a 50° incidence angle for smooth surfaces of
~ five soil types as a function of volumetric
moisture content.
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Figure A.3 Computed Fresnel reflectivity for H polarization,
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APPENDIX B

What follows is a tabular Tisting of the data acquired during

the 1981 summer experiment. The data are grouped by crop type and

‘field number. A description of each column heading and entry

follows.

JULTAN DATE

SIGMAO VWV

SIGMAG  VH

SOIL MOIST

CANOPY HEIGHT

Plant Parameters

FRESH BIOMASS

DRY BIOMASS

Day of year in 1981

Backsbattering coefficient in decibels
(dB) for a frequency of 10.2 GHz, an
incidence angle of 50° from nadir, and

VV polarization

Same as SIGMAD W, except VH

polarization

Volumetric soil moisture in top 5 cm of

soil surface {em® em™3 x 100)

Height of canopy ‘in meters

Biomass per unit area of freshly cut

plant material (kg m™2)

Bjomass per unit area of dried plant

.material (kg m~2)
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Plant Parts
LEAF AND STALK

- HEAD
'STALK

FRUIT

LEAF

PLANT

CODE

Combined biomass of TJeaves and stalks

for wheat plants
Biomass of wheat head material
Biomass of corn stalk material

Biomass of corn cob, kernels, and

enclosing material
Biomass of corn leaves

Biomass of all soybean plant parts

combined

Code designating any abnormal conditions
affecting the observed canopy. An
explanation of the code follows most

tables.

This data has undergone a clean-up process in wvhich the plant

‘parameters (height and biomasses) were smoothed to eliminate the

rapid variations known to be due to measurement error. Data from

Soybean Field No. .7 are not presented because of thé Timited size

of the data sets due to farm-operator problems.




JULIAN SIGMAO -

DATE WV

121. =16.4
124, =12.1
126. =15.6
128. =15.4
131, -14.0
135. ~i3.6
139, =14.3
140. -13.2
142, -12.7
147. -13.4
149. =13.4
152, -13.2
154. =14.6
155. -13.8
159. =10.6
161. ~11.3
167. <«11.0
168. =~10.7
169. =-10.1
173. =9.0
177. -B.4
ig0. -10.9
195, =7.8

WHEAT FIELD # 1

: LEAF & STALK ---~HEAD~=~~-
SIGIfAD SOIY. CANDPY FRESH DRY ©FRESH ©DRY
" VH MOIS HEIGHT BIOMASS BIOMASS
-22,2 3.8 0.689 1.450 0.500 0.000 0.000
-15.8 == 0.708 1,491 0.594 0.000 0.000
«20.7 7.7 0.718 1.56% 0.660 0.000 0.000
-20.2 5.7 0.729 1.553 0.687 0.093 0.030
-18.0 16.3 0.744 1.416 0.635 0.343 0.153
-17.0 17.5 0.759 1.411 0.638 0.623 0.279
-18.6 24.4 0.766 1.492 0.668 0.818 0.367
-18.5 25.8 0.766 1.521 0,681 0.854 0.383
-17.9 20.2 0.766 1.560 0.695 0.911 0.412
-19.3 14.0 0.756 1.598 0.717 0.969 0C.456
-17.5 27.3 0.749 1.585 0.724 0.962 0.465
-17.1 19.9 0.736 1.525 0.728 0.923 0.472
-18.4 28.7 0.726 1.459 0.725 0.883 0.474
-17.8 31.4 0,722 1.410 0.715 0.859 0.474
~-16.1 26.6 0.703 1.159 0.654 0.754 0.473
-14.2  23.1 0.696 0.992 ¢.591 0.700 0.473
-12.6 24.1 0Q.689 0.722. 0.510 0.555 0.485
-~16.4 25.3 0.691 0.705 0.500 0.536 0.490
-16.9 25.1 0.69& 0.604 0.455 0.517 0.496
-13.8 28.0 0.227 0.272 0.197 0.000 0.000
«15.6 22.1 0,227 0.272 0.197 0.000 0.000
-18.2 18.4 0.227 ¢.272 0.197 0.000 0.000
-17.3 13.5

0.160 0.272 0.197 0.000 0.000

~==~ CODE EXPLANATION -~-

0 -- NORMAL DATA

1 == POST-HARVEST

2 -- BLOWN DOWN AREAS

3 =~ WINDY DURING DATA ACQUISITION
4 -- RECENT HEAVY RAIN

AD s oy - G 0 At 4 e W O B B s S 0 B . P

CODE

G.
4.
0.
0.
C.

0.
0.
0.
0.
0.

4,
0.
3.
0.
4.
0.
0.

1.
1.
1.
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JULIAN SIGMAD
DATE w
121. -~11.0
124, =14.5
126. =~14.0
128. -18.7
131. ~16.8
135. =16.1
140. -18.2
142, =19.6

147, =15.4
152. =16.4

~159. =16.5
i6l. =17.0
i67. =5.5
168. =7.5
169. -8.6
173. =10.7
177. =9.1
180. <7.7
i95. =-10.8

WHEAT FIELD # 2

LEAF & STALX ~~=-HEAD=---

SIGMAO SOIL CANOPY FRESH DRY FRESH DRY
' VE MOIS HEIGHT  BIOMASS BIOMASS
-20.1 5.8 0.661 1.723 0.422 0.000 .0.000
-18.5 ==" 0.755 1.710 0.514 0.000 0.000
-21.0 ~ 8.9 0.802 1.703 0.560 0.000 0.000
-22,9 6.2 0.828 1.666 0.586 0.000 0.000
~19.7 14.9 0.845 1.513 0.590 0.141 6.037
-18.3 '16.6 0.840 1.319 0.527 0.369 0.148
-19.8 23.8 0.815 1.3246 0.560 0.436 0.165
-18.9 18.0 0.804 1.291 0.552 0.494 0.187
-18,9 20.9 0.784 1.149 0.500 0.661 0.262
-20.0 22.4 0.779 0.992 0.428 0.780 0.350
~20.8 22.8 0.788 0.860 v.381 0.763 0.447
-21.9 23.3 0.789 0.836 0.387 0.720 0.460 -
-11.6 ~~ 0.759 0.403 0.239 0.521 0.440
-14.7 21.3 0.747 0,339 0.200 0.480 0.425
-12,7 26.6 0.731 0.268 0.160 0.439 0.407
-13.6 28.5 0.402 0.231 0.151 0.000 0.000
-14.0 26.4 0.360 0.231- 0.185 0.000 0.000
-13.9 28.5 0.340 0.225 0.180 0.000 0.000
0.000

~18.1 15.5 ©.340 0.223 0.165 0.000

=== CODE' EXPLANATION ===
0 -~ NORMAL DATA

1 == POST-HARVEST |

2 ~- BLOWN DOWN AREAS

3 =~ WINDY DURING DATA ACQUISITION
4 =~ RECENT HEAVY RAIN

)y A - o O el B e s -
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JULTAN
DATE
121,
124.
126' )
128,

131,
133.
134.

. 135.

139.
140.
142,
147,
148,

-+ 149.

152.
154.
155.
159.

167.
168.
169.
173.
175.
177.
180.
195.

£ NI

SIGHA0

~-11.8

~-6,1
-11.0
-10.3
~10.9
~14.7
-13.5
-13.9
=16.2
-i6.7
=~15.4
=-15.3
~12.3
~-14.6
~16.6

~16,3
—13‘6

WHEAT FIELD # 3

|  LEAF & STATK -==~HEAD==--
SIGMAO SQIL CANOPY FRESH DRY FRESH DRY
VH MOIS HEIGHT  BIOMASS BIOMASS

-18.4 16.7 0.754. 4,698 0.846 0.000 0.000

~16.2 =-~" 0,320 4,774 1.029 0.000 0.000
-18.5 18.8 0.853 4.812 1.121 0.000 0.000

=18.7 23.6 0.885 4.791 1.188 0.000 0.000

~19.2 32,0 ©€.928 4.636 1.220 0.124 0.041
-19.0. ~- 0.954 4.252 1.145 0.491 0.163
-13.8 == 0,952 4.200 1.148 0.537 0.175
-18.4 28.8 0.971 4.147 1.151 0.584 0.188
~21.1 33.9 0.999 3.904 1.146 0.773 0,243
-20.6 34.6 1.004 3.845 1,145 0.817 0.258
~19.4 32.2 1.012 3.720 1.133 0.896 0.282
-18.9 40.3 1.016 3.445 1.118 1.029 0.367

=18.9 =~ 1.015 3.386 1.112 1.044 0.383

-18.8 41.5 1.013 3.331 1,106 1.055 0.398
-20.5 33.9 1.002 3.176 1.106 1.067 0.443
-17.5 46.1 0.992 3.058 1.098 1.059 0.471
-13.1 50.3 0.986 3.002. 1.096 1.052 0.485
-21.6 40.5 0.958 2.745 1.089 1.001 0.533
-14.7 35.0 0.941 2.592 1.079 0.966 0.553
-13.3 39.9 0.882 2.026 0.977 0.836 0.592
-15.9 34.4 0.872 1.905 0.940 0.812 0.595
~15.0 33.2 0.861 1.784 0.902 0,788 0.597
-13.6 45.2 0.820 1.182 0.642 0.686 0.591
~16.0 43.2 0.799 0.795 0.421 0.633 0.580
-13.3 38.2 0.780 0.334 ©0.115 0.578 0.562

-11.2 36.4 0.223 0.200 0.148 0.000 0.000

~-17.5 23.3- 0.223 (.200 0.148 0.000 0.000

ww= CODE EXPLANATION ===
0 -- NORMAL DATA
1 == POST-HARVEST
2 =~ BLOWN DOWN AREAS
' 3 =~ WINDY DURING DATA ACQUISITION
4 -= RECENT HEAVY RAIN

----------- 2 S ek Ay B B

CODE
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JULLAN SIGHAQ
DATE v
121. ""11-4
124. -11.4
126. =14,5

. 128, =16.3
131, -16.1
125. =17.6
140. =~17.7
142, =17.5
147. =16.2
152. =-13.1
159. ~17.3
161, =14.2
168, -11.4
165. =-13.2
176, -~10.
180. -8.2
183. =8.6
196. ~-8.0

SIGMAO
VH

~18.9
~17.0
~21.5
-21.8
=20.5
-20.9
-20.8
=21.0
-20.8
=17.4
-21.0
~17.6
~16.8

~14.2

-16.9
-12.0
~11.3

-16.6

WHEAT FIELD # 4

SOIL CANOPY
MOIS HEIGHT

18.9

24.0
21.8
25.7
28.6
37.8
35.2
35.1
33.4
40.5

39.1

38.5
38.1
49.5
50.5
37.3

wn- CODE EXPLANATION

0.753
0.848

0.938

0.986
1.02%
1.053
1.055
1.047
1.024
¢.980

0.966

0.918
0.911
0.866

0.843

0.825
0.237

LEAF & STAIK

FRESH DRY
- BIDMASS.

3.602
3.745
3.816
3.849
3.787
3.518
3.440
3.373
3.154
2.897
2.453
2.300
1.631
1.520
0.683
0.556

0.465.

0.300

0 =~ NORMAL DATA
1 =~ POST-HARVEET

2

=~ BLOWN DOWN AREAS
-~ WINDY DURING DATA ACQUISITION
-- RECENT HEAVY RAIN '

0.796
0.932
1.000
1.043
1.061
0.998
1.016
1.012
€.993
0.978
0.962
¢.951
0.825
0.730
0,560

0.467

0.400
0.229

ey 0 o e o A o Y G S - T - -

061

--.— -]EAD--—-—

FRESH

DRY

BIOMASS

0.000
0.Gooe
0.000
0.000
0.130
0.479
0.617
0.687
0.845
0.93%
0.953
0.936
0.827
0.805
0.617
0.403
0.388
0.600

e A

0.600
0.000
6.000
0.000
0.040
0.157
0.193
0.218
0.299
0.395
0.523
0.554
0.618
0.621
0.571
0.373
0.359
0.000

CODE
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JULIAN
DATE

121,
126.
128.
131.
135.
148.
149.
152.
159.
161.
167.
168.
169.
175.
180,
183.
196.

SIGMAO

~12.2
-12.5
""13!0
«12.5
-13.8
~16.0
~14.3
=15.6
-15.7
~18.5
~12.9
~15.0
~14 .4
-10.6
-5,08
-7.7
-2.7

WHEAT FIELD # 5

LEAF & STATK ==r=HEAD=-~~

SIGMAO SOIL CANOPY FRESE DRY FRESH

DRY

VH  MOIS NEIGHT . BIOMASS BIOIIASS

-24.8 15.4 0.823 3.23% 0.865 0.000
-21.5 24.5 0.923 4.177 1.111 0.000
-20.5 22.1 0.950 4.410 1.169 0.000
-20.5 29.8 0.981 4.506 1.183 0.127
-20.3 34.0 1.006 4.377 1.13¢9 0.363
-20.3 32.5 1.017 3.542 1.070 0.635
~19.9 29.2 1.015 3.438 1.055 0.664

-21.0 31.3 1.607 3.128 1.014 0.738

-19.8 36.0 0.976 2.461 0.921 0.821
-20.9 33.1 0.963 2.287 0.896 0.824
~13.7 36.7 0.908 1.827 0.843 0.793
~19.9 36.8 0.89%6 1.758 0.835 0.782
-16.9 38.0 0.882 1.6%3 0.830 0.770
-14.0 52.8 0.772 1.343 0.818 0.672
~13.0 49.5 0.631 1.100 0.820 0.554
«12.5 54.0 0.517 0.889 0.772 0.487
-14.3 32.5 0.230 0.350- 0.290 0.000

=== CODE EXPLANATION ---
"~ @ -~ HORMAL DATA
1 ~- POST-HARVEST
2 -- BLOWN DOWN AREAS
3 -~ WINDY DURING DATA ACQUISITION
4 -~ RECENT HEAVY RAIN

0.000
0.000
0,000
0.040
0.117
0.200
0.217
0.270
0.405
0.442
0.533
0.544
0.554
0.573
0.526
0.463
0.000

CODE
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WHEAT FIELD # 6

: IEAF & STALK «~=~HEAD----
JULIAN SIGMAC SIGMAO SOIL CANOPY FRESH DRY FRESH DRY (CODE
DATE VW - VH MOIS HEIGHT BIOMASS BIOMASS

i21. "'12'1 -1808 50? 0-7BO 2-477 0:860 0.000 0-000

[ Yooaoeaed L L

0.
126, -13.1 =19.7 14.3, 0.824 2.874 1.040 0.000 0.000 0.
i28. ~14.0 -19.9 5.8 0.861 2.936 1.080 0.062 0.020 O.
131. ~14.3 ~18.3 23.5 0.892 2.955 1.112 0.186 0.060 O.
123, -13.3 ~-18,9 =~- 0.B896 2.627 1.004 O0.581 0.206 4.
134, ~-14.1 -18.3 -~ 0.898 2.572 0.994 G.653 0.229 4,
] 135. =-15.0 =15.8 30.5 0.899 2.518 0.984 6.735 0.252 O,
) 140, ~15.3 ~-18.2 '32.7 0©.877 2.238 0.927 1.042 0.359 O.
142, -14.1 =16.8 26.D0 0.863 2.140 0.899 1.118 0.392 0.
. 147. ~15.2 ~-18.1 32.2 0.831 1.946 0.826 1.191 0©.488 O,
‘ 148, =-13.2 ~16.2 =~ 0.826 1.911 0.812 1.189 0.504 4.
3 149, ~15.0 -18.8 35.2 0.821 1.878 0.797 1.18: 0.520 O,
152, =14.8 =-19.5 22.5 0.810 1.780 0.758 1.152 0.564 @,
1 154, -14.7 =-18.3 42.1 0.805 1,706 0.730 1.121 0.590 O.
i i156. ~15.0 =19.3 36.8 0.803 1.626 0.703 1.085 0.614 0.
159, =11.0 ~I5.¢ 35.2 0.804 1.495 0.663 1.027 0.646 3.
1 161. =~15.8 =~19.7 34.7 0.805 1.392 0.631 0.989 0.66& 0.
| 163. ~-15.6 =-15.7 33.4 0.807 1.283 0.598 0.950 0.672 0.
* 166. ~10.9 =i5.0 42,4 O0.806 1.099 0.542 0.896 0.637 4.
. 1168, ~13.1 -14.8 38.3 0.801 0.961 0.494 0.861 0.705 O.
! 170. =9.5 -14.4 37.1 0.752 0.843  0.482 0.828 0.710 O.
A 173. =8.1 =14.6 42.1 0.762 0.800 0.477 0.747 0.650 4.
. 175. ~8.6 =-15.1 35.5 0.730 0.747 0.474 0.636 0.560 0.
T 177. ~8.4 =13.5 37.4 0.684 0.625 0.442 0.543 0.502 0.
A 180. =B.2 ~14.3 36.3 0.270 0.466 0.435 0.000 0.000 1.
196. -8.6 =-18.2 33.0 0.270 0.466 0.435 0.000 0.000 1.
ﬁ_ ~== CODE EXPLANATION =--
i 0 -= NORMAL DATA
- 1 == POST~-HARVEST
- 2 -~ BLOWN DOWN AREAS
0 3 -~ WINDY DURING DATA ACQUISITION
4 =~ RECENT HEAVY RAIN
B ———— - . ———
8y

it
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WHEAT FIELD # 7

i
- LEAF & STATK =---READ-~—- i
JULIAY SIGMAO SIGMAO SOIL CANOPY FRESH DRY FRESH DRY CODE
DATE VvV VH }OIS HEIGHT BIOMASS BIOMASS 1!
126. -20.8B -24.8 22.0 0.973 4.685 1.691 0.000 0.0C0 O. “i

128. =-16.8 =-22.0 16.5 0.990 4.717 1.763 0.117 0.035 O.
131. ~16.7 =21.1 30.3 0.999 4.613 1,799 0.331 0.110 0.
135. ~17.8 =18.7 35.0 0.991 4.087 1.657 0.798 0.257 O.
140. -14.8 ~19.0 37.9 0.969 3.596 1.518 0.976 0.375 0.

142. -13.4 ~18.8 36.2 0.960 3.338 1,420 1.057 0.417 O. 3
147. =9.5 -13.8 35.2 0.945 2.633 1.159 1.238 0.537 0. ;!
149. -9.9 ~12.6 21.3 0.942 2.368 1.049 1.354 0.608 O. '
152. ~-8.1 ~13.3 26.4 0.940 2,314 1,025 1.520 0.798 O. -
156. =8.4 =~12.8 40.5 0.936 2.435 1.120 1.534 0.890 O ;
158. -5.9 =-8.3 38.3 0.926 2.188 1.050 1.260 0.820 3 v
161. =9.3 =-3l1.2 38.3 0.913 2.010 1.006 1.099 0.780 0. _
163. =-6.8 ~-8.6 43.3 0.892 1.928 1.022 0.960 0.750 4. . &
167. =6.9 ~7.9 39.5 0.814 1.600 0.931 0.885 0.740 4. il
168. =7.5 =10.5 41.4 0.785 1.317 0.836 ©.810 0.729 0. !
170. <6.0 =9.1 38,5 0.713 0.720 0.475 0.576 0.520 0. . 2y
177. =5.9 =1i.1 392.1 0.220 0.404 0.291 0.000 0.000 1, |
196. ~6.9 =-16.4 22.8 0.187 0.339 0.269 0.000 0.000 1, .
ww~ CODE EXPLANATION -=- ]
0 -- NORMAL DATA - , : =

1 -- POST-HARVEST

2 «= BLOWN DOWN AREAS

3 -~ WINDY DURING DATA ACQUISITION
4 -- RECENT HEAVY RAIN
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JULIAN
DATE

121.
126.
128.
131.
133.
134.
135,
146,
142,
148.
149.
152,
154.
156.
159,
161.
163.
166.
168,
179.
173.
175.
177.
180,
183.
196.

SIGMAO

-15.8
~17.7

=15.4

~14.6
-16.9
=-14.9
-15.5

~15.4
=15.1

-15.3
-15.6
-16.6
-14.2
-16.0
~-14.6
~16.2
-10.7
~11.8

=~8.3

‘-6.6

WHEAT FIELD # 28

SIGMAD SOIL

VH

=21.
-20,
=19,
=-18.
~19.
~19,
~19.
-18.
-~19,
~20.
-20.
~21.
-18.
-19.
=17.
~15.2
=i5.5
~16.7

HEREOORMRBDINOOM OO

- -14.6.

=10.5
~14.2
~13.0
~13.5
-13.6
-11.8

-12.4 23.6

MOIS
13.3

22.2

20.7
26.2

-y

[+ )N IR TR T 3 2L 0 )
L]

4

DU\\D;‘OOO"-I‘-SW

WL W
L =1

L0}
F L
o

¥
\

33. 7
41.9
33.3
32.3
40.3
'37.3
36.2
35.9
37.0

CANOPY
HEISHT

0.851

0.974

1.006
1.038
1.050
1.054

- 1.058

1.056
1.049
1.014
1.007
0.984
0.968
0.951
0.926
0.8910
0.833
0.867
0.849
0.830

0.801

0.779
0.755
0.714
0.665
0.233

LEAF & STAIK
FRESH DRY
BIOMASS

3.173
3.706
3.805
3.717
3.351
3.266
3.183
2.650
2.454
1.947
1.879

1.693.

1.590
1.496
1.370
1.396

1.298.

1.259
1.040
1.210

0.950

0.807
0.732
0.709
0.576
0.205

=== CODE EXPLANATION
(0 == NORMAT: DATA
1 -~ POST-HARVEST

2 ~- BLOWN DOWN AREAS

C.952
1.2¢1
1.259
1.264
1,159
1.140
1.123
0.996
0.945
0.794
0.774
0.719
0.691
0.668
0.640Q
0.670
0.675
0.680
0.677
0.669
0.665

- 0.665

0.664
0.650
0.550
0.180

R -7\ )

FRESH

DRY

BIOMASS

0.000.

0.0600
0.000
0.136
0.453
6.521
0.588
0.865
0.937
1.022
1.021
1.003
0.982
0.957
0.914
0.885
0.856
0.813
0.786
0.760
0.723
0.699
0.677
0.656
0.627
0.000

3 ~- ¥INDY DURING DATA ACQUISITION
4 -- RECENT HEAVY RAIN

A B e b oy (s o e S O S S M e ek B S e 4 Y

0.600
0.000
0.000
0.046
0.152
0.180
0.200
0.297
0.233
0.432
0.447
0.489
0.515
0.539
0.570
0.588
0.603
0.622
0.630
0.636
0.640
0.639
0.634
0.621
0.600
0.000

CODE




LG | AT U VE VIR S0P S T A

-

JULTAN SIGMAO
DATE \'A'%
121. -18.0
126, -18.3
128. ~15.6
131, =~13.7
133. ~-14.2
134. =12.2
135. =~1l1.3
139. =11.2
140. -11.2
142, =12.2
146, -13.3
1491 -14;0
152, ~1&.1
154. =14.0
156, =-11.9
i59. =-10.0
161. ~11.5
163. «8.3
166. =B8.5
168. =6.3
170. =~4.4
173. -5.6

=10.1.

1396,

WHEAT FIELD # 9

SIGHMAO SOIL CANOPY
" MOIS HEIGHT

VH

~23.6
-21.6
-20.5
"1701
~20.9

-16.7

-15.3
-16.1
~16.2
-17.3
-18.0
~17.4
-19.8
~16.9
~15.4
-15.3
-15.5
~12.7

-13.1.

-15.1
~12.7

- =15.9

-17.6

4.9
12.6
1C.4
15.0

19.6 .

22.5
22.1

L 21.1

18.6
18.6
16.8

G.597

£0.716°

0.742
0.764
0.768
0.770

0.771-

£.763
0.760
0.752
0.731
0.728
0.722
0.720
0.719
0.720
0.722
0.723
0.722
0.71%
0.302

'0.287

0.267

LEAF & STALK ~~==-HEAD=w~=~ aJ
FRESH DRY FRESH DRY CODE

BICMASS  BIOHMASS ;]

1]

1.537 0.598 6.000 0.000
2.216 0.856 0.000 0.000
2.316 0.908 0.059 0.018
2.338 0.951 0.190 0.060
2.057 0.852 0,507 0.195
2.017 0.848 0.55% 0.211
1.980 0.845 0.608 0.226
1.755 0.7%4& 0.764 0.279
1.701 0.778 0.791 0.291
1.582 0.735 0.832 0.313
1.264 0.573 0.857 0.371
1.225 0.551 ©.851 0.379 Q.
1,104 0,475 0.824 0.406 Q.
1.126 0.473 0.803 0.424 O.
1.100 - 0.462 0.780 0.442 0.
1.061 0.454 0.748 0.473 3.
1.047. 0,450 0.730 0.495 0.
0.898 0.449 0.715 0.520 4.
0.763 0,448 0.698 0.562 4.
C.688 0.447 0.692 0.594 0.
0.218 0.161 0.000 0.000 1.
0.218 0.162 &.000 0.000 1.
0.184 0.161 0.000 0.000 1.
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WHEAT FIEID # 10
LEAF & STALK ~-~=HEAD=w=~

JULIAN SIGMAO SIGMAO SOIL CANOPY FRESH DRY TFRESH DRY
DATE VW ' VE MOIS HEIGHT  BIOMASS BIOMASS

121. =11.2 -19.3 9.5 0.290 0.402 0.173 ©.000 0.000
126. =15.1 =20.3 24.7 0.386 0.823 0.276 0.000 0.000
128, =13.5 -19.3 16.2 0.417 0.992 0.314 0.000 0.000
131, ~13.7 =18.7 18.2 0.474 '1.202 0.359 0.00C 0.000
133. =~12.5 =-17.3 ~-= 0.525 1.324 0.385 0.000 0.000
134, ~7.6 =-14.2 ~~ 0.542 1.364 0.39% 0.000 0.000
135, ~-14.0 =-18.8 29.9 0.559 1.405 D.403 0.000 0.000
140. -0.6 -18.0 32.1 0.666 1.564 0.450 0.000 0.000
142. -16.6 =20.5 26.2 0.706 1.531 0.442 0.062 0.021
148. =16.1 =-19.3 22.9 0.807 1.413 0.442 0.184 0.055
149, =-16.0 =20.3 34.7 0.820 1.357 0.432 0.228 0.069
152. =i5.8 =-19.0 24.5 0.853 1.207 0.403 0.323 0.106
154, ~15.3 ~17.9 26.0 C.86% 1,121 0.391 0.362 0.125
156, =-17.2 =21.3 21.5 0©0.880 1.039 0.380 0.384 0.139
158, ~-16.6 =17.8 23.4 O©.887 0.925 0.368 0.392 0.155
161. =17.7 -13.6 13.3 0.886 0.855 0.362 0.384% 0.162
163. =-16.8 =~14.4 26.4 0.881 ©.789 - 0.360 0.366 0.166
166. =~10.3 -11.5 30.0 0.866 0.698 0.358 0.330 0.170

: 168. =-10.7 =~14.6 28.8 0.853 0.633 0.356 0.303 0.i71
| - 172.  ~9.1 -12.4 28.8 0.837 0.571 ©.353 0.275 0.172
z 173. ~5.6 =10.8 42.3 0.811 0.473 0.341 0.235 0.173
175.  =-6.1 +12.6 29.5 0.794 0.393 0.315 0.212 0.175

| . 177. ~6.6 =10.2-26.9 0.778 0.280 0.252 0.192 0.178
‘ -180. ~5.1 =~12.5 24.2 0.273 0.239 0.152 0.000 0.000

| 196. =-7.8 =~15.1 -~ 0.198 0.136 0.093 ©0.000 0.000

<=« CODE EXPLANATION ---

-- NORMAL DATA

-~ POST-HARVEST

BLOWN DOWN AREAS

WINDY DURING DATA ACQUISITION
~= RECENT HEAVY RAIN
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JULIAN SIGMAO

DATE

139.
141.
- 146.
147,
149.
154,
155.
156.
160.
163.
- 167.
169,
170.
175.
176.
183.
154,
196.
.188,
201,
204,
209.
210.
211.
216.
218,
222,
224,
225,
236.
- 240,
242,
244,
246.
249,
- 251,
256.

vw
-10.2

-10.2

]

-

L L L ]
a o+ u .

N

t

s ¢ - 'S

- - -
hHHmO-:-‘*H-PG\\Q\OI\DG\UIO-P-\D'L‘-M..DOG\DSIQO\O

P 1
-

|
1 4
LV )
o

F 1 8- 01 11
(= - S SR

»

W sl 02 0ol

SIGMAO
VH

-19.2
~17.9
-14.7
-17.6 .
~14.0
-13.1
-12.1
-13.9
-13.0
-12.5
-12.5
-16.1
w15 .4
~13.4

"=13.7

-12.4
«14.7
~14.1
=14.5
~-12.9
-=16.7

-15.7

-14.6
-14.7
=-13.1
-16.6
-15.8
-16.0

-16.9 .

-17.9
~13.0
~13.9
~12.5
-12.8
-14.6
=-12.1
=15.5

SOIL

YaLS .

30.5
27.0
22.8
14.0
27.5
33.5
31.7
27»4
25.0
30.0
34.1
28.4
31.0
29.9
27.8
33.7
14.3

| nad

B O PR
a - - &

~ S WAL N PO

NRNDWSNDWN NN
U
(0

2

13.6
30.0
25.8

45.0

29.5

27.8

28.7
27.2

CORN FIEID # 1

- =-STALK~-~

FRESH DRY CANOPY
'BIOMASS

0.066

0.082
0.204

0.279
0.440
0.905

1.008

1.113
1.566
1.932
2.453
2.722
2.850
3.22¢9

.3.250

2.917

2.611

2.607
2.635

2.688

2.752
2.828

‘_A 2 -830
2.837
2.758

2.697
2.785

'2.828

2.846
2.535

2.432

2.295
2.137

'1.968
1.677"

1.325
0.439

0.013
0.015
0.028
0.039
0.057
0.100
0.108
0.116
0.152

0.183

0.238
0.269
0.285
0.296
0.298
0.290
0.438
0.465
0.501
0.530

0.551-

0.556
0.549
0.550
0.488
0.456
0.473
0.486
0.481
0.502

" G.498
0.485"
0.468

0.446

0.405°

0,400
0.248

=== CODE EXPLANATION
== NORMAL DATA

-~ POST-HARVEST |
~~ WINDY DURING DATA ACQUISITION
= RECENT HEAVY RAIN

0 Y g S A W LW ) At s e e b

268

HEIGHT

0.168
0.257
0.504
0.557
0.664
0.943

1.000-

1.056
1.281
1.446
1.658
1.759
1.808
2.037
2.079
2.338
2.599
2.627
2,649
2.671
2.681
2.672
2.667
2.660
2.616
2.593
2.541
2.514
2.500
2.370
'2.349
2.348
2.348
- 2.348
2.348
2.348
0,440

~=FRUIT===
FRESE DRY
BIOMASS

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.250
0.350
1.459
2.334
2.429
2.495
2.551
2.566
2.533
2.521
2.508
2.428
2.391
2.312
2.270
2.248
1.971
1.846

1.776

1.699
1.614
1.468
1.355
0.0G0

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.080
0.100
0.275
0.463
6.517
0.575
0.669
0.769
0.939
0.973
1.006

1.167

1,227
1.332
1.377
1.397

1.485

1,441
1.401
1.348
1.281
1.153
1.047
0.000

—melHAF=——
FRESH DRY
BICHASS

0.030
0.105
0.213
0.279
0.406
0.683
0.730
0.774
0.920
0.996
1.051
1.058
1.064
1.078
1.079
1.180
1.274
1.258
1.232
1.173
1.098
0.951
0.921
0.890
0.745
0.691
0.593
0.549
0.528
0.343
0.292
0.269
0.247
0.227
0.203
0.195
0.000

0.018
¢.019
0.631
C¢.039
0.052
N.075
0.078
0.080
0.089
0.095
0.102
0.105
0.106
0.130
0.135
0.201
0.281
0.277
0.273
0.269
0.265
0.260
0.259
0.258
0.355
06.253
0.250

- C.249

0.248
0.235
0.227
0.223
0.218

¢.212

0.203
0.195
©.000

CODE

A g
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'CORN FIEID # 2

- -~STALK-=- . =-FRUIT---  ~--LEAF---
JULTAN SIGMAO SIGMAO SOIL, = FRESH DRY CANOPY FRESH DRY  FRESH DRY CODE
DATE WV VHE MOIS  BIOMASS  MEIGHT  BIOMASS = BIOMASS

139, =-7.5 ~18.4 39.9 0.063 0.013 0.350 0.000 0.000 0.086 0.018 4.

14i. -9.6 ~18.5 27.9 0.101 0.018 0.362 0.000 0.000 0.129 ©0.023 0.
147. -10.3 =19.1 24.0 0.322 0.038 0.54C 0.000 G.00¢ 0.321 0.038 O.
149, +~8.0 =14.4 36.1 0.475 0.050 0.636 0.000 0.000 -0.438 0.047 O,
154, =-5.2 ~11.8 40.6 0.934 0.083 0,929 0.000 0.000 0.704 0,063 4.
155, ~-4.6 ~1D.9% 39.6 1.039 0.092 0.994 0.000 0.000 0.752 0.066 4,
156. ~5.1 =~12.9 39.7 1.148 0.100 1.061 0.000 0.000 0.797 0.069 4.
160.  =-5.1 =13.9 28.5 1.623 0.144 1.335 0.000 0.000 0.953 0.085 4.
163. -4,1 =12.1 39.9 2.018 0.192 1.542 0.000 0.000 1.040 0.099 4,
167. =~6.8 ~12.9 37.7° 2.591 $.277 1.809 0.000 0.000 1.110 0.119 4.
169. ' ~4.4 ~11.8 35.3 2.891 0.330 1.935 0.000 0.000 1.124 0,128 4,
170.. =~=5.7 =~=12.2 34.7 3.045 0.359 1.996 0.000 0©.000 1.126 0.133 4,
175. . =7.3 =11.4 39.6 3.304 0.420 2.270 0.470 0.100 1.130 0.157 O.
176.  =7.0 =13.8 41.8 3.405 0.432 2.319 0.500 0.110 1.135 0.174 0.
183. =-7.8 =12.4 38.3 4.003 0.572 2,587 0.720 0.190 1.138 0.240 0.
194, ~8.3 =14.9 19.4 4.126 0.734 2.763 1.229 0.333 1.109 0.271 0.
196. -9.7 =~16.5 18.1 4.010 0.73¢ 2.767 1.357 0.371 1.097 0.269 0.
197. -7.8 ~14.G 14.8 3.838 0.726 2.766 1.428 0.395 1.091 0.267 0.
201. ~8.5 =13.7 42.8 3.541 0.636 2.752 1.719 0.51% 1.062 0.261 4.
204, =7.0, -13.0 39.9 3.139 0.529 2.733 1.911 0.633 1.039 0.256 0.
209. -8.,0 ~-14.1 40.1 3.281 0.525 2.703 2.127 0.841 1.003 0.248 4,
210. -8.6 =-14.8 39.2 3.255 0.520 2.699 2.154 0.883 0.996 0.246 O.
211.  =7.6 ~13,7 40.1 3.190 0.510 2.697 2.176 0.925 0.989 0.245 O.
216. =8.7 ~15.0 39.2 3.474 0.405 2.697 2.210 1.115 0.963 0.241 4.
223. - -8.7 =~15.1 33.2 2.389 0.372 2.697 2.000 1.000 0.851 0.246 0.
224. =6.3 =17.4 29.7 0.460 0.066 0.243 0.000 0.000 0,000 0.000 1.
. 225. . =G.3

-16.4 22.2 0.494 0.099 0.198 0.000 0.000 0.000 ‘D.000 1.

-~= CODE EXPLANATION ===

0 -- NORMAL DATA

- POST-HARVEST

WINDY DURING DATA ACQUISITION
~= RECENT HEAVY RAIN

PG
]
]
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'CORN FIEID # 3

R _ ~=STALK=~~ «=FRUIT=~~ wenLEAF~~~ ;]
JULIAN SIGMAO SIGMAG SOIL = FRESH DRY CANOPY FRESH DRY  FRESH DRY CODE
DATE W VH MOIS  BIOMASS  HEIGHT  BIOMASS BIOMASS .
- 139. ~-7.4 -18.2 34.2 0.039 0.007 0.277 0.000 0.000 0.055 0.010 &  °*
141. -8.7 - ~17.7 36.4 0,053 0.009 0.276 0.000 0.060 0,068 0.0i2 0.
i46. -10.5 =-18.5 31.2 0.111 0.017 0.363 0.000 0.000 0.116 0.017 O.
147. =-11.9 =-18.8 28.8 0.169 0.024 0.393 0.000 G.000 0.168 0.025 O.
149. ~-5.3 ~13.0 34.1 0.300 0.041 0.435 0.000 0.000 0.277 ©.037 4.
~ 154. -5.4 -12.5 36.8 0.725 0.084 0.696 0.000 0.000 0.547 0.064 4.
155. =5.9 -12.2 37.0 .0.824 0.092 0.750 0.000 0.000 0.597 0.067 4. 3
156. ~7.3 =14.3 33.5 - 0.929 0.101 0.805 0.000 0©.000 0.646° 0.071 O.
160. ~5.9 ~12.1 29.0 1.390 0.135 1.040 0.000 0.000 0.816 0.079 4. -
'163. ~6.1 =12.4 32.1 1.776 0.162 1.226 0.000 0.000 0.915 0.083 4. f
167. -5.9 =~12.3 36.6 2.335 0.187 1.477 0.000 0.000 1.001 {.100 4. v
168. =-6.6 .~-12.5 28.9 2.628 '0.187 1.602 0.000 0.000 1.022 0.120 4.
170.° =5.5 =12.5 31,7 2.780 0.1%0 1.663 0.000 0.000 1.028 0.130 4. f‘
176. -7.1 =12.9 33.7 3.431 0.176 2.013 0.200 0.065 1.078 0.173 0. 8
183. ~7.1 ~12.1 27.7 3.074 0.192 2.356 1.452 0.148 1.114 0.241 0.
194, -7.9 =-14.5 13.7 3.155 0.290 2.704 2.377 0.445 1.223 0.278 0. =
. 196.  ~7.9 ~14.9 12.3 3.183 0.321 2.740 2.460 0.507 1.258 0.283 0. k
197. ~8.5 =~14.5 8.2 3.198 0.341 Z2.754 2.495 0.538 1.276 0.285 O. "
- 201. -7.1 =13,5 26,8 3.243 0.425 2.791 2.588 0.665 1.345 0.290 4.
204, =7.7 ~-14.5 22,6 3.261 0.493 2.798 2.643 0.760 1.387 0.2935 0. E]
209. =~8.5 =-16.0 30.2 3.258 0.596 2.775 2.670 0.914 1.410 0.295 4,
210. =-10.3 ~17.2 31.0 3.255 0.615 2.765 2,670 0.944 1.404 0.295 4,
211. =9.1 =-16.0 27.2,3.252 0,634 2.755 Z2.668 0.973 1.394 0.295 O. i]
216. ~7.8 -14.6 23.4 3.219 0.702 2.685 2.633 1.110 1.285 0.294 4. Ll
217. =6.4 =12.9 34.5 3.20% 0.711 2.669 2.622 1.135 1.252 0.293 4,
223. '~7.1 =-14.6 30.1 3.078 0.639 2.566 2.527 1.265 1.002 0.289 O.
225, . ~7,3 =~14.6 28.6 2.992 0.664 2.533 2.485 1.298 0.911 ¥».287 O. {]
236, -7.9 =I4.9 13.1 2.771 0.493 2.520 2.166 1.375 0.450 0.276 O.
240. ~5.3 =15.6 31.0 2.891 0.484 2.502 2,010 1.348 0.387 0€.273 0.
242. -9.1 =16.1 27.5 2.938 0.476 2.500 1.923 1.321 0.345 0.271 0. ﬂ%
244. -8.6 =13.6° 18.3 3.014 0.464 2.500- 1.830 1.285 0.308 0.270 4. *
246, ~8.9 -13.8 22.7 3.072 0.451 2.500 1.730 1.24C 0.276 0.269 O.
245. ~-6.6 =12.0 23.5 2.034 0.557 0.440 0.000 0.000 0.000 0.000 1. g
‘=~= CODE EXPLANATION ~-- '
0 -~ NORMAL DATA ‘ _ ' r
' =~ POST~HARVEST i}

1 | S
3 -- WINDY DURING DATA ACQUISITION ” )
4 -~ RECENT HEAVY RAIN.
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. CORN FIELD # 4

. -~ STALKw== --FRUIT-=~  ==~LEAF=~-
JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY FRESH DRY  FRESH DRY CODE
DATE VV  VH ° MOIS  BIOMASS  HEIGHT  BICMASS BIOMASS

139, ~-7.8 -19.5 33.9 0.132 0.031 0.302 C.000 0.000 0.183 0.042 4.
141. -5.6 =15.1 31.9 "0.188 0.037 0.350 0.000 0.000 0.239 0.046 O.

147. =8.3 ~-14.9 24.6 0.604 0.071 0.602Z €.000 0.000 0.603 0.070 0.
149, ~4.8 -12.4 32,0 0.847 0.086 ©€.713 ©0.000 0.000 0.782 0.080 4.
154, ~-5.3 ~-12.2 41,5 1.564 0.105 1.028 0.000 0.000 1.179 0.120 4.
155, =5.3 =-11.8 38.3 1.725 0.101 1.096 0.000 0.000 1.250 0.140 4.
156. =6.2 =13.5 42.5 .1.892 0,107 1.164 0.000 0.000 1.314 0.150 4&.
160. =4.6 =-12.0 27.1 2.611 0.184 1.442 0.000 0.000 1.534 0.160 4.
163. .-6.0 ~11,7 32.0 3.199 0.256 1.650 0.000 0.000 1.648 0.180 4.
167. =6.5 =12.2 36.0 4.033 0.389 1.917 0.000 0.000 1.728 0.210 4.
169, =5.4 =11.0 32.9 4.467 0.461 2.043 0.000 €.000 1.737 0.240 4.
170. =5.3 ~=12.1 31.0 4.682 0.490 2.105 0.000 0.000 1.732 0.260 4.
176. ~-6.3 =~12.6 32.8 5.452 0.668 2.434 0.300 0.090 1.820 0.340 0.
183, =6.7 ~12.1 30.2 5.170 0,736 2.721 1.475 0.266 1.898 0.493 0.
194, =7.9 ~15.5 15.0 4.281 0,790 2.940 2.919 0.8655 1.818 0.449 0.
196, ~6.9 ~14.0 15.4 4.167 0.754 2.951 3,010 0.735 1.793 0.439 O.
197. -8.5 ~14.6 14.5 4,108 0.727 2.954 3.040 0.776 1.780 0.434 0.
201. ~6.2 =13.1 26.8 3.849 0.716 2,949 3,096 0.84% 1.724 0.415 &,
204. =6.7 =l4.4 26.4 3.785 0.704 2.931 3.095 1.065 1.681 0.401 0.

- 209, +7.2 ~14.1 36.1 3.683 0.685 2.887 3.063 1.266 1.617 0.385 4.
216. ~7.1 -14.2 36.9 3.608 ¢.671 2.877 3.056 1.30&4 1.606 0.382 4.

. 211, =6.5 -13.4 43.8 3.586 0,667 2.868 3.049 1.342 1.596 0.380 O.
- 216. -7.7 ~15.0 3%.6  3.532 0.657 2.831 3.026 1.519 1.562 0.378 4.
217. =7.2 ~13.2 37.4 3.495 0.650 2.828 3.025 1.551 1.543 0.375 4&.
219, =2.0 =~17.9 - 36.7 3.452 0.642 2.826 3.026 1.611 1.504 0.370 4.
223, -7.0 =~15.0 31.6 3.415 0.63Z 2.825 3.049 1.716 1.457 0.370 0.
225. -7.0 ~13.6 36.9 3.286 (©.628 =2.824 3.073 1.758 1.415 0.368 0.

=== CODE EXPLANATION =-=~

0 -- NORMAL DATA

1 == POST-HARVEST
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JULIAN SIGMAO
W .

DATE

139.
141.
146.
147.
149,
154,
155.
156.
160.
163.
167.
169.
170.
175.
176.
183.
194,

196,
197.
201.
204,
209,
210,
211.
216.
217.
219.
223.
225,
240.
242,
244,
246.

-8.8

1
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SIGMAD SOIL

VH  HOIS
~17.8 33.2
-15.2 28.6
-15.9 24.7
-14.0 20.1
-12.3 26.6
-12.0 34.3
-12.6 36,9
-14.0 31,5
-12.6 27.0
~13.4 31.2
-i12.8 35.9
-11.9 25.8
-13.4 26.6
-12.0  28.2
~12.1 27.5
-11.5 30.6
~13.3 10.5
~15.4 6.0
-13.2 8.5
-12.7 28.9
-15.8 24.1
-14.9 34.5
-1417 34-8
-16.2 39.3
~12.2 29.6
~12.9 38.2
-14.0 28.9
-14.3 21.0
=15.0 26.6
-13.8 27.3
-14.2 29.9
-12.7 45.3
-10.7 26.9

CORN FIELD # 5

'\ ==STALKwm=

FRESH DRY CANOPY
BIOMASS

0.066
0.102

0.275
0.348
0.502
0.950
1.050
1.152
1.598
1.963
2.493
2.771

2.914

3.493
3.537
3.024
3.128
3.174
3.175
3.164
3.130
3.024

. 2.991

2.966
2.833
Z.805
2.483
2.472
2.467
2.428
2.417
2.268
1.066

0.014
0.019
0.038

0.045

0.05%
0.095
0.103
0.111
D.152
¢.190
0.265
0.307
0.328
0.410
0.422
0.480
0.553
0.567
0.570
0.579
0.578
0.552
0.537
0.528
0.468
0.453
0.447
0.445
0.44&
0.437
G.435
0.433
0.327

-=- CODE EXPLANATION
0 -~ NORMAL DATA
1 == POST-HARVEST
3 == WINDY DURING DATA ACQUISITION
.. 4 -~ RECENT HEAVY RAIN.-

OO et T Dt 5 ) o g s T T -

HEIGHT

0.301
0.336
0.489

0.529

0.617
Q.873
0.928
0.985
1.219
1.398
1.634
1.748
1.804
2.066
2.115
2.408
2.680
2.703
2.712
2.729
2.723
2.684
2.672
2!660
2.585
2.568
2.535
2.475
2.441
2.440
2.435
2.430
0.660

-~FRUIT-~~
FRESH DRY
BIOMASS

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.060
0.000
0.000
0.000
0.150
0.200
1.550
2.331
2.377
2.394
2.425
2.419
2.368
2.353
2.337
2.238
2.215
2.168
2.065
2.012
1.585
1.528
1.471
0.000

0.000
0.063
C.000
£.000
0.000
0.000
©.000
0.000
0.000
0.000
0.000
0.000
0.000
0.045
0.060
0.196
0.487
0.535
0.558
0.645
0.707
0.800
0.818
0.835
0.914
0.928
0.956
1.007
1.030
1.149
1.158
1.166
0.000

e mTEAF ~ -

FRESH = DRY CODE

BIOMASS

0.090
0.3129
0.287
0.348
0146[’
0.717
0.760
0.801
0.939
1.011
1.069
1.078
1.078
1.078

1.079
1.679
1.080
1.095
1.154
1.1%91
1.216
1.213
1.206
1.114
1.084
1.017
0.861
0.780
0.324

0.285

0.259
¢.000

0.019
0.024
0.040
0.046
0.055
0.072
0.074
0.077
0.089
0.098
0.113
0.120
0.127

0.158 .

0.168
0.240
0.281
0.284
0.285
0.286
0.285
0.280
0.273
0.277
0.269
0.267
©.264
0.259
0.257
0.250
0.248
0.246
0.000
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CORN FIEID # 6

~-STALK--~ =~FRUIT~==  ==~=LEAF--~

JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY FRESH DRY  FRESH DRY CODE

 DATE V¥ VH MOIS BIOMASS  HEIGHT  BIOMASS BIOMASS
139. -6.2 =16.5 36.3 0.107 0.018 0.247 0.000 0.000 0.148 0.025 4.
142, =7.7 ~16.0 30.2 ©0.151 0.023 0.404 0.000 0.600 0.184 0.028 O.
147. -7.6 ~14.2 30.0 0.438 0.057 0.682 0.000 0.000 0.438 0.056 O.
148. =5.6 =13,1 ~~ 0.537 0.066 0.740 0.000 0.000 0.515 0.064 &.
149. =7.0 ~13.4 34.3 0.635 0.076 0.797 0.000 0.000 0.585 0.071 O.
154, ~-5.5 ~12.4 34.3 1,185 0.122 1.088 0.000 0.000 0.894 0.092 4.
155. ~5.9 =12.1 34.4 1.300 0.130 1.147 0.000 0.000 0.942 0.094 4.
156. =-6.0 -13.3 31.5 1.419 0,136 1.205 0.000 0.000 0.986 0.100 4.
160. =6.8 =-14.7 42.4 1.906 0.162 1.433 0.000 0.000 1,120 0.107 Q.
163. =5.0 =-11.0 33.3 2.289 0.165 1.598 0.000 0,000 1.179 0.130 4.
166. -6.8 -14.0 37.7 2.681 0.172 1.760 0.000 0.000 1.204 0.150 4.
167. =7.4 =-11.6 38.4 2.677 0.174 1.811 0.000 0.000 1.206 0,190 4.
169. -5.4 =-12.8 -25.5 2.794 0.176 1.912 0.000 0.000 1.220 0.200 &.
170. =-6.0 ~12.8 29.7 2.950 0.177 1.961 6.000 0.000 1.230 0.210 4.
175. =6.5 =11.9 25.5 3.111 0.181 2.190 0.620 0.120 .1.258 0.243 0.
176. =-5.7 ~=12.3 23.4 3.009 0.200 2.232 0.820 0.150 1.270 0.254 0.
177. =5.6 =11.4 31.1 2.677 0.246 2.273 1.235 0.173 1.292 G.265 O.
194. =6.4 =13.5 17.1 2.363 0.311 2,766 2.861 0.442 1.289 0.270 0.
197. =-8.3 =~15.0 10.1 2.525 0.359 2.811 2.835 0.518 1.278 0.271 O.
198. ~7.6 =142 15.7 2.580 0.373 2.824 2.824 0.545 1.272 0.271 0.
202. ~7.0 ~13.1 == 2.765 0,449 2.860 2,777 0.655 1.235 0.272 O.
204. =7.1 ~-13.3 19.0 2.840 0.479 2.871 2.751 0.711 1.208 0.272 O.
2098. -7.6 =-14.3-35.7 2.998 0.561 2.877 2.675 0.853 1.120 0.271 4.
210. ~7.6 =15.0 37.2 3.025 0.577 2.875 2.658 0.881 1.098 0.271 4.
211, =7.0 =14.2 29.0 3.038 0.584 2.872 2.641 0.909 1.076 0.270 O,
216. =6.3 =~12.6 32.6 3.090 0.635 2.845 2.548 1.042 0.954 0.268 &.
217. ~6.8 =-13.0 37.8 3.091 0.642 2.837 2.528 1.067 0.929 D0.268 4.

220, ~7.8 -14.9 ~-- 3,055 0.642 2.810 2.465 1.137 0.850 0.266 O.
222, =7.7 ~-15.5 33.5 3.015 0.638 2.790 2.421 1.180 0.798 0.264 O.
223. =7.8 ~13.7 29.0 2.986 0.629 2.779 2.398 1.200 0.772 0.264 O.
226, -7.8 =-15.2 28.0 Z.882 ©.597 2.746 2.324 1.254 0.696 0.262 0.
262, -6,1 ~-13.6 28.3 2.613 0.468 2.621 1.820 1.317 0.381 0.251 O.
245. -4.6 -12.6 33.5 2.599 0.455 2.620 1.697 1.274 0.340 0.250¢ 4.
247. ~=4.2 =12.8 -- -D.586 O0.443 2.620 1.608 1.234 0,316 0.243 O,
246, ~-4.9 ~-13.8 29.0 2.576 0.428. 2.620 1.514 1.185 0.293 0.249 0.
252, =4.9 -13.9  33.2 2.529 0,400 2.620 1.359 1.091 0.263 0.248 0.
258. -9.6 =-16.2 =~ 2.113 0.321 2.620 1,159 0.950 0.249 0.249 O.
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o 2 e e ol S -un----n-'--

273




"I 000°0 000°0
"I 000°0 000°0
"0 SSZ°0 §82°0
99Z°0 HEET0

‘0 £L2°0 69670
-1 ¥ 6.Z°0 LOYTO
i 0 I82°0 699°0
¥ G62'0 85S°0
‘0 9IE°0 61670
‘¢ LIgT0Q 1960
02€°0 H00°T
9 IZE0 THO'L
¥ TIE'0 19071
‘0 L2870 4TI
"y 8270 091°1
§ B¢E'D SLI'T
YEE'0 EST'T

:,.-..—-7-!

fae Tt
*

L=l =]

LY

0 e
o -

it
v
<

i
o

- HYET0 TLETT
i 6 SyETO LBE'I
- 0 ZGE'0 00Y°I
‘0 0I2°0 956°0
7 9.1°0 198°0

s

=
~

- ‘b 091°0 ££8°0
: #61°0 SIg°0
bl 'h 0CTT0 E9L°0
0 S60°0 L%9°0

4 LS0°0 8LY°0
% €50°0 %uy'0
- *H  950°0 66E°0
‘0 €20°0 0L1°0

ti 't 8100 8210
{‘ ‘0 ZI0°0 £80°0

s
~F

s ]

" -0 w100 SR0°0
S rn "0 600°0 0S0°0
lé SSYHOIL

4000 XNQ HSTII
3 e

a

L

Y - i R I e

- N . - — e
SR EICT LA ARSI Sy

G Leg€T0 89821

010 65870

o e e B he i e

000°0
00070
0LE"T
60€°1
ETAAN

99271,

702°1
091°L
EEO°T
920’1
£66°0
0L6°0
L5670
088°'0
29870
€720
LgL°0
€.9°0
%S0
%0570
18€°0
(€00
000°0
000°0
000°0
0000
00070

000°0

000°0
000°0
00c 0
000°0
gno°o
000°0
000°0
000°0

L

S T B PP B B ey SN O e v ) B M A e oy Y AW Y

OVHIIS TVIYONAY --

: NIVY ZAVEH INZORY --
NOILIISINOOV VIVQ HNIYNA XANIM --
ISEANVH~1S0d =~

.

VIVI TVWON == 0

~== NOLIVNVIdXZ 5GQD ---

000°0 O%%°0 1810
000°0 0%%°0 L¥I'0
8SI'Z 0TE'Z §8Y°0
S86°T §TE'T- OL¥°D
¥06'T 0€£°Z T9¥°0
S¥8°1 SEE°Z . SS%°0
68L°T O¥E'T S¥y°0
L9L"T ZwE'ZT SEY'D
980°Z SEY'Z 99570
L31°T THH'T TUS'D
%9272 29%°T 19570
99€°T EL%°Z7 LI¥S°0
61%°2 8LY°T TYS'0
969°Z 88%°Z S9%°0
0§.°C I8%°T TSY°0
108°2 S8%°Z LEY"O
TL6°T 09%°7 1SE'0
996°7 1I#%¥°Z SIE"0
1ZL°T 88€°T  9.Z°0
16§°T ILE°T TLZ'O
150°Z €1€°T L92°0
09€*0 6TLI SBIO
000°0 9¥%'T 8SI"0
000°0 66E'L 6%1°0
000°C ZOE'I 6ZL°0
000°0 €S2°T 61170
000°0 SOT'T ZIL'0
000°0 LS6°0 9600
000°0 S9L°0 180°0
000°C SIL'0 ZL0°0
000°0 3TL9°0 %9070
000°0 8SY°0° ST0'0
000°0 0TH°0 810°0
000°0 T8E'0 TI0'0
000°0 SZ2°0 110°0
000°0 8I°0 90070

20%°0
89€°0

¥61°C
S81°2

€L1°2

Z91°¢ -

EVT*¢

“0I1°2

[4°1 34

-2BS°T

§29°2

819°¢

609°2

U

¥09°Z
8SE°3T
S01°2
gE0"T
050°2
001°%
8SY "2
269°2
y9E°T
602°2
£76°T
€18°1
EVY°L
Z0T°1
£0L°0
¥19°0
0£5°0
Y310
€E1°0
2800

630°0.

Lga-o

SSYROIg LHOIEH SSVIOI1q |

ANQ HSTHIL
~e =L INT-~

AONVD 40 HSHMI
===ATVIS-~

L # QTAIE NNOD

1°22
8°0¢
1°2¢

WNONSTNMNOWOSE OO Oy

NN~ MO~ OMRM~RONO
L) L] L] - - -

170
7 6€
12y
AN
Z°1¢
£°8¢
sy
I°8€
2'6%

112

T ET

€°9€
SION
txos

g°cI~
1°SI-
1°21-
L ET-
9° 11~
621~
£ 9T~
0°SI-
0°91-
AL
¥ HI-
g €I~
€ EI-
€Yyl
T y1-
L YT~
AP Y
9 Hi-
L9T~
L ct-
€T
191~
g9°21-
L*ET~
9°2L~
6°€I-
9°ZL~
g €I~

9*'ci~ .

0" TI~
8°21-
2 91~
0" L1~
' 91~
1°9I~
6°81L-

HA
OVHOIS

e L

~6eT
*8eZ
rAYA
VA
WA A
B
‘ez
"§ET
i YA
*ZT
%A
1T
"912
i1z
‘012
*60¢
‘50T
AN
*861
WA
"HEL
“9lI
YA

- 691
*/19T
“99T
"go1
091
"gaL
- F%"I
“yuT
69T
8T
AN
"ZHI
"ohT

AA JLVa
QVROIS NYITNC

+ e s

-

L] » L] - - - L]

*

.

I';lltllllllllllllllllllllll'lllllll'

- L]

NANNFT VT HONYITINEIHANTOMNDIONAGANNONTOOMAD

N
N o
i =
i 1

g g e e
. - [ O

LS

"W}"‘{f



Aol

JULIAN SIGMAO
DATE WV
140,  -9.0
142. =9.2
148.  ~7.2
149, =7.4
155.  =~4.0
156. ~4.9
160, ~7.4
163. ~5.5
166. =5.9
167. =5.7
169. =6.7
170.  =5.0
i75. =6.3
176. =6.2
194. =6.7
187. =6.9
198. 6.6
204. ~8.4
209. =6.1
210. ~7.2
211.  ~7.4
216. .=7.1
217. ~7.7
222, -7.6
223. ~-8.2

-4.7

238.

SIGMAD
VH

~16.8
-18.2

-16 .8
~16.0
-11.3

-12.0
=15.1
~11.5
=12.5
~12.8
~14.5
=11.4
~11.7
-12.3
=14.0
-13.6

~13.9

~14.9
-13.8

. =14.3

~13.4

~13.4

-14.3
~14.3
~15.3
~12.5

0

1

SOIL

MOIS

31.7
35.0
23.1
29.2
43.2
358.1
k.7
43.1
44,7
40.7
34,7
41.0

36.3.

39-3
23.5
14.1
14.1
31.2
79.9
40.7

. 38.3

44.3

36.6

28.9
43.0

CORN FIELD # 8

~-STALK~=~

FRESH DRY CANOPY

BIOMASS

.027
0.047
0.120
0.151

0.425

0.484
0.759
1.002
1.274
1.370
1.571

1.674

1.691
1.711
1.822

1.890

1.902
1.925
2.042

2.057

2.057

1.870

1.791
1'435
1.510

- 0.416

.0.005

0.008
0.014

£ 0.017

0.043
0.050
0.083
0.119
0.166
0.183
0.225

0.246

0.257
0.260
0.277
0.283
0.285
0.291
0.302

- 0.309

0.315

3,335

0.335
0.393
0.479

-0.133

HEIGHT

0.304
0.310
0.443
0.478
0.743
0.794
1.004

1.165

1.323
1.374
1.473
1.521
1.729
1.777
2.124
2.123
2.120
2.083
2,045
2.039
2,034
2.033
2,030
2,025
2,020
0.605

~ CODE EXPLANATION ==~
-- NORMAIL DATA

' ~- POST~HARVEST
. 3 -~ WINDY DURING DATA ACQUISITION
4 -- RECENT HEAVY RAIN

ke S 541 B il s o OFF- ¥ A R D A B e ot

==FRUIT~=~
FRESH DRY
BIOMASS

0.000
0.600
¢.000
0.000
0,000
0.000
0.000
0.000
0.000

©0.000

0.000
0.000
¢.510
0.710
1.994
2.05n
2.071
2.152
2.097

2,071

2.041

1.823

1.767
1.431
1.352

0.000

¢.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.120

0.180

0.555
0.566
0.577
0.693
0.816
0.839
0.861
0.937
0.943
0.907
0.885
0.000

FRESH DRY CODE
BIOMASS

0.035
0.057
0.115
0.140

0.307

0.336
0.445
0.516
0.572
0.587
0.611
0.619
0.614
0.609
0.602
0.633
0.644
0.695
0.692
0.684
0.673
0.576
0.549
0.390
¢.356
0.000

0.007
0.009
0.013
0.015
0.031
0.034
0.049
0.062
0.074
0.079
0.087

0.091"

0.094
0.100
0.174
£.180
0.183
0.193
0.196
0.195
0.194

0.184

0.180
0.152
0.145

0.000

0.
0.
4.
4.
4.
4.
0.
4.
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CORN FIELD # 9

weeIEAF~~=

r

%

iy

--STATK~-- ~~FRUIT~-~
JULTAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY ¥RESH DRY  FRESH DRY CODE
DATE WV VHE MOIS  BIOMASS  HEIGHT  BIOMASS BIOMASS
140. =9.3 -20.2 34.1 0.022 0.004 0.199 0.000 0.000 0.028 0.005 4.
142. ~14,0 -22.8 21.3 ©0.039 0.007 0.229 0.000 0.000 0.048 0.008 O.
148. -13.0 =20.5 24.4 0.142 0.019 0.408 0.000 0.000 0.137 0.018 0.
. 149. - -9.8 ~17.6 20.0 0.198 0.025 0.448 0.000 ©€.000 0.182 0.024 4.
155. =5.2 =-12.6 37.2 0.652 0.069 0.740 0.000 0.000 0.473 0.050 4.
156. . -5.7 ~13.0 30.8 0.748 0.077 ©.794 0.000 0.060 0.519 0.054 4.
161. -7.0 -13.4 19.0 1.300 0.124 1.083 0.000 6.000 0.732 0.065 O.
163. -5.7 -12.8 38.8 1.553 0.145 1.202 0.000 0.000 0.800 0.074 &.
167. =-5.9 -10.9 34.6 2.108 0.196 1.443 0.000 0.000 0.904 0.084 &.
170.  -5.0 ~12.3 29.8  2.561 0.243 1.621  0.000 0.000 0.947 0.090 4.
175. =-6.1 -11.1 31.8 3.360 0.335 1.902 0.000 0.000 0.950 0.100 0.
176. -6.7 =-12.5 33.1 3.509 0.355 1.956 0.000 0.000 0.958 0.105 O.
177. =7.5 =-12.7 27.0 3.539 0.330 2.008 0.110 0.030 0.966 0.120 0.
194,  =7.4 ~=13.6 16.0 3.258 0.377 2.647 2.243 0.352 1.110 0.282 0.
197. -7.2 =14.0 16.3 3.208 0.412 2.704 2.400 0.417 1.196 0.287 O.
198. =6.8 ~-13.1 12.6 3.141 0.425 2.720 2.436 0.429 1.281 0.288 O.
205. =7.3 -14.5 26.4 2.933 -0.509 2.776 2.514 .58 1.593 ©.289 O.
209. -7.5 ~14.7 36.8 3.086 0.553 2.770 2.477 0.674 1.441 0.286 4.
210, -7.5 ~13.8 35.6 3.137 0.563 2.765 2.462 0.695 1.379 0.284 4.
212. -7.4 -13.9 31.4 3.233 0.578 2.752 2.429 0.736 1,24% 0.281 O,
216, ~-7.32 ~13.9 30.7 3.350 0.591 2.710 2.352 0.818 ©.980 0.275 4.
. 217.  -7.0 =~14.1 36.5 3.364 0.596 2.697 2.331 0.838 0.931 0.273 4.
%22, ~7.5 ~-15.3 30.1 3.281 0.588 2.626 2.227 0.937 0.683 0.264 0.
223, ~7.4 -14.5 31.2 3.233 0.577 2.610 2.206 0.956 0.646 0.262 0.
226. =9.0 ~16,1 == 3.063 0.551 2.565 2.145 1.012 0.552 0.257 4.
238, -9.0 «15.8 32.5 2.258 0.438 2.460 1.924 1.217 0.363 0.249 4.
242, =9.2 ~15.3 30.8 2.086 0.457 2.455 1.860 1.276 0.332 0.244 0.
245. -8.8 =-14.9 30.5 1.948 0.471 2.450 1.815 1.318 0.318 0.242 4,
247. -9.1 =14.7 28.5 1.846 0.480 2,445 1.786 1.343 0.312 0.240 0.
249, ~-10.4 =-16.0 25.6 1.746 0.490 2.440 1.759 1.368 0.309 0.238 O.
253, ~4.9 =-12.5 31.0 0.395 0.213 0.470 0.000 0.000 0,000 0.000 1.
256. ~=5.5 1.

~-14.7 27.0 0.443 0.261 0.470 0.000 0.000 0.000 0.000

~-- CODE EXPLANATION ==~

0 -- NORMAL DATA

1 -- POST-HARVEST | _

3. ~= WINDY DURING DATA ACQUISITION
_ 4 -- RECENT HEAVY RAIN

S i e e Sy - oy -
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JULTAN SIGMAO SIGMAO SOIL

DATE

140.
142,
148.
149.
160.
163.
167.
169.
170.
194.
197.
198.
202.
204.
209.
210.
211.
216.
219,
222.
223.
226.
236.
242.
245.
247.
249.
252.
258.
259.

v

-4.3
-4¢2

I 11
(== -]
L] n 1 [ ]

1
- , L] - »

1001
hlo\uuCtQLB:L-;aurc:a;gx»a~:&r¥~oa;~b;o>c:h::-&:ask*klua

L}
-

Vi

~-12.7
~12.6
~13.1

-16.5
~13.9
-13 -_1
-14.0

~13.6
-14.1

~15.0
~14.0
=-16.1
~13.8

! "13‘8.

-12.8
-14.3

-14.2
=-12.6
- =14.6
~13.1
~14.0
~13.9

~13.8

-12.9
~15.5.

-14.2

-14.2 ==

MOIS

34.0
35.1
25.0
31.1.
35.5
35.4
33.9
28.8

-12.4 41,7

15.8
16.5
11.3
33.3
30.6
73.8
38.1
43.2

-12.4 39.4

39.4
37.

30.1
37.0
19.3

3617
28.2
34.0
28.7
. 20.8

CORN FIELD # 10

= STALK=~-
FRESH DRY CANOPY

~ BIOMASS

0.041

‘0.052

0.321
0.392
1.360
1.678
2.129
2.365
2.487
2.251
2.203
2.188

2.237
2.390
2.419
2.456
2.592
2.619
2.603

2,647

2.658
2.667

' 2.687

2.723
2.763
2.665
2.998
3.339

3.484

0.008
0.009
0.045

0.053

0.137
0.163

0.202

0.217
0.227
0.346
0.414
0.426
0.498
0.520
0.571
0.570
0,578
0.577
6.551
0.535
0.532
0.529
0.528
0.528
0.528
0.528
0.528
0.528
0.516
0.516

HEIGHT -

0.209
0.296
0.576
0.624
1.172
1.320
1.510
1.602
1.647
2.462
2.522
2.53¢
2,599
2.623

.2.665

2,671
2.675
2.687

. 2,685

2.677

2.661
2.608
2.587
2.585
2.585
2.585
2.585
2.585
2.585

--- CODE EXPLANATION --=
0 -- NORMAL DATA
1 ~- POST~HARVEST

3 -~ WINDY DURING DATA ACQUISITION
4

o

--FRUIT---
FRESH DRY
BIOMASS

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2.456

2.582
2.614
2.693
2.710
2.707
2.701

2.693

2.637
2.593

2.542

2.523
2.464

2.231

2.195

2.160
2.140 .
2.105 .

2.040
1.970

1.920

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.385
0.457
0.485
0.606
0.673
0.849
0.886
0.922
1.100
1.201
1.293
1.322

1.398

1.428
1.483
1.490
1.497
1.520
1.517
1.520
1.530

FRESH DRY
BIOMASS

0.054
0.064
0.309
0.361
0.798
0.864
0.913

0.920°

0.920
1.621
1.344
1.300
1.265
1.251
1.194
1.170
1.143

0.985

0.888
0.797
0.768
0.689
0.486
0.395

.. 0.355

0.330
0.305
0.270
0.208
0.199

0.010
0.011
0.044
0.049
0.081
0.084
6.087
0.095
0.100
0.227
0.242
0.247
0.250
0.257
0.260
0.261
0.262
0.268
0.273
0.278
0.279
0.283
01.290
0.284
0.277
0,271

-0.263

0.249
0.208
0.199

CODE

0.
0.
4,
a.
0.
4,
4.
4.

4.
0.
0.
0.
Q.
0.
&,
4.
0.
[Fo
4.
0.
40
0.
c.
0.
0-.
0.
0.
0.
0.
0.

SRR VPSP



SOYBEAN FIELD # 1

== ~PLANT -~ \
. JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY CODE
DATE VW  VH MOIS  BIOMASS = HEIGHT

141. =9.4 =23.6 -~ 0.046 0.017 0.020 O.
146. =-10.3 -24.3 .28.2 0.065 0.019 0.023 0.
147. -8.1 ~17.0 20.4 0.068 0.020 0.023 0.
148. ~-8.8 -17.0 22.9 0.072 0.020 0.023 0.
154, ~6.5 =-14.3 36.3 0.092 0.020 0.023 4.
155. ~6.6 =-14.8 31.4 0.095 0,020 0.028 4.
156. -10.8 -19.9 28.4 0.099 0.020 0.03% O.
160. =-11.0 =-19.5 23.7 0.112 0.020 0.067 0.
163. =~-8.3 ~15.8 32.3 .0.122 0.021 0,102 4.
167. =5.5 =~16.1 36.0 0.136 0,022 0.159 4.
169. =-6.3 =15.0 24.4 0.143 0.022  0.192 4.
170. =3.7 ~12.7 31.8 0.147 0.023 0.208 4.
176. ~-8.6 =15.3 25.2 0.178 0.027 0.318 O©.
183. =5.9 =~11.8 32.9 0.217 0.034 0.457 0.
194. «6.3 =~12.5 7.7 0.838 0.143 0.672 0.
196. -6.0 =~12.0 10.7 1.091 0.189 0.709 O.
197. =5.0 -12.7 -6.0 1.226 0.215 0.727  O.
201, =-6.3 ~11.8 32.1 1.800 0.322 0.795 4.
204, =5.1 ~11.3 27.2 2.262 0.414 0.842 O.
209. -8.0 -16.4 40.2 3.053. 0.571 0.912 4.
210. ~7.4 ~16.0 40.7 3.2i2 0.604 0.925 4,
211, =6.7 =13.9 34.4 3.367 0.633 0.937 0.
215. ~-8.3 ~14.5 35.8 3.982 0.757 0.980 O.
218, =5.9 =13.8 43.7 4.418 0.844 1.008 4.
'222. ~6.2 ~13.0 34.0 4.954 0.951 1.037 O.
224, =5.7 -12,6 30.6 5.202 1.004 1.049 0.
225. ~7.2 ~14.1 46.9 5.316 1.026 1.054 0.
236. =5.3 =11.4 1l4.7 6.255 1.239 1.078 0.
240. -5.,9 ~-12.8 32.1 6.431 1.299 1.075 0.
242, =5.2 =12.4 27.3 6.487 1.330 1.071 0.
244, =6.3 =13,0 -~ 6.523 1.363 1.066 4.
246, =5.2 -11.4 33.1 6.538 1.399 1.060 O.
251. =5.6 =12.1 31.8 6.485 1.498 1.043 4.
253. ~6.3 =~12.0 28.4 6.428 1.543 1.035 0.
256. =4.9 =10.7 26.2 6.304 1.614 1.023 0.
258. =5.8 ~12.4 23.4 6.199 1.668 1.016 0.
259. ~6.9 =~13.0 24.7 6.146 1,702 1.012 Q.
260. =5.9 -11.6 16.0 6.076 1.726 1.009 O.
264. =5.4 ~11.5 14.1 5.780 1.855 0.998 0.
266. =5.9 =10.5 13.2 4.750 1.800 0.994 0.
271. ~5.0 -9.7 26.7 4.095 1,770 0.993 O.
275. =6.5 =11.2. 23.4 2.950, 1.750 0.993 4.
. 278. =5.4 =-10.6 32.0 2.350 1.700 ©.993 0.
280, ~7.2 ~13.2 26.8 1.823 1.650 0.993 0.
287. =6.5 =11.7 39.4 1.811 1.520 0.993 4.
292, ~6.8 -14.0 30.7 1.774 1.450 0.993 0.
294. ~=7.6 -15.5 27.0 0.068 0.065 0.050 1.
206. =9.6 =~19.7 == 0.100 0.097 0.050 1.
' 278
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SOYBEAN FIEID # 2

~--PLANT---
JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY CODE
DATE WV VH MOIS BIOMASS  HEIGHT

141. -3.3 ~17.8, -- . 0.041 0.011 0.010 O.
146. -8.7 =16.7 27.7 0.061 0.016 0.015 4,
147. =11,5 =21.4 24.4 0,065 0.017 0.020 0.
148. -12.0 ~-21.2 26.3  0.06%9 0.018 0.023 0.
154. -8.4 ~18.9 31.1 C.093 0.024 0.026 4.
155, -8.8 -18.9 29.6 0.097 0.025 0.032 4.
156. =~13.9 =-22.1 25.2 0.097 0.02z 0.040 0.
-16G. ~-10.2 =-20.1 21.3  0.109 0.022 0.080 0.
163. ~8.5 ~-16,5. 25,2 0.117 0.021 0.120 4.
167, =-7.6 =-14.4 26.6 0.130 0.022 0.182 4,
169. -6.8 -~14.2 24.6 0.137 0.023 0.217 4.
170. -6.3 ~-12.6 22.3 0.133 0.016 0.236 &,
176, =-6.4 -12.8 26.7 0.219 0.047 0.353 O.
183. ~4.9 -10.3 28.0 0.352 0.093 0.502 0.
194, ~5.8 ~-12.5 8.4 1.255 0.282 0.736 0.

- 196. -5.7 =12.4 3.4 1.272 0.290 0.776 0.
C197.  -7.4 =12.7 6.7 1.300° 0.300 0.796 0.
201, ~4.5 =12.3 20.8 1.522 0.330 0.873 4.
204. -6.6 =~13.0 12,5 2.023 0.405 0.926 0.
209. =-6.7 ~14.5 6.6 2.818 0.490 1.008 0.
210. -7.4 ~-15.0 28.9 2.970 0.505 1.023 0.

- 211.  =5.7 -13.0 35.8 3.114 0.514 1.037 O.
215. ~5.2 =11.8 30.6 . 3.661 0.553 1.090 O.
217. =5.9 -13.8 27.3 3.910 0.571 1.114 0©.
219. =7.1 =-12.4 28.0 4.144 0.593 1.135 4.
223. =-6.7 =-12.8 30.2 4.564 0.653 1.172 O,
225. ~7.5 =14.2 22.7 4.750 0.693 1.187 0.
236. ~5.2 =11.8 12.2 5.493 1.121 1.233 0.
240, =5.3 ~-12.8 19.4 5.651 1.373 1.234 0.
242, =4.7 =11.1 16.1 5.699 1.510 1.232 0.
244, -5.2 =-11.8 22.8 5.737 1.664 1.229 @.
246. =5.1 =11.7 16.9 5.758 1.825 1.224 O,
251. =6.4 ~13.1 54.6 5.721 2.243 1.204 &4,
256, - =5.,2 ~10.0 14.5 5.526 2.625 1.178 0.
258. ~-5.8 =-10.9 16.5 4.281 1.640 1.166 O,
260, =6.6 <~11.5 10.2 2.500 1.400 1.154 0.
264,  =~7.4 =11.9 6.4 1,500 1.279 1.128 O.
266, ~9.2 =-13.6 7.4 1.330 .1.279 1.115 O,
271, -8.0 -~14.5 16.4 1.250- 1.157 1.084 0.
275. =7.9 -14.7 15.2 1.200 1.140 1.063 0.
278. =7.5 =14.3 21.2 1.190 1.120 1.051 O.
280. ~7.5 -14.9 14.4 1.181 1.103 1,045 0.
287. -6.8 -14.7 22.7  1.179 1.087 1.044 0.
292. -=7.0 ~-13.7 23.1 1.099 1.010 1.044 0.
296. -9.4 ~17.5 20.2 0.752 0.667 1.044 O,

279




SOYBEAN FIELD # 3

~=~PLANT~~~ ,
JULIAN SICMAO SIGMAG SOIL FRESH DRY CANOPY CODE
DATE W VHE - MOIS BIOMASS  HEIGHT

141, «6.7 =21.3 45.4 0.024 0.006 0.030
146. =14.4 =-21.7- 31.2 " 0.045 @.01Z 0.060
147. =1€.8 ~24.8 24.4 0.047 0.011 0.090
- 148. ~15.8 =24.0 26.8 0.049 0.010 0.100
‘154, ~12.4 =20.3 33.1 0.140 0.016 0.110
155. =-11.3 =~18.,8 29.0 0.160 0.018 0.120
156. ~13,3 =~21.3 31.0 0.180 0.020 0.130

* L2

»

POORPFDOO0O

160. -8.6 =-16.3 23.4 0.240 0.025 0.150
163. ~4.7 =12.4 28.4 0.250 0.030 0.160
167. -6.8 ~11.5 32.9 0.360 0.047 0.177 0.
16%. =-6.5 ~13.6 26.5 0.407 0.054 0.245 O.
170. ~5,2 =-10.7 27.4 0.430 0.065 0.278 4.
176. ~5.7 -13.3 24.9 0.500 0.096 0.453 O,
177. =5.9 =12.5 24.2 0.587 0.106 0.479 0.
194. -5.0 -12.5 6.3 2.029 0.434 0.805 O.
196, =-5.4 -12.6 6.0 2.100 0.439. 0.830 0.
9. ~€.4 -13,5 7.8 2.561. 0.531 0.853 0.
203. ~-6.5 =-13.7 30.4 3.269 0.644 0.901 0.
204. -6.7 -13.8 22.9 3.528 0.688 0.909 0.
209. ~6.3 -14.9 35.1 4.780 0.884 0.942 &,
210. ~6.5 ~=14.2 32.2 5.022 0.924 0.948 0.
211, =-6.1 =13.3 32.0 5.253 0.956 0.953 0.
215. =5.4 ~-12.4 30.6 6.132 1.092 0.969 4.
218. -6.5 -12.9 37.9 6.729 1.198 0.978 4.
219. ~=7.0 ~-13.6 34.6 6.909 1.230 0.980 4.
222. =5.7 -13.0 34.2 7.416 1.342 0.985 0.
223. ~7.0 ~-13.0° 27.7 7.573 1.386 ©.987 0.
225. =-6.6 =13.2 26.3 7.855 1.469% 0.989 0.
236. ~5.3 ~11.9 14.9 8.862 2.118 0.9%0 0.
240. -5.7 ~-11.5 31.0 8.992° 2.437 0.988 0.
242, ~-4,3 ~10.5 23.1 9.011 2.613 0.987 O.
244. -6.1 -12.3 33.2 8.987 2.786 0.987 4.
246. =-4.8 -11.9 29.0 8.931 2.965 0.987 0.
251, =5.3 =-10.6 =~-- 8,667 3.441 0.987 4.
253. -4.1 ~8.9 28.4 8.481 3.605 0.987 Q.
. 256. ~4.0  -8.6 28.4 4.900 2.800 0.987 0,
258, -5.0 =10.9 29.0 4.000 2,000 0.987 0.
259. ~5.5 =10.0 16.6 3.511 1.907 0.987 0.
261. =6.6 =10.4 18.0 2.862 '1.700 0.987 0.
264, «=6.1 =-11.7 18.2 2.500 1.630 0.987 0.
266. =6.7 ~11.6 15.9 2.300 1.630 0.987 0.
271. -7.0 =-11.3 25.7 °2.000 1.600 0.987 0.
275. -6.6 =-11.9 24.1 1.800 1,560 0.987 0.
278. -5.3 -10.5 28.5 1.700 1.530 0.987 0.
280, -6.2 0.

-12.0 20.5 1.600 1.500 0.987

280
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SOYBEAN FIELD # 4

et S

—_—

]
R

~- NORMAL DATA
~= POST-HARVEST

4

CODE EXPLANATION «--

0

1

3 ~~ WINDY DURING DATA ACQUISITIOH
4 -- RECENT HEAVY RAIN

pn-—c-----—-———-n--h-----

~==PLANT=~~
JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY CODE
DATE W VH  'MOIS BIOMASS HEIGHT
154. -9.0 =-19.5 30.4  0.077 0.020 0.030 4.
155. =9.9 -19.8" 31.0 0.075 0.015 0.050 4.
156. =12.0 =~22.7 26.0 0.077 0.014 0.060 O.
161. =15.1 =~22.3 15.2 0.093 0.015 0.070 O.
163. =-10.9 ~-18.5 30.8 0.098 0.01%4 0.080 4.
166. =10.9 =-18.8 == 0.113 0.020 0.100 4.
167. =11.1 =17.7 21.2 0.126 0.030 0.110 4.
170. =7.0 <~14.3 22.7 0.141 0.036 0.120 0.
175. =~6.9 =-13.3 14.9 0.132 0.031 0.135 0.
176. =-9.3 -17.6 17.0 0.160 0.037 0.131 * O.
183. ~5.5 =~11.3 25.3 0.402 0,087 0.178 0.
194. ~4.8 =12.4 6.5 1.055 0.232 0.415 0©O.
196, -6.2 =~13.2 5.8 1.212 0.268 0.469 0.
197. -5.6 <13.2 5.3 1.429 0.316 0.496 0.
208. =-6.8 ~-15.3 31.2 4.241 0.929 0.797 4.
209. =6.,2 =-14.9 27.3 4.542 0.990 0.822 4.
210. ~5.8 =~13.8 24.3 4.843- 1,051 0.846 0.
212. =-6.8 -15.3 22.0 5.431 1.162 0.894 0.
215, =6.3 -13.5 25.6 ° 6.282 1.313 0.959 O.
218, -6.8 ~13.8 30.5 7.073 1.436 1.016 4.
219. =5.7 ~12.8 25.0 7.323 1.472 1.033 4.
222, =6,1 =-13.8 21.0 8.011 1.554 .1.079 0.
226, =7.6 =-13.5 19.9 8.793 1.627 1.125 4.
238. =6.3 =13.6 25.4 10.100 1.707 1.166 0.
242, -5.9 =11.3 18.5 10,211 1.777 1.151 oO.
245. -5.5 =-1Z.0 24.8 10.195 1.866 1.133 0.
249. +5.6 =11.7 16.2 10.073 2.075 1.102 O,
253. =~5.5 =10.9 21.7 9.818 2.376 1.069 0.
256, =4.0 ~12.0 18.2 9.561 2.687 1.044 0.
259. =6.7 ~10.9 11.4 9.232 2.700 .1.023 0.
260. =-6.0 =11.4 9.8 9.099 2.813 1.017 0.
264. =4.8  -9.7 7.7 8.000 2.989 1.002 o,
266, ~6.3 ~10.5 9.1 6.900 2.900 1.002 0.
271. -6.6 <-10.6 18.6 3.351 2.758 1.002. O.
273, =6.7 ~11.8 - 15.5 2.944& ZI.745 1.002 0.
275. =7.5 =12.4 17.7 2.768 2.650 1.002 4.
278. =7.1 -12.8 22.3 2.682 2.562° 1.002 0.
- 280. 0.2 ~-17.6 18.9 0.067 .0.064 0.050 1.
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JULIAN SIGMAO

DATE \'A'

203.
205.
216,
223.
224,
226.
242,
249.
256.
259.
260,
264.

266. .

271.
273.
275.
280.
294,
296.
301.

315.

-7.9
~9.8

,

11
ooy
imh:£~¢~Ulc\u:a>c:u:¢-axaou:u:o:k-u:m:

I A N A R |
. .

SOYBEAN FIELD # 8

SIGMAO SOIL

VH

-16.2
~17.1
-12.4
-12.6
-12.8

-13.0

-12.3
-12.9
-11.0
~12,5
~12.7
-11.6
-11.5
-11.3

-9.1
~11.8
-12.1
-14.3
-14.9
-15.2
~15.8

MCIS

37.3
34.0

31.8

35.2

30.6
27.9

23.3 -

22.1
19.4
18.4
16.7
27.5

22.2

25.7-
23.6
31.5
33.0
31.1

=== CODE EXPLANATION --=
0 -- NORMAL DATA

1 == POST-HARVEST
3 -~ WINDY DURING DATA ACQUISITION

4 -~ RECENT HEAVY RAIN

B % AR Y S S - - L TY

- 284

|
r
|
_ i
~==PLANT~=~ <
FRESH DRY CANOPY CODE
BIOMASS  HEIGHT M
{
0.124  0.024 0,211 4 i
0.148 0.028 0.220 O.
0.273 0.051 0.351 4, ;
0.416 0.080 0.473 0. i
0.425 0.083 0.492 0. |
0.450 0.088 0.528 0. :
0.790 0.159 0.776 O. E]
0.926 0.181 0.840 0. -
1.011 0.191 0.872 0.
1.028 0.192 0.876 0. E]
1.031 0.193 0.876 0.
1.032 0.195 0.871 0.
1.025 0.197 0.866 O. 71
0.988 0.204 0.847 O. |
0.966 0.210 0.838 O.
0.939 0.215 0.828 O, 1
0.860- 0.237 0.827 0. ﬂf
0.529 0.297 0.822 O,
0.459 0.288 0.822 O. |
0.343 0.277 0.822 0. (]
0.030 0.027 0.050 1. %

N st SR vt B
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SOYBEAN FIELD # 9
‘ . m=e=PLANT~==
JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY CODE
DATE VA VH MOIS BIOCMASS HEIGHT

0.193 0.036 0.332

205. ~9.0 -17.3 9.3 0.
208. ~6.8 -12.1 30.0 0.411 0.080 0.416 4.
210. =5.8 =-14.2 20.7 0.585 0.116 0.471 4.
212. ~6.4 =-14.4 18.8 0.733 0.147 0.523 0.
215. -7.0 =-13.3 19.0 0.912 0.187 0.597 O.
218. ~=5.9 -14.2 29.1 1.044 0.216 0.666 4.
219. ~6.9 =-14.2. == 1,079 0.224 0.688 0.
223. -6.8 -12.8 12.6 1.175 0.246 0.767 O.
224, =5.5 =-12.6 12.1 1.190 0.249 0.785 0.
226. ~-5.5 =12.3 17.8 1.209 0.253 0.819 0.
238, =6.7 ~13.3 21.7 1.131 0.234 0.957 4.
242. -5.6 =-11.3 18.3 1.064 0.222 0.980 O.
245. -5.1 =-11.6 21.7 1.009 0.214 0.989 0.
249. ~5.2 -11.9 15.4 0.934 0.205 0,993 O.
253. ~5.3. -11.0 19.0 = 0.863 0.199 0.988 O,
256. =45 ~11.2 16.7 0.813 0.198 0.980 O.
259. =5.6 -12.3 15.0 0.769 0.200 0.969 O.
260. -5.1 =-12.0 8.8 0.755 0,201 0.964 O,
264. =4,9 -11.0 8.5 0.707 0.211 0.946 O.
266. =~4.8 =-9.8 5.1 0.687 0.218 0.937 O.
271. ~4,8 =10.4 18.8 0.647 0.245 0.916 O.
273. ~5,0 =8.9 9.7 0.635 0.240 0.910 - Q.

275. -=6.6. -10.6 16.5 0.624 0.240 0.906 0.
278. =-6.1 =-10.6 19.3 0.610 0.230 0.906 0.
280, =~7.1 =12.5 15.7 0.601 0.220 0.906 0.
287. =6.9 . -12.1 22.9 0,531 0.190 0.906 4.
292, -8.3 ~16.6 18.6 0.198 0.178 0.906 0.
294. ~9.6 -18.7 17.1 0.237 0.160 0.906 0.
206. -12.0

-21.3  14. 0.136 0.133 0.050 1.

~-- CODE EXPLANATION ==

0 =~ NORMAL DATA

1 == POST-HARVEST

3 -- WINDY GURING DATA ACQUISITION
4 -~ RECENT HEAVY RAIN




JULIAN SIGMAQ

DATE WV

204.
205.
208.
211.
212.
216.
218.
219,
224.
226.
238.
242.
245,
249,
253.
259.
260.
266.
271.
273.
275.
278.
280.
287.
292.
294.

301.

-6.8

L 7 T SR I I A |
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UMM GANGLoOCOUNOUTWSI O SOV W

t 1
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SOYBEAN FIEID # 10

SIGMAO
vH

-12.7
-~13.6"
-11.2
-13.5
-13.6
-11.4
~11.3
-11.8
-12.0
~-12.0
«12.4
~-11.0
-12.5
~13.1
-11.5
~-13.0
-13.1
-11.7
~-11.8
~10.4
-12.1
-10.8
-12.1
-10.0
-12.5
~15.9
-16.1

SOTL
MOIS
18.5
23.2
27.8
24.2
22.5
27.5
20.0
26.3

17.8

16.3
19.7

215

'0.200 0.040 0.239

- 0.540 0.193 0.935

N
m .
WWWWN~ -~

~~~PLANT-~~
FRESH DRY CANOPY - CODE
BIOMASS  HEIGHT

0.180 0.035 0.220

0.240 0,049 0.297
0.300 0.052 0.353
0.300 0.055 0.372
0.320 0.060 0.444
0.330 0.063 0.479
0.340 0.066 0.496
0.352 0.069 0.577
0.364 0.073 0.608
0.476 0.115 0.764
0.522 0.131 0.805
0.555 0.141 0.832
0.597 0.153 0.863
0.632 0.160 0.888
0.670 0.164 0.916
0.675- 0.165 0.919
0.689 0.164 0.934
0.685 0.166 0.939
0.680 0.169 0.939
0.673 0.173 0.939
0.660 0.183 0.937

0.420 0.200 0.927
0.350 0.210 0.921
0.290 0.200 0.920
0.131 0.229 0.920

OQO&OO&‘OOOOOQADOO-&#O?‘-&\OPPPP?

-=~ CODE EXPLANATION ~---

WO
1
1

RORMAL

POST-HARVEST

DATA

WINDY DURING DATA ACQUISILION
RECENT HEAVY RATH




SOYBEAN FIEID # 11

~==PLANT =~
- JULIAN SIGMAO SIGMAO SOIL FRESH DRY CANOPY CODE
DATE VW  VH MOIS  BIOMASS  HEIGHT

203. -8.6 ~17.9

0.460 0.060 0.060 O.

215. =-6.6 ~13.6 25.5 1.076 0.178 0.603 0.
217. =5.4 ~12.0 28.2 1.452 0,222 0.665 4.
219, ~6.5 -14.2° -= 1.453 0.251 0.723 0.
223, 4.6 «12.9 12.2 1,449 0.287 0.822 0.
240. -6.9 =12.5 19.3 1.317 0.262 1.044 0.
242, =6.6 '-12.5 30.2 1,291 0.257 1.052 O.
244. -6.5 -13.1 21.4 1.263 0.254 1.057 O.
246. ~5.0 ~11.4 17.1 1.234 0.253 1.059 O.
251, ~6.0 -12.3 22.5 1.153 0.261 1.054 0.
256. ~7.6 ~12.1 .8.2 1.058 0.278 1.038 0O
258. ~7.5 =-13.3 6.2 1,016 0.288 1.029 O.
260. <7.4 -14.8 5.5 0.971 0,297 1.020 O.
261, -7.1 ~13.3 5.3 ~0.948 0.303 1.015 O.
264. -6.2 =~1l.2 4,7 0.872 0.314 1.002 O.
266. -5.6 ~10.8 3.9 0.817 0,319 0.993 O.
271. =5.9 ~11.4 15.5 0.662' 0.317 0.977 O,
275. ~-7.3 =12.9 16.5 0.518 0.288 0.974 0.
278. -7.6 =-12.0 25.8 0.3%9 0.246 0.974 0.
280. -8.1 =-12.% 18.7 0.318 0.209 0.974 0.
287. ~7.3 =13.5 26.1 0.337 0.255 0.974 4,
292. -8.9 ~15.5 22.1 0.296 '0.258 0.974 0.
294. =10.7 =-17.0 19.3 0.029 0.026 0.050 1.
296. =13.7

“22.5 == 0.034 0.031 0,050 1,

~=~ CODE EXPLANATION -~~~

0 -~ NORMAL DATA

1 -~ POST-HARVEST |

3 == WINDY DURING DATA ACQUISITION
& ~~ RECENT HEAVY RAIN

e P T g i K e s e S e e g
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APPENDIX C
SIMPLIFICATION OF THEORETICAL MODELS
The-backscatteniﬁg from agricuitural targets has been
rigorously modeled from the theoretical standpoint in an effort to
explain expérimentaT résu]ts aé well as to determing scattering
sources. These medels begin with Maxwell's equations and evolve
intc scattering models using the target's physical properties as
inputs. In tﬁe c-urse of this evolution, it ﬁas been .necessary to
make certain assumptions to reduce the mathematics to a
"reasonable” degree of complexity. As shown below, the resulting
models areASt€f1 far too compiex for most users, which renders
them largely ineffective. It is for this reason that empirical
models of the full theoretical nndeTs‘based upon numerical cesuTté
are prasented.

The case of microwave backscattering_from agricuitural

- targets 1s commonly modeled as a lossy, 5catter1ngrvo1ume over a

rough, lossy surface. For this reason it will be necessary to
treat this case in two steps: (1) the surface component and

(2) the volume component.u In addit16h, a third component, the
surface-volume interaction comboneht 1s present and must be dealt

with as well.

Surface Models

~ Soil-surface conditions in the microwave portion of the

“electromagnetic spectrum meet the requirements of three of the

vthebfetica1 supface scattering mudels. Below, each is described

briefly and in the last one, simplification through
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empirical modeling is presented as well. For a more rigorous
description as well as a derivation, see Ulaby et al. (1982),
Chapter 12. In all cases it is assumed that . = 1, and that only

fncoherent backscattering is considered, unless otherwise noted.

Small Perturbation Model

The requirements for the application of this model are
(i) that the surface height standard deviation be much smaller
than the wavelength, j.e., ko < 0.3, and (ii) that the RMS slopé
of the surface be small, j.e., m < 0.3. Here, k is the wavenumber
in~ffeefspace and equals 2w/A, o is the surface height standard
deviation, m is the RMS slope of the surface and is defined here
as Y2 of/L, where L is the surface correlation Tength. This
imp1igs that L > 4,71 o, If a Gaussian correlation coefficient of
the form exp (-z2/L2) s assumed, which carresponds to an
isotropic roughness spectrum, this model predicts backscattering

- of the form

0‘0

g = 4(k 0)2(kL)2cos*8 exp[- (kL Sine)zjlﬂpqlzv | - (C.1)

where p,q denote received and transmitted.po]arizations, :
respectively. The incidence angle, relative to nadir is given by

®, and the a's are as follows

% = R o (C.2a)

( )'sinze_- e (1 + sin2e)
Vv r . L‘ercose + ‘(Er - sinZe)/z ]2

o289




(e~ 1)tanZs.
-y T e (€200

avh =ahv = 0, . | o (COZC)

where €. denotes the relative dielectric constant of the soil
surface, %l‘ahd R‘\ denote the Fresnel reflection. coefficients fot
a plane dielectric surface for perpendicular and parailel
poTarizations,‘ahd Tll is the Fresn91~transmiss%on coefficient for
parallel polarization. At the end of this section a simplified
expression for l“vv[zs as well as the original Fresne} reflection
coefficients will be presented. Further simplification of the

small perturbation model is not required.

_Kirchhoff_Stationary-Phase Approximat%on
~ The remaining two modé1s share the same evolution up to a
point, after which differing assumptions vere made for different
conditions. The Kirchhoff stationary-phase model has two
restrictions, namely, that.ka'>‘2 and kL > 6, which mplies a
restriction on the RMS slope of m >70{47. This model takes ther

form for the backscattering case of
o : NN 2 2 .
[R_(0)]2 e~tAN7/20%

pp.
PP om2 cos* 6

Q
1}

=0  for ptq ,
where p,q denote received and transmitted polarizations, and
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Rpp(O) is the Fresnel reflection coefficient at normal
incidence. Clearly, oﬁv and Ugh could be equivalent. Again,

further simplification is not necessary.

Kirchhoff-Scalar Approximation

‘This model also has certain restrictions that kL > 6 and
m < 0.25, which implies that o < 0.25L. If we assume an
exponential surface correlation function, e“;/L, the expression

for backscattering is

o° =-2[Rpp|2-c0526 exp[~4k 2o%cos 26]

PP
@ 2 2nne20 . , ‘

| z_, (ak onTos 8" n/kl_ - -, (c.4)
n=l [4 sinZo + ] 1-5

kL)?

where Rpp is the Fresnel reflection coefficient for pp

polarization and © is the angle of jncidence. Polarization is the
o .

°pq

Clearly, the infinite summation makes the computation

only factor in the_Rpp term; therefore, =0 for p#q.
difficult at best; however, upon cTose-ekamination-it is-appafent
that only the first ten or so terms are significant. Table C.1

lists the RMS error, maximum and minimum error, and the

- correlation coefficient (r?) as the summation is made up to eight

terms long. The results are from a data set generated by a
program that computes ¢® using many nore terms, beyond which
further terms are insignificant. In establishing the-data set, -

the angles were varied from 5° to 60° 9n increments of 5° with an




- Coherent Backscattering .

additional angle of 1°, the ko term was varied from 0.1 to 0.9 1in
increments of 0.1, and kL took on the values 7, 15, 30, and 60.
As can be seen in the table, Timiting‘the calculation to the first
five terms results in an RMS error of only 0.14 dB and a
correlation of nearly 1. The conditions under which the Targe
underestimation by the truncated model occurs were investigated
and it was found that the errors are most s1gn1f1cant

for 59 < 8 < 309, with the worst case being at © = 10°, and that
these errors are least significant for small ko and kL, i.e., when
ko and kL are both at the maximum (0.9 and 60) the extreme errors
appeared. Therefore, as the inputs approach those yielding
significant errors, it may be desirab]e to include additional
terms in the summation, whereas for inputs away from this area,
few terms are necessary.

Plots of normalized ¢© versus the varijous parameters for all
three models are shown at the end of this appendix along with
tabulations of theoretical values used in derjving the empirical

model giyen above. )

~So far, all the surface scattering models have dealt with
incoherent backscattering.. For most cases, this is the only term
of significance. However, for sufficiently smooth surfaces near

nadir, a term accounting for coherent backscattering is

~ necessary. Because closed-form expressions exist, simplifications

| will not be necessary.. Fung and Eom (1983a) presented the

following model for coherent backscattering for small incidence
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[R_ (8)]2 . 2
0 (> pp a2 9
9eoh () . 52 exp[-4kZo i 52 ] (C.5)
PR ) :
k 2R2p2 ¥ 4) \ (szz Bz_+ 4
"0%o 00

Here Rpp represents the Fresnel reflection coefficient, k is the
freespace wave number {zwlk), Ry is the range to the target along
the antenna bore sight, and B, is the one-sided beamwidth of the
antenna. The surface rpughness is characterizéd by ko and 0 is

the incidence angle relative to nadir.

Fresnel Reflection Coefficients

The Fresnel reflection coefficient for a wave impinging on a
plane dfe]ectric surface from free space is denoted by Rpp’ where
pp is the wave polarization; For vertical or parallel
- polarization
& cosé + Ve -sin?e

RVV = r — (C-Gj
€, COSO + {sr'-sinzﬂ

and for horizontal or perpendicular polarization

cos8 - /e ~5in2e

Ry = . (C.7)
i cos® + fer.-sin?e
Since €. may be complex, the'computation of ]RW]2 and [Ry,12

' may be comp1fcated;'thérefore empirical'models'were derived. For
€ compTex it may be expressed as e; - Jep and another quantity
S L et | o .
Toss tangent may now be defined as tans = —& . Herice the

£
r
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following model has as parameters 6, s;, and tand. For vertical

polarization,
Ryyl% = 91(8) « gp(el) * gy(tans) (€.8)
where
g,(8) = 0.7031 + 1.385 x 107 %6 - 1.223 x 107 %e? (C.9a)

(& in degrees)
gy(er) = 6,134 x 1072 + 3.977 x 10‘2(e;) - 4,336 x 10'4(5;)2
(C.9b)

ga(tans) = 0.7942 + 2.277 x 107%(tans) + 0.2014 (tans)2 . (C.9¢)
The product of 91> 9p, and gg is the magnitude of the Fresnel
reflection coefficient squared, for vertical polarization. The
RMS difference error is 0.02 and r2 is 0.98.
For horizontal polarization

|th12 =hy(€) » hy(el) « hs(tans), where (C.10)

hy(8) = 0.6613 - 5.707 x 107*e + 9,307 x 1075 2 (C.1la)

(8 in degrees)

hy(el) = 0.2532 + 3.803 x 10"2(s;) - 4,525 x 10‘“15;)2 (Ce11b)

294




hs(tanﬁ) = 0.7475 + 1.653 x 10" 2(tans) + 0.1291 (tans)2.
' (C.1lc)

The product of hy, hy, and hg is the magnitude of the Fresnel
reflection coefficient“squared-for horizontal polarization. the

RMS difference error is 0.03 and rZ is 0.96.
A similar model was derived for |e,,|Z for use in the small
perturbation model. This empirical model has the form

avv[z = b,(8) * by(el) + by(tans), (C.12)

where

b, (®) = 0.6642 - 2.959 x 10 %62 + 8.874 x 10563 (C.13a)
(8 in degrees) |
b,(e!) = 2.983 x 107* + 7.790 x 1072(el) - 7.259 x 107%(g!)2
(C.13b)
ba(tané) = 0.8224 + 2.521 x 107%(tans) + 0.2630 (tans)2.
| {C.13c)

| The product of by, by, and by is an estimate of [ oy 12 with
an RMS difference error of 0.53 and an r2 of 0.98.
In deriving all three models, the ranges on 8, s;, and tané

are 0 < ©<60% 5 < e <455 0 <tans < 0.6,

Volume Backscattering Model

in.Chapter 13 of Ulaby et al. (1984) the case of scattering
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by a Tossy-scattering volume over a surface is treated, and a
solution via the radiative transfer approach is given. When
applied to a volume having no definable upper surface, as is the
case with a vegetation canopy, this theoretical model takes the
form of a matrix equation ' |

0 Pk (= rem ‘ -m_ .
Tpqlbsks Hpr 0 = ) = 4ng {g.o[s"cos m(e_-¢) + S™sin m(¢.-9)]

co

+ Eol(0" STp) cos m(eg- @) + (07" S;) sin m(og- ¢)]
+ ETE | C.14
ba (c.14)

whefe S, D, E, and T represent matrices. The exact definition and
derivation of each term will not be included here; therefore,
interested readers are referred to Eom and Fung (1983b).
Essehtia11y, the first summation represents the diffuse volume
_scattering, while the second summation represents the diffuse
volume-surface intéraction, The last term (EIE) represents direct
. surface'scattering.

‘Hence, thé above equation may be rewritten in terms of

individual components as

0 0 o 0

~%otal = %urface ¥ %volume ¥ interaction *  (C+15)

The vo1umefis-assumed to have no upper boundary, i.e.,
€1 = 1 and is characterized by enly ‘its optical depth, r,.and'

. its ‘albedo, w.- For a ‘given surface (ko, kL,'sr,-pahﬁ) the
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contribution to the total s easily computed as

o

Soyrface (KOsKLs € stanss 8,1) = of (ko,KL, & ,tans; 8,0)/L2(0,1)

Isurface
‘ (C.16)

where L? represents the round-trip Toss through the canopy at an

angle of © and is written as
1.%2(8,T) = exp(2t/cos8). {C.17)

The °€b1ume term is Tess simple. If we assume that losses due to
scattering and absorption are‘polarization—independent, and that
all scattering within ﬁhe volume behaves.in a Rayleigh phase

. manner, and if we ignorz all but single scattering, the following
equation is obtained:

: cgp =0.75 w [l1-exp(-21/cos®)] cos® -

and _ ' : , l(C.18)

ogq = 0 for p#q, P,q are ¥ and h.

* However, the full theoretical model does not restrict itself to
single scattering cases. This, it turns out, has a small fimpact
on pp polarizations and a major “impact on pq polarizations, i.e.,
0
[+

pq _ _ _ . .
" 'The single scattering fbfm-of'cp';was used in deriving an

{p#q) is no longer zero.

. ‘ PP
empirical model with the following results:




03V ~ cﬁh = 0.742w (1 + 0.536wt ~ 0,237 (wr)?) (C.19)
[1 - exp(~2.1197 sec8)] cosé
and ' '
]

Q
]

vh = w(0.04380T - 0.0175(%)2 + 0.006085(wt)3)
[1 - exp (-11.7277 sec®)] cos®. - {C.20)

The RMS errors were found to be 0.174 dB for Tlike po]arization
{vv, hh) and 2.17 dB for cross polarization (vh}. The correlation
coefficient associated with each model are for like polarization
r2 = 0.9994 and for cross polarization r2 = 0.9748,

~ The ranges of the input parameters used in deriving these
empirical mode1s are as fb]1ows: 8.4% < 6 < 84.50,
0.1 <1< 2.2; 0.01 € w < 0.5, As a note; the peculiar selection
of anales at which o°® is evaluated in the theoretical model is a
result of integration by Gaussian quadrature, which reduces the

required processing considerably.

Surface#Vo1ume Interaction Model

~ The surface-volume interaction backscattering is also

. computed using Eq. (C.14). As a simple first-order approximation,

the following model has been proposed.as an estimate

'U%m(a)=2%m(mWMﬁszeTﬂmsf’ .__a..(mzm
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where °v01(e) is the volume backscattering coefficient, Rpp( ) s

the Fresnel reflection coefficient at polarization pp and
incidence angle 8 One factor not accounted for in this simple
approach is surface roughness. If we assume that the surface
portion of the interaction comﬁonent is dominated by forward or
specular scattering, then we may model the roughness dependence as
for coherent backscattering, i.e., with an exp[-(ko)Zcose]
dependence. Incorporating this dependence into Eq. (C.21) as well
as a model cf'rhe-fonn of Eq. (p.19) to represent 01 s we have a
basis for O?nt. |
Prior to optimization of the free model parameters to obtain
a "best fit," an 1nvest1gat1on into the sigrnificance of o int
Eq. (C.15), was made. For the ranges of 8, 1, w, and ko

n °£ot ’

used in obtaining‘these empirical models, the difference in

CO 0

tot and cvo] %surface? 1°8*»
polarization rarely exceeds 1 dB, whereas for HH polarization the

. 0
°t ¢ neglesting Cint for VV

difference frequently exceeds 3 dB. For VH polarization,
“?nt usually dominates og & Therefore it was decided that an

empirical model for of . in W polarization is not necessary. For

int

“the remaining polarizations (HH and VH) the model was optimized,

and the results are shown below.

| HH = 1.924 w[1 + 0.924ut + 0. 398 (wr)2]
[1 - exp(-1.9257 secs)] exp(-1. 37211 12
-exp[-0.836(kc)'2c056]'!th]2 cosé (C.22)

sech)

°3H =.0,01284 w[l + 7.888wt + 7.896(wt)2]
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[1 - exp(-6.915T sec8) ] exp(~1.02411°385ec6)

exp(2.892(kc)%cos ) 1/2[[RW]2 + ]th']z] cos® - {c.23)

The RMS errors were found to be 0.233 dB and 1.247 dB for HH and
VH polarizations, respéctiye?y; while the correlation coefficients
(r?) were found to be 0.9989 and 0.9775.

The ranges of the input parameters used in deriving these

empirical models are as follows: 8.4% < 6 <62.79;

0.1 <t<2.2 0.0l <w<0.5 and 0.1 < ko < 0.9, The other

necessary input parameters were set to constant values of
“e=15 and kL = 7. The upper Timit on © was Towered to 62.7° in

order to improve the model fits.
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Summary of the Empirical Models

Fresnel Reflectivity [Rj,|?

IRy 12 = 9;(8) * g5(e]) « g5(tans)

where

g4(8) = 0.7031 + 1.385 x 10736 ~ 1.223 x 107%62 (& in degrees)
gz(s;) = 6.134 x 1072 + 3.977 x 10'2(e;) - 4,336 x 10‘“(3;)2
g3(tan6) = 0.7942 + 2.277 x 10 2(tans) + 0.2014 (tans)?

RMS Error = 0.02 r2 = 0,9808, N = 245
[Ryy 12 = 0.961 < [R |2+ 0.0144,. standard error = 0.02

Range of validity: 0 < & <609 5 < e; < 45; 0 < tand < 0.6

[Error]| .. = 0,059

[thl.z = hl(ﬁ) . hz(e;.) . h3(tan5)
where ' ‘
hl(ﬂ) = 0.6613 - 5.707 x 107%e + 9,307 x 107562 (& in degrees)
LA™ 201y o Ut 1\2
hy(el) = 0.2532 + 3.803 x 1072(=!) - 4.525 x 1074(e!)

h3(tan6)

0.7475 + 1.653 x 10"2(tans) + 0.1291 (tans)?2
0.03  r2 = 0.9647, N = 245 '
1th12 = 0.946 |R,, |*+ 0.0274, standard error = 0.03

n

Range of validity: 0 < &< 600; 5 < e; < 45; 0 < tans < 0.6

[Error| .. = 0,096
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ifvvlz
quia = bl(e) . ba(e;) » b3(tan6)
where
by () = 0.6642 - 2.959 x 107362 + 8.874 x 107563 (6 in degrees)
bz(e;) = 2.988 x 107* + 7.790 x 10'2(e;) ~ 7.259 x 10'“(8;)2
b3(tan6) 0.8224 + 2.521 x lo'zftana) + 0.2530 (tans)2
RMS Error = 0.53,  r2 = 0,9840, N = 245

o 1% =0.988 |a |2+ 0,015, standard error = 0.52

Range of validity: 0 < @< 60%; 5 < e; < 45; O < tand < 0.6

[Errorlmax = 1.641 (occurs for large @ and large e;)
. ) “ . 0
Volume Backscattering: %01

o2 = oﬁh = 0,742 «[1 + 0.536{wT) - 0.237(wt)2]

yv
[1-exp(-2.119£ sech)] ¢ose

RMS Error = 0.174 dB, r2 = 0.9994, N = 416

#, = 0.991 o -0.110 dB, standard error = 0.164 dB
Range of validity: 8.49 < @ <84.5% 0.1 < 7 < 2.2;
0.01 < w < 0.5

|Error"lmax = 0.64 dB

oy = o[0.0438(wr) = 0.0175(wr)2 + 0.006085(wr)?]

[1 - exp(-11.7277 sgce)j cos

RMS Error = 2.17 dB, r? = 0.9744, N = 416

“Sh = 0.927 cy, - 2.513 dB, standard error = 1.957 dB

Range of validity: 8.4% < & < 84,59; 0.1 < 1 < 2.2;
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0.01 < w < 0.5

]Ekrorlmax = 8.69 dB (occurs when © is large, T is large)
Surface=Volume Interaction: o2

int

of = 1.924 u[1 + 0.924(ut) + 0.398 (ur)?2]

[1 - exp(-1.925t séce)] exp(-1.372 11‘12

exp[-0.836(k o) %cos 6] IR, 1% cose,

sect)

RMS Error = 0,233 dB8 12 = 0.9989, N = 366

opp = 0.9970 op -0.0901 dB, standard error = 0.232 dB

Range of validity: 8.4% < 6 < 62.7% 0.1 < T < 2,2;

0.01 € © < 0.55 0.1 < ko < 0,9, KL = 7

|Error|max = 2,08 d8  (|Error| exceéds 1 dB only when & = 62.5°
and T » 1.9)

 03h = 0.01284 w1 + 7.848(wr) + 7.896(wr)2]
f1- exp(-G.QiST sece)] exp(w1.02411'385ece)
exp[2.892(k)2cos €] Yo [IR, 12 + [Ry,|2] cos®
RMS Error = 1.247 dB, r? = 0.9775, N = 366
ofy, = 0.9763 o - 0.7592 dB, standard error = 1.235 dB
Range of validity: 8.40 < 0 <62.70; 0.1 < t < 2.2;
0.01 € & < 0.5; 0.1 < ko < 0.9; KL = 7 | |
|Error|,, = 5.22 dB_(occur at both 6 = 8.4° and & = 62.5°;
T > 1.6) .
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Table Ci1

Kirchhoff ScaTar Approximation

~ Exponential Correlation Function: et/ |

o0 2

R 12 cas28 - 200c28
op .ZlRppl cos#8 exp[-4(ko)?cos2e]

| g (4(ku)2¢osze)n {n/kL)
n=

. el ] [4 sin2e + B2 _]L:5
(kL)2

Comparison of truncated model with full model (M

RMS MAX -~ MIN
error error error
(dB) (B) - (dB)
1.493 -0.02 -13.37
1.904 0,02 -7.24
0.835 0.02 -3.87
0.356 0.02 -1.97

0.144 0.02 -0.93
0.054 0.02 ©=0.40
0- 019 . | 0. 02 -0- 15
0.008 - - 0.02 - -0.05

Range of Values

19 < 8 < 600 N = 468

0.1 < ko < 3.9 error = @

gred (dB) - agrue (dB)

7 < kL € ¢

=)

_l‘f‘_
0.9603

0.9908
0.9980

0.9996

0.9999
1
1
1
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The followung is a tabu1at10n of

(1) The normalized c° {dB) computed using the Kirchhoff-
Scalar Approximation model for 3 values of ko (0.1 to 0.9) and 4
values of kL (7,15,30,60). To get OSV or oﬁh in decibels simply
édd.the appropriate-Frésnel réflectivity (}RPPIZ), expressed fin
dB.

(2) The computed ¢® (dB) from a volume bounded by a rough (ko
= 0.5, kL. = 7, = 15-j0) surface on the bottom for various
optical depths t (0.1, 0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 1.9, 2.2) and
albedos w (0.01, 0.1, 0.2, 0.3, 0.4, 0.5), and incident anglés‘e
(8.4, 19.2, 30.0, 40.9, 51.8, 62,7, 73.6, 84.5°). The total

~ backscattering (o?) for a gﬁven 6, T, w, and polarization is the

sum of three components: vp1ume, interaction, and surface. Note
that before summation, thesé'va1ueé must first be returned to real
(m2 m™2) values. Also nofé that there is no surface term for
crosstoTarization vaiues,.i}e., vh E 0 for the surface
componentQ' |

(3) Thé computed o°(dB) from a'Vo1ume (albedo = 0.2, optical

depth = 0.2) bounded by a rough surface on the bottom with a fixed

correlation length (kL = 7) and various surface RMS heights,
ko(0.1 to 0.9). lTotaI-backédattering is fouhd as described in (2)

above.
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ksigma = 0,1 NORMALIZED SIGMAO
, INCIDENCE SURFACE BACKSCATTER IN DECIBELS
ANGLE kKi= 7 kI=15 kL=30
1 5.42 10.82 13.62
5 - =0.20 ~-0.98 ~-3.30
10 ., =7.00 -9.48 -12.29
15 -11.57 -14.88 -17.79
20 ~15.86 ~18.93 «21.90
25 ~19.13 .=22,29 -25.27
30 ~22.06 -25.,26 -28.25
35 -24,78 -28.00 -30.99
40 =27.41 ~30,65 ~33.66
45 ~30.03 -33.26 =36.28
50 . -32.73 -35.98 «~38.99
55 -35.56 ~38.83 =41.83
60 ~38.68 =41.94 =44.94
. ksigma = 0.2 NORMALIZED SIGMAOQ
INCIDENCE SURFACE BACKSCATTER IN
ANGLE k= 7 kI=15 kL=30
1 10.97 16.41 19.26
5 5.47 4,82 2.64
10 -1.19 -3.52 -6.29
15 -6.07 -8.89 -11.79
20 -3.91 -12.92 =-15.87
25 -13.18 «16.29 -19.25
- 30 -16.07 ~19.25 -22.23
35 ~18.79 -21.99 ~24.98
40 -21.40 «24.63 =-27.62
45 -24.02 =-27.26 =30.25
50 T =26.71 -29.96 =32.96
55 ~23 .54 -32.81 =35.81
60 -32.65 -35.92  =38.92
ksigma = 0.3 NORMALIZED SIGMAO
INCIDENCE 'SURFACE  BACKSCATTER IN DECIBELS
ANGLE ki= 7 k=15 kL=30
1 - 13.75 19.21 22.15
5 8.39 8.01. 6.04
10 1.97 ~0.14 -2.81
15 =2.75 -5.42 ~-8.28
20 =-6.52 -9,44 ~12.36
25 -9.73 ~-12.79 -15.74"
30 -12.61  =15.74 =-18.71
35 . =-15.30 ~-18.48 =21.45
40 ~-17.91 -21.12 -24.11
45 -20.51  -23.75 = =26.74
50 -23.19 = -26.44 -29.44
55 ~26.03 ~29.29 -32.29
60 =-29.14 -32.40 =35.40
306

kI=60

13.54
-6.13
-15.26
-20.78
~24.87
~28.27
~31.24
=~34.02
-36.66
=-39.29
~41.98
=44 .84
=47 .95

DECIBELS
kL=60
19.30
-0.12
-9.23

-14.76
~-18.87
=22.25

- =25.23

=-27.98
=-30.63
-33.26
-35.97
-38.81

kI=60
- 22.41

-5.73
-11.24
=15.35
‘18573
=21.72
~24.46
-27.11
=29.74.
-32.44
=35.29

f41.93

~38.39
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y . _
1  ksigma = 0.4 NORMALIZED SIGMAO
N INCIDENCE SURFACE BACKSCATTER IN DECIBELS
ANGLE kI= 7 . kI=15 =30 KL=60
} 1 15.20 20.71 23.76 24.31
z 5 10.07 10.03 - 8.34 5,81
10 ., 3.97 2.17 ~0.37 ~3,25
fl 15 -0.57 -3.02 -5.81 ~8.75
j 20 -4.22 . -7.00  -9.88 = -12.84
‘ 25 -7.37  ~10.32  ~13.24  -16.23
30 ~10.20  -1%,28  =16.22  =19.22
3 35 -12.88  -16.00  -18.97  -21,97
3 40 ~15.45  -18.63 -21.62  -24.61
. 45 -18.04  ~21.25 -24.26  =27.25
1 50 -20.73  -23.95  -26.94  -29.94
3 55 =23.55  =26.80 -29.78  =32.80
60  -26.65  -29.89 ~32.90  =35.91
.
|
- ksigma = 0.5 NORMATLIZED SIGMAO
} INCIDENCE SURFACE BACKSCATTER IN DECIBELS
4 ANGLE KI=7 k=15 KL=30 KL=60
1 15.83 21.38 24.59 25.49
? .5 10.96 11.35, 10.00 7.64
. ' 10 5.27 3.84 1.48 -1.33
S 15 0.96 ~1,22 ~3.92 -6.83
g 20 | w2.54 -5.14 ~7.96  =10.92
1 ' ' 25 -5.61 -8.43  =11.32  -14.30
- : : - 30 -8.39  -11.36 -14.29  -17.28
. ' ' 35  -11.01 @ =~14.06 ~17.03  =20.04
' \ 40 -13.58  -16.71 -15.68  -22.66
2 | 45 -16.15  -19.32  -22.30  -25.31
_ ‘50 -18.81  ~22.01 -25.00  =28.01
I . 55 «21.63 - =24.86 ~27.85  ~30.86 .
3 . 60 “24.72  -27.97  =30.97  =33.97"
J " ksigma'= 0.6 NORMALIZED SIGMAO
INCIDENCE = SURFACE BACKSCATTER IN DECIBELS
j ANGLE kL= 7 - ki=15 =30  KL=50
- 1 15.80 21.42  24.84 26.14
5. 11.29 - 12.16 11.23 9.11
j 10° © 6.03 5.07 2.95 0.22
| 15 2.02 0.18 ~2.37 -5.26
20 -1.32 -3.66 -6.41 -9,35
i 25 . =4.26 =691  -9.76° . -12.72
E}- 30 -6.97 -9.82 -12.72  =~15.70
35 -9.54  =12.52 = -15.46  -18.44
40 ©-12.07  ~15.14 ~-18.10 . =21.10
[] 45  -14.62 . -17.76 - -20.73  ~23.73
y 50 - =17.27  -20.44 = ~=23.42  =26.42
' 55 -20.07  -23.28  -26.27  ~-29.27
[} 60 -23.15  -26.38 ~ -29.38  -32.39
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koigma.= 0.

- INCIDENCE
ANGLE
1
5
10
15
20
25
30
'35
40
45
50
55
60

ksigma = 0

INCIDENCE
ANGLE
1
5
10
15
20
25
30
35
40
45
50
55
60

ksigma = 0.

INCIDENCE
ANGLE
1
5
10
15
20
25
30
35
40
45
50
55
60

7 . NORMALIZED SIGMAO

SUREACE BACKSCATTER IN DECIBELS

kI= 7 kI=15 =30
15.31 20.98 24.63
11.17 12.58 12.12

6.42  5.99 4.13
2.73 1.28 -1.12
-0.41 -2.47 =-5.12
=3.21 . ~5.66 -8.44
-5.84 -8.54 -11.38
- =8.36 =11.22 =14.15
-10.84% -13.83 ~16.76
~13.34 -16.43 -19.39

~15.98 ~19.11 ~-22.09
-18.77 -21.95 =-24.94
-21.83 -25.05 ~28.05

.8 NORMALIZED SIGMAOQ .

kI=60
26.38
10.29
1.52
-3.95
=-8.02
~11.38

- =14.37

-17.11
-19.77
=22.40
-25.09
=-27.94
~321.05

SURFACE BACKSCATTER IN DECIBELS

KL= 7 KL=15 KI=30
14.38 20.15  24.04
10.69 12.67 12.74

6.48 6.62 5.07
3.14 2.14 ~0.05
0.22 -1.48 -4.02
-2.44 -4.,61 -7.32
-4.94 -7.45 ~10.25
-7.38 ~-10.12 ~-12.97
-9.80 - -12.6% ~15.62

~12.30 -15.30  ~18.24
-14.87 -17.97 -20.92
=17.65 -20.79 -23.78
=20.70 -23.90 -26.88

9 . NORMALIZED SIGMAQ

SURFACE BACKSCATTER IN DECIBELS .

kI= 7  kI=15 .  KkI=30

13.12 19.00 23.18
9.93 12.50 13,11
6.27 6.99 5.86
3.29 2.80  0.85
0.62  =0.70  =3.05

~1.87 -3.74 -6.33

-4.25  =6.52 = =9.25 .

-6.58 -9.15  -11.97

-8.95 = ~11.72 = =14.60

-11.38  =14.30  ~17.22
-13.92  ~16.96 . =19.91. -

-16-66 _19-78 '-22- 76
-19.70 = =22.88  -25.86
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kL=60
26.29
11.24
2.62
~2.80
-6.87
~10.23
~13,21
-15.95
-18.59
-21.22
~23.93
~26.79
~29.89

KL=60
 25.93
12,01
3.56
-1.81
~5.87
-9.23
-12.20

- =14.94

~17.58

-20.21

-22.91
=25.75
-28.86
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"FOR ALL CASES: SURFACE DIELECTRIC =

ANGLE
" (DEG)
8.4
19.2
30.0
40.9
51.8
62.7
73.6
84.5

ANGLE
(DEG)
8.4
19.2
30.0
40.9
51.8
62.7
73.6
84.5

ANGLE
(DEG)
8.4
18.2
. 30.0
40.9
~ 51.8
- 62.7
73.6
84.5

ANGLE

TA

U
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

=

bd b et el e e O

- - . -

ALBEDO

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

ALBEDO

0.10
-0.10
0.10

10.10

0.10
0.10
0.10
0.10

ALBEDO
0.20
0.20
.20
0.20
0.20
0.20
0.20
0.20

“(DEG) TAU ALBEDO

8.4
18.2
30.0
40.5
51.8
62.7

- 73.6
84.5

OGOOODO

0.1

.1
.1
.1
.1
.1
.1
.1

. .

0.30
0.30
0.30
0.30
0.30
0.30
0.30’
0.30

15 - 30, k51gma = 0.5, kL = 7
BACKSCATTER COMPONENTS IN DECIEELS

------ VOLUME-~=== ==~~INTERACTION--= -~SURFACE--
VW Hi VH W ®H VHE W HH
~28.7 =28.7 =65.5 =31.4 =31.1 =41.6 1.4 1.5
-28.7 -28.7 -65.7 -~32.9 -30.6 -43.9 ~7.8 -7.3
-28.7 =28.7 ~66.2 ~=35,9 =30.2 ~44.9 =~14.7 -13.4
-28.8 =28.8 -66.8 =~40.7 =29.7 ~45.5 =-21.3 =18.7
-28.9 ~28.9 -67.7 <42,9 ~29.1 -46.4 =-28.8 -24.1
-29.1 =29.1 ~68.7 =42.4 =28.7 =48.4 ~-39.2 ~30.6
-29,7 =29.7 -69.9 ~52.8 -28.8 ~51.9 =-63.6 =40.4
-32.0 =32.0 =72.9 =41.3 =34.0 -59.8 ~71.4 -64.9
BACKSCATTER COMPONENTS IN DECIBELS
------ VOLUME=~=== =~~INTERACTION=~= =-=~SURFACE=--
W HI VH YW MH . VH W HH
-18.6 -18.6 =45.4 ~21.3 -20.9 -31.3 1.4 1.5
-18.6 -18.6 -45.7 =22.8 -20.5 =33.5 =7.8 =~7.3
-18,7 -18.7 =46.1 =~25.8 =20.1 -34.4 =14.7 =13.4
-18.7 -18.8 =46.8 =30.5 -19.5 =35.0 =-21.3 -18.7
-18.9 ~18.9 -47.6 =-32.6 ~19.0 -36.0 ~-28.8 =-24.1
-19.1 ~19.1 =48.5 =32.2 =18.6 -37.9 =39.2 -30.6
-19.6 =19.6 =49.8 =41.8 =18.7 -41.3 ~63.6 ~40.4
-21.9 -22.0 -52.8 ~31.1 ~23.9 =48.6 ~71.4 =64.9
BACKSCATTER COMPONENTS IN DECIBELS
wmernsYOLUME===== =w=INTERACTION-~= ~~SURFACE~~
VW HE VH VW HE VH W HH
~15.6 -15.6 -39.3 =18.2 -17.8 -28.0 1.4 1.5
~15.6 -15.6 -39.5 =-19.7 -17.4 -30.0 -7.8 -7.3
-15.6 =15.6 =40.0 =22.7 =17.0 =30.9 =14.7 =13.4
~15.7 =15.7 -40.6 -27.3 -16.5 -31.5 ~21.3 -18.7
-15.8 -15,8 =41.4 =20.2 -15.9 ~32.5 =28.8 -24.1
-16.0 -16.1 -42.4 =28.9 =15.5 =34.4 =39.2 =30.6
-16.5 -16.6 -43.6 =37.9 -15.6 -37.6 -63.6 ~40.4
-18.9 -18.9 =46.7 =28.0 =20.8 =44.5 ~71.4 -64.9
BACKSCATTER COMPONENTS IN DECIBELS
=== ==~YOLUME~==== -==INTERACTION-~~ ~~SURFACE~~
W  HH VH W HE - VE VW HH
-13.8 -13.8 -35.7 -16.4 -16.0 =25.9 1.4 1.5
-13.8 ~13.8 -35.9 -17.8 =15.6 -27.8 ~7.8 <=7.3
-13.8 -13,8 =36.4 ~20.8 -15.1 -28.7 -14.7 -13.4.
-13.9 -13.9 ~37.0 =25.2 -14.6 -29.3 ~21.3 -18.7
~14.0 ~14.0 =37.8 =27.2 =-14.1 =30.3 -28.8 -24.1
-14.2 -14.3 ~38.8 =-27.0 -13.7 =32.2 ~39.2 ~30.6
-14,7 =14.8 -40.0 =35.3 ~13.8 =35.3 =63.6 -40.4
~17.0 =17.1 =43.0 =26.1 -19.0 ~41.7 =71.4 =64.9




FOR ALL CASES: SURFACE DIELECTRIC = 15 ~ jO, ksigma = 0.5, kL = 7

LS 7w

8.4
19.2
30.0

40.9
51.8
62.7
73.6
84.5

ANGLE
- {DEG)
8.4 -

18.2
30.0
40.9
51.8
62.7
73.6
84.5

ANGLE
(DEG)

8.4
19.2
30.0
40.9
51.8
2.7
73.6
8405

ANGLE
(DEG)

8.4

19.2

30.0
40.9
51.8
62.7
73.6
84.5
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i o B R T

cocococcocoX

=
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COO0ODOOOOR

T
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OO0 COoODOoOHE
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RN NG

LI
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ALBEDO

0.40
0.40
0.40
0.40
0.40
0.40

1 0.40

0.40

ALBEDO

0.50
0.50
0.50
0.50

0-50

0.50
0.50
0.50

ALBEDO

0.01
0.01
0.01

¢.01

0.01
0.01
0.01
0.01

ALBEDO

0.10

0.10

0.10
0.10
0.10

0.10

0.10

BACKSCATTER COMPONENTS IN DECIBELS

wom e e VOLUME = === o= --= - -
7o VORIME-~— V%NTER%&TIONQH‘ | %ERFACEHV
-12.5 -12.5 -33.1 ~15.0 ~14.6 -24.4 1.4 1.5
-12.5 ~12.5 -33.3 ~16.4 -14.2 -26.1 -7.8 =7.3
-12.5 =12.5 -33.8 =19.4 -13.8 -27.0 ~14.7 -13.4
-12.6 =12.6 ~34.4 =23,7 -13.3 =27.6 =-21.3 ~18.7
~-12,7 -12.7 ~35.2 =25.6 -12.8 -28.6 -28.8 -24.1
-12.9 -13.0 ~36.2 =-25.5 ~12.3 ~30.5 =-39.2 ~30.6
-13.4 ~13.5 =37.4 ~33.3 ~12.4 -33.5 ~63.6 -40.4
-15.7 -15.8 -40.4 =24.7 ~17.6 =39.6 =71.4 -64.9
BACKSCATTER COMPONENTS IN DECIBELS
------ VOLUME===== =~=~INTERACTION-~- =~-SURFACE-~
VW HH VH W HH  VH A
-11.5 =-11.5 -31.1 =~14.0 =-13.5 -23.1 1.4 1.5
-11.5 -11.5 -31.3 =15.3 -13.1 -24.8 -7.8 -7.3
-11.5 -11.5 =-31.8 =-18.3 -12.7 -25.6 =14.7 -13.4
-11.5 =11.6 -32.4 =22.5 =12.2 =26.2 -21.3 ~-18.7
-11.6 =11.7 =33.2 -24.4 =11.7 -27.2 '-28.8 -24,1
-11.8 ~11.9 =34.1 =24.3 -11.3 -29.1 =39.2 -30.6
-12.3 ~12.5 ~35.3 =31.6 -11.4 -32.0 =-63.6 =40.4
-14.7 -14.8 -38,3 =23.6 -16.5 -37.8 =~71.4 -64.9
BACKSCATTER COMPONENTS IN DECIBELS
------ VOLUME=~=~= ===INJERACTION-== ~=SURFACE~-
YW HH VHE VW HH VH VW HH
-26.1 ~26.1 -60.7 =29.4 -29.0 =39.7 0.6 0.6
~26.1 =26.1 -61.0 =30.9 -28.6 -42.2 -8.7 =8.2
~26.2 =26.2 -61.4 =34.1 -28.3 -43.3 <-15.7 -14.4
~26.3 =26.3 ~62.1 =39.2 -27.9 -44.1 =~22.4 -19.8
-26.5 =26.5 =62.9 -41.7 -27.6 -45.3 =-30.2 -25.5
-27.0 ~27.0 -64.0 =41.4 =27.7 =47.7 -41.1 -32.5
-27.9 -27.9 =65.6 =-52.9 -29.1 ~52.1 =66.7 -43.5
-31,5 ~31.5 =70.6 =-47.5 -40.4 -64.2 =-80.6 ~74.1
BACKSCATTER COMPONENTS IN DECIBELS
~m==acYOLUME~=--~ =~~INTERACTION-~- ~~SURFACE--
VW HH VH VW  HE VH VW OHH
-16.0 ~16.0 -40.6 -19.2 -18.8 -29.3 0.6 0.6
-16.0 -16.0 -40.8 =-20.8 -18.5 -31.5 =-8.7 -8.2
-16.1 ~16.1 =41,3 -23.9 ~18.1 =32.6 =-15.7 -14.4
-16.2 =16.3 =41.9 =~-29.0 -17.8 -33.3 -22.4 -19.8
-16.5 =16.5 =42.8 -31.2 -17.5 -34.6 =30.2 -25.5
-16.9 =16.9 ~43.8 =-31.1 ~17.6 =36.9 =41.1 -32.5
~17.8 «17.9 ~45.5 =-41.6 -18.9 ~41.0 =66.7 -43.5
-21.4 -21.4 =50.4 ~37.2 -30.2 =51.9 -80.6 -74.1
310.
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FOR ALL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, k. = 7

: ' ‘ BACKSCATTER COMPONENTS IN DECIBELS
ANGIE = = = =meeea VOLUME~~=== ~~=~INTERACTION~=~ =~SURFACE--

(DEG) TAU ALBEDG WV HH vE = W H @ VH W HH
8.4 0.2 0.20 -12.9 ~-12.9 -34.4 ~-16.1 -15.7 ~25.8 0.6 0.6
19.2 0.2 0.20 ~12.9 ~13.0 ~34.7 =-17.6 -15.3 -27.8 ~8.7 ~-8.2
30.0 0.2 0.20 ~-13.0 -<13.0 -35.1 =-20.7 =-15.0 -28,8 ~-15.7 ~-14.4
40.9 0.2 0.20 =~13.1 -13.2 =-35.7 =25.6 -14.6 -29.6 =22.4 -19.8
51.8 0.2 0.20 -13.3 ~13.4 ~-36.6 =~27.8 -14.4 -30,.8 =30.2 -25.5
62.7 0.2 0.20 -13.8 -13.8 -37.6 =-27.8 -14.5 ~-33.0 -41.1 =-32.5
73.6 0.2 0.20 <~14.7 ~14.8 =-39.2 =37.4 -15.8 -36.9 =66.7 ~43.5
0.2 0.20 ~-18.3 ~18.4 -44.2 -33.9 -26.9 -47.1 -80.6 -74.1

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE © =memecVOLUME~-~-~ =w~INTERACTION-~= =~SURFACE-~

(DEG) TAU ALBEDO VWV HH VH w HH VH w HH
8.4 0.2 0.30 =-11.1 -11.1 ~30.7 =~14.2 -13.8 -23.5 0.6 0.6
19.2 0.2 0.30 =-11.1 -11.1 -31.0 =-15.6 -13.4 -25.4  =-8.7 =8.2
30.0 0.2 0.30 =-11.2 ~11.2 =-31.4 -18.7 ~13.1 =26.3 =~15.7 ~14.4
40.9 0.2 0.30 -11.3 ~-11.3 =-32.0 -23.4 -12.7 -27.1 =22.4 -19.8
51.8 0.2 0.30 =-11.5 -11.6 -32.9 =-25.5 =-12.5 -28.3 =30.2 =25.5
62.7 0.2 0.30 ~-11.9 -12.0 -33.9 =-25.7 ~12.6 ~30.5 <-41.1 -32.5
' 73.6 0.2 0.30 =12.8 -13.0 -35.5 =34.5 -13.9 -34.2 ~66.7 -43.5
84.5 0.2 0.30 -16.4 ~-16.6 -40.4 -31.8 =24.9 -43.8 =~80.6 =74.1

BACKSCATTER COMPONENTS IN DECIBELS
ANGIE ~~ ~eeeea VOLUME ===~ ---INTERACTION--- =-SURFACE--

(DEG) TAU ALBEDO . VV HH VH 1A' HH VE = W HH
8.4 0,2 0.40 - -9.% =-9.8 -28.1 =-12.8 ~-12.3 -21.8 0.6 0.6
19.2 0.2 0.40 =-9.8 =-9.8 -28.3 -14.2 -12.0 -23.5 ~-8.7 =~-B.2
. 30.0 0.2 0.40 ~9.8 -9.9 ~28.7 ~17.3 -11.7 ~24.4 -~15.7 ~14.4
40.9 0.2 0.40 -9.9 -10.0 -29.4 -21.8 -11.3 -25.2 =-22.4 -19.8
51.8 0.2 0.40 =10.1 ~10.2 -30.2 -23.9 =-11.1 -26.4 -30.2 -25.5
62.7 0.2 0.40 =-10.5 ~10.7 -31.2 =~24.1 -11.2 =28.5 =41.1 =32.5
73.6 0.2 0.40 =-11.5 ~11.6 -32.8 -32.3 -12.5 =-32.0 =~66.7 =43.5
0.2

84.5 0.40 ~-15.1 -15.2 ~-37.7 <-30.3 -23.4 ~41.3 -80.6 -74.1

o 'BACKSCATTER COMPONENTS IN DECIBELS
ANGLE ‘mmmnme Y OLUME -~~~ ~=-~INTERACTION=~~ ==~SURFACE-~

(DEG) TAU ALBEDO VV HE VH VW HH VHE W HH
8.4 0.2 0.50 =8,7 ~8.7 -26.0 =11.6 ~11.2 -20.4 0.6 0.6
19.2 0.2 0.50 =-8.7 -8.7 -26.2 =-13.0 -10.9 -21.9 =-8.7 =8.2

- 30.0 0.2 0.50 ~8.8' =8.8 ~26.6 =16.0 =10.5 -22.7 =15.7 -14.4
40.9 0.2 0.50 -8.9 =9.0 -27.2 =-20.4 =10.2 -23.5 =22.4 -19.8
51.8 0.2 0.50 =-9.0 =9.2 -28.0 =22.4 =-10.0 -24.8 =30.2 -25.5
62.7 0.2 0.50 ~9.4 -9,6 -29.1 -22.8 -10.1 -26.8 =41.1 -32.5
73.6- 0.2 0.50 ~10.4 =10.6 =30.6 =30.5 ~11.4 =30.2 =66.7 -43.5

0.2 0.50 =14.0 ~14.2

84.5 -35.5 -29.0 -22.2 -39.2 ~-80.6 -74.1
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0

0

0
40.9 0.
0
62,7 0
0

0

84.5

FOR ALL CASES: SURFACE DIELECTRIC = 15 -~ j0, ksigma = 0.5, kL = 7

v BACKSCATTIER COMPONENTS IN DECIBELS
ANGLE - memmmmaYOLUME> === ~~-INTERACTION-~~ ~~SURFACE--
(DEG) TAU ALBEDO WV - HH VH A% H{ VH 2'AY HH
8.4 4 0.01 =-23.8 -23.8 -56.8 ~28.2 ~27.9 -38.7 ~1.2 ~1.1

15.2 4 0.01 =-23.9 -23.9 ~57.1 =29.9 -27.6 =41.4 =-10.5 -10.0
30.0 4 0.01 =-24.1 -24,1 =57.5 =33.4 -27.4 =42.8 ~17.7 ~16.4
4 0.01 =-24.3 =24.3 -58.2 =~39.2 ~27.4 =44,0 -24.7 -22.1

51.8 4 0,01 =24.7 -24.7 ~59.1 <-42.1 -27.6 =45.7 ~33.0 -28.3
4 0.01 =-25.5 =25.5 ~60.,5 =42.3 ~28.7 -49.0 =~44.9 ~36.3
4 0.01 -27.0 -27.0 -62.8 =~55,9 =32.5 -55.1 =72,9 =49.6
4 0.01 ~31.4 -31.4 -69.8 =-62.5 -55.4 =74.0 ~98.9 =92.3

73.6

| " \ BACKSCATTER COMPONENTS IN DECIBELS
ANGIE ' S — VOLUME-~~~= ===INTERACTION=~~ ==SURFACE--

(DEG) TAU ALBEDO VWV HH VH w HH VH w HH

8.4 0.4 0.10 -13.7 -13.7 -36.6 =-18.0 -17.6 ~28.2 =-1.2 ~1,1
19.2 0.4 0.10 -13.8 =-13.8 -36.9 ~19.7 =-17.4 -30.5 ~10.5 =-10.0
30.0 0.4 0.10 ~-13.9 ~14.0 -37.3 =-23.1 ~17.2 -31.8 ~17.7 ~16.4
40.9 0.4 0.10 -14.2 -14.2 ~38.0 =-28.7 -17.2 ~32.9 =24.7 -22.1
51.8 0.4 0.10 -14.6 -14.6 ~38.9 -31.5 -17.5 =-34.6 =-33.0 -28.3
62.7 0.4 0.1C ~15.3 ~15.4 ~40.2 =31.9 -18.5 «37.6 =44.9 -36.3
73.6 0.4 0,10 -16.8 -16.9 =42.5 =44.3 ~22.3 ~43.1 -72.9 =49.6
84.5 0.4 0.10 =21.3 -21.4 -49.5 =51.2 -43.9 -58.4 =-98.9 -92.3

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE memm e e YOLUME mm === - ===INTERACTION=== ~=SURFACE~-

(DEG) TAU ALBEDO VWV HH VH =~ W HH VH LAY HH

8.4 0.4 0.20 -10.6 -10.6 -30.3 =-14.8 ~14.4 =24.5 =1,2 =1.1
19.2 0.4 0.20 -10.7 ~10.7 =30.6 -16.4 -14.2 -26.5 ~10.5 -10.0
30.0 0.4 0.20 =-10.8 -10.8 -31.0 =-19.8 -14.0 -27.7 -17.7 -16.4
40.9 0.4 0.20 -11.0 -11.1 -31.7 =25.1 -14.0 =-28.7 -24.7 -22.1
-51.8 0.4 0.20 =-11.4 ~-11.5 =32.6 -27.8 ~14.2 =-30.4 ~33.0 -28.3
62.7 0.4 0.20 -12.1 =12.2 -33.9 -28.5 -15.3 -33.2 -~44.9 -36.3
73.6 0.4 0.20 ~13.7 -13.8 =-36.1 =~39.7 -19.0 -38.3 -72.9 =49.6
84.5 0.4 0.20 ~18.2 ~-18.2 ~=43.2 ~46.9 -39.4 -52.3 =-98.9 -92.3

BACKSCATIER COMPONENTS IN DECIBELS
ANGLE ~wmam=VOLUME===== =~~INTERACTION--~ -~SURFACE~~
(DEG) TAU ALBEDO Vv HE VE W HE VH W HH

8.4 0.4 0.30 =8,7 =-8.7 =26.6 =12.8 -12.4 -22.0 =~1.2 -1.1
19.2 0.4 0.30 =8.8 =-8.8 -26.8 ~l4.4 ~12.2 -23.8 =10.5 -10.0
30.0 0.4 0.30  ~8.9 -8.9 ~27,2 =-17.7 -12.0 -24.9 =17.7 -16.4
40.9 0.4 0.30 =9.1 ~9.2 =27.8 =-22.8 -12.0 =25.9 ~24.7 -22.1

51.8 0.4 0.30 =9,5 =9.6 -28.7 =25.4 =12.3 -27.5 =33.0 -28.3
62.7 0.4 0.30 -10.2 =10.3 -30.0 -26.3 ~13.3 =30.2 =44.9 -36.3
. 73.6 0.4 0.30 =-11.7 -11.9 -32.3 -36.5 ~17.0 ~35.1 ~72.9 -49.6
84.5 0.4 0.30 =16.3 =16.5 -39.4 =~43.9 =36.5 -48.3 -98.9 =92.3
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FOR ALL CASES: SURFACE DIELECTRIC = 15 -~ jO, ksigma = 0.5, kL = 7

ANGLE
{DEG)

. 8.4

19.2
30.0
40.9
51.8
62.7
73.6
84.5

ANGLE
(DEG)
8.4
19.2
30.0

'40.9

51.8
62.7
73.6

‘ 84—5

ANGLE
- (DEG) TAU ALBEDO

8.4

. 19.2
130.0

40.9
51.8
62.7
73.6
84.5

ANGLE

(DEG)
8.4

19.2

30.0

40.9
- 51.8

62.7
73.6

84.5.

CODOOCDOF

TA

3

U
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

)
o

[ ] [ ] - [ ] - .
Y o =]

SO0 0CO 0

0. 6

coooODOOH
LY.

=3
=

RO R

ALBEDO
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40

ALBEDO
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01

ALBEDO
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0;10 E

w
-7.3
-704
7.5
7.7 -

=8.1

’ m8'8

- BACKSCATTER COMPONENTS IN DECIBELS
VOLUME~~~~- ~=~INTERACTION-=~ ~-~SURFACE-~

" HH VH Al HH VH v HH
-7.3 -23.8 -11.3 ~10.9 ~20.1 ~1.2 ~1.1
~7.4 -24.0 =-12.9 -10.7 -21.7 ~10.5 -10.0
-7.5 =24.4 =16.1 -10,5 -22.7 =~17.7 -16.4
=7.8 -25.0 =21.0 ~10.5 =-23.7 -24,7 =22.1
~-8.2 -25.9 .-23.6 -10.8 -25.3 =33.0 -28.3
~9.0 -27,2 -24.6 -11.8 -27.8 =-44.9 -36.3
~10.5 =29.4 =-34.0 -15.5 =32.5 =-72.9 ~=49.6
-15.1 =36.6 =41.5 ~34.1 -45.2 -98.9 -92.3
- BACKSCATTER COMPONENTS IN DECIBELS
~wsem=VOLUME~~=~= ==~INTERACTION=== ~=-SURFACE~-
HH Vi A'A's HH  VH "W HH

™ 5

»

)
L O.~i O\ T\ G\ O O\
R R, SRR

1

B e

w
-22.8
-22.9
~23.1
-23.4
-24.0

-6.2 ~21.5 ~10.1 =-9.7 -18.4 ~1.2 -l.1
-6.3 -21.8 =-11.6 =-9.5 -19.9 =10.5 -10.0
-6.4 ~22,2 ~-14.8 =~-9.3 ~20.8 =-17.7 -16.4
-6.7 ~22.8 -19.4 =-9.3 -21.8 =24.7 -22.1
-7.1 -23.7 =21.9 -9.6 -23,3 -33.0 -28.3
7.8 =24.9 =-23.1 -10.6 -25.8 =44.9 -36.3
~9.4 ~27.1 -31.8 -14.3 -30.3 =72.9 -49.6
~14.1 =34.3 =39.5 -32.2 -42.6 -98.9 -92.3

- BACKSCATTER COMPONERTS IN DECIBELS
VOLUME-~~~= =«~INTERACTION--- ==SURFACE-~-

BH VE W HH VE W HH
-22.8 -55,1 =28.2 =27.9 =38.9 =3.0 =2.9
~22.9 =55.3 =30.0 -27.7 -41.9 =12.4 ~11.9
-23.1 -55,8 =33.9 -27.8 -43.5 =19.7 -18.4
-23.4 =56.5 =40.4 -28.1 =44.9 =-27.0 -24.4
-24.0 =57.5 <~43.9 -28.8 -47.1 -35.8 =31.1
-25.0 ~59.1 ~44.4 =30.8 -51.2 ~-48.7 -40.1
-26.8 ~61.8 =60.1 -37.0 =58.9 =-79.1 -55.8
-31.4 =69.8 -76.9 ~68.9 -81.4 -117. -111.

. BACKSCATTER COMPONENTS IN DECIBELS
~VOLUME-~==~ ~=<INTERACTION-~~ =-~SURFACE--

HE VE VW HH VH W - HH
~12.7 -34.8 -18.1 ~17.7 =28.3 =3.0 -2.9
~12.8 -35.0 ~19.8 =17.5 =30.7 ~12.4 -11.9

-13.0 =-35.5 =23.5 -17.5 =32.2 =19.7 ~18.4
~13.3 =36.2° ~-29.6 ~17.8 =33.5 =~27.0 =24.4

.8 «13.9 ~37.2" -32.9 ~18.6 -35.6 =35.8 -31.1
.8 ~14.8 =38.7 ~34.0 -20.6 -39.3 -48.7 -40.1

~16.7 =41.5 =47.8 -26.6 -46.1 ~79.1 ~55.8

3 =21.4 -49.4 =60.2 -51.8 =-62.3 =117, -=111.
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FOR ALL CASES: SURFACE DIELECTRIC = 15 - 30, ksigma = 0.5, kL = 7

. BACKSCATTER COMPONENTS IN DECIBELS
ANGLE = mmee-- VOLUME~~~-~= -~=INTERACTION--- =-~SURFACE--

(DEG) TAU ALBEDO = VV HH VH 'A% HH VH v HH
8.4 0.6 9.20 =-9.5 =~9.5 ~28.5 ~14.8 ~14.4 -24.,5 =3.0 =2.9
19.2 0.6 0.20 =9.6 -9.6 -28.7 =16.5 -14.,2 -26.5 ~12.4 -11.9
30.0 0.6 0.20 -9.8 -9.8 -29.1 =-20.1 ~14.3 -27.8 =-19.7 -18.4
40.9 0.6 0.20. -10.1 ~<10.1 =-29.8 =-25.9 -14.5 -28.1 =27.0 =24.4
51.8 0.6 0.20 -10.6 -10.7 -30.8 =-29.1 -15.3 =-31.1 =~35.8 =31.1
62.7 0.6 0.20 -11.6 -11.7 -32.3 +30.5 -17.3 -34.6 =-48.7 -40.1
73.6 0.6 0.20 -13.4 -13.6 -35.1 -42.7 -23.5 -40.8 -79.1 -55.8
84,5 0.6 0.20 -18.2 -18.3 -43.1 =~53.9 =45.6 -55.5 ~-117. ~111.

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE wwmm=nVOLUME===== «=~INTERACTION=~» ~~SURFACE-~

(DEG) TAU ALBEDO VV HH VH vV HH VH w HH

8.4 0.6 0.30 =7.6 -7.6 -24.5 -12.8 ~12.3 -21.9 -3.0 -2.9
19.2 0.6 0.30 ~7.7 ~7.7 =24.8 =~14.4 -12,2 -23.7 ~12.4 -11.9
30.0 0.6 .30 ~-7.8 -7.9 ~25.2 ~17.9 ~-12.2 -24.8 ~19.7 ~18.4
40.9 0.6 0.30 ~8.2 -8.2 -25.9 -23.4 =12.5 -26.1 ~27.0 -24.4
51.8 0.6 0.30 -8.7 -8.8 -26.9 -26.5 ~13.3 -28.0 -35.8 =31.1
62.7 0.6 0.30 -9.6 =-9.8 -28.4 =-28.2 -15.3 ~31.3 =-48.7 -40.1
73.6 0.6 0.30 =-11.5 -11.6 ~-31.2 -39.2 -21.1 =-37.2 ~79.1 -55.8
84.5 0.6 ~16.4

0.30 -16.5 =39.2 =~49.9 -41.7 -51.1 =117, -111.

, BACKSCATTER COMPONENTS IN DECIBELS
ANGLE ==awm=VYOLUME~~~== . ~=e]NTERACTION=~+ -=SURFACE~-

(DEG) TAU ALBEDO WV HR VH w HH VH w HH
8.4 0.6 0.40 -6.2 =6.2 -21.7 -11.2 -10.8 ~19.8 =-3.0 -2.9
19.2 0.6 0.40 =-6.3 =-6.3 -21.9 =12.8 -10.6 -21.4 =12.4 =~il1.9
- '30.0 0.6 0.40 -6.4 =6.5-22.4 =16.2 -10.7 -22.4 =19.7 -18.4
40.9 0.6 0.40 =~6.7 -6.8 -23.0 =21.4 -10.9 -23.6 =27.0 -24.4
51.8 0.6 0.40 ~7.2 <«7.4 =24,0 -24.4 -11.7 -25.5 ~-35.8 -31.1
62.7 0.6 0.40 =-8.2 <-8.4 -25.5 -26.3 -13.7 -28.6 ~-48.7 ~40.1
73;6' 0.6 0.40 -10.0 -10.3 -28,2 -36.3 -19.4 -34.3 -79.1 =-55.8
B4.5 0.6

0.40 -15.0 -15.1 -36.3 =-46.7 =-38.7 -47.8 =-117. -1l1.

: BACKSCATTER ‘COMPONENTS IN DECIBELS
_ANGLE m=semeYOLUME===== ~=~INTERACTION-~~ ==SURFACE--

(DEG) TAU ALBEDO VV HH VHE VW Hi VE VW HH
8.4 0.6 0.50 =~5.0 =5.0.-15.4 =9.9 =9,5 ~18.0 =3.0 ~2.9
19.2 0.6 0.50 5,1 =5.1-19.6 =11.5 =-9.4 -19.4 -12.4 -11.9
30.0 0.6 0.50 =5.2 =5.3 -20.0 =~14.8 ~=9.4 -20.3 =-19.7 -18.4
40.9 0.6 0.50 =5.5 =5.6=20.7 =-19.6 =9.7 =21.5 =27.D -24.4
51,8 0.6 0,50 '=6.0 =6.2 ~21.6 =22.6 ~10.4 -23.3 =35.8 -31.1
62.7 0.6 0.50 =6.9 =7.2 -23.1 =24:7 -12.4 =26.3 =-48.7 =40.1
' 73.6 0.6 0.50 -8.8 =-9.1 -25.8 =-33.8 -18.0 -31.8 =~79.1 =55.8
' 84.5 0.6 0.50 -13.9 -14.1

.1 =340 =44.1 -36.3 =44.8 =-117. ~111.
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FOR ALL CASES: SURFACE DIELECTRIC = 15 = jO, ksigma * 0.5, kL = 7

QMDD

ANGLE
(DEG)

8.4
19.2
30.0
40.9
51.8
62.7
73.6
B4.5

ANGLE
(DEG)

8.4
19.2

.- 30.0
40.9

51.8
62.7
- 73.6
84.5

 ANGLE
{DEG)

8.4
19,2
30.0
40.9

51.8
62.7
73.6

8&.

. & 9 . } .
N N

R-Y-F-E-X-R-X-R-F v

)
N ) i
oo 0o 0o o 0o 00 o oo

coocooo0oO

ALBEDO

0.20
0.20
0.20
0.20

0.20

0.20

0.20 -
0.20

ALBEDO
0.30

0.30
0.30
0.30

0.30
0,30

0.30

0.30

BACKSCATTER COMPONENTS IN DECIBELS
VOLUME =~ n=m -==INTERACTION--- ~~SURFACE~~

w HH VH w HL - VH w HH

22,2 =54.1 ~28,9 =28.6 ~39.6 =4.7 =~4.6

¢ =22.4 -54.,3 -30.8 -28.4 ~42.6 ~14.2 -13.7

-22.6 ~54.8 ~34.7 -28.6 ~44.,5 =~21.7 -20.4
-23,0 =55.6 -41.6 =29.2 -46.2 -29.3 -26.7
-23.7 -56.7 =~-45.5 -30.4 -48.9 -~38.6 -33.9
-24.8 ~58.4 -47.0 =-33.4 -53.7 =52.5 -43.9
-26.7 -61.5 =64.5 -41.9 -63.0 =~85.2 -62.0
-31.4 -69.7 -84.0 -75.1 -85.4 ~135. -129,

BACKSCATTER COMPONENTS IN DECIBELS

VOLUME~~~=~ ~==~INTERACTION=~= ~~SURFACE~-~

HH VHE W HH VH w HH
-12.1 ~33.8 -18.6 -18.2 -28.9 =4.7 =-4.6
-12.2 -34.0 -20.5 ~18.1 -31.4 -14.2 -13.7

. ~12.5 =34.5 =24.3 -18.4 -33.0 =-21.7 ~-20.4

~12.9 -35.2 ~30.9 -18.9 -34.6 -29.3 -26.7
-13.5 -36.3 =34.6 -20.2 -37.1 -38.6 =-33.9
~14.6 ~38.0 =36.5 ~23.2 -41.4 =52.5 =-43.9
~16.6 ~41.1 -51.2 ~31.4 -49.3 -85.2 -62.0

.3 =21.4 ~48.4 ~63.8 ~55.0 -64.9 =-135. -129.

BACKSCATTER COMPONENTS IN DECIBELS

=YOLUME===== ~m==]INTERACTION=~~ ~-SURFACE--

HH VH W HH Vi w HH

- ~8.9 =27.3 -15.3 ~14.9 =25.0 ~4.7 =4.6

-9.0 -27.6 ~17.1 ~14,8 -27.1 -14.2 =-13.7
~9.2 -28.1 =~20.9 -15.0 ~28.5 -21.7 =-20.4
-9.7 -28.8- -27.0 -15.6 ~30.0 =29.3 -26.7
-10,3 -29.9 ~30.7 ~16.8 -32.4 =~3B8.6 -33.9
-11.4 -31.6 -32.9 -19.8 -36.4 -52.5 =43.9

~13.5 =34.7 - -45.6 =27.8 ~43.6 =85.2 -62.0

-18.3 -43.0 -57.1 -48.5 -57.9 =135, =129,

BACKSCATTER COMPONENTS IN DECIBELS

VOLUME ==~~~ ===INTERACTION~~~ -~SURFACE--
VA HE - VH w HH VH W HH

-6.9 -23.4 =13.2 -12.8 -22.3 ~4.7 ~4.6
27.1 =23.7 ~15.0 -12.7 =24.1 ~-14.2 =13.7
-7.3 ~24.1 -18.6 ~12.9 -25.3 =~21.7 -20.4

=7.7 =24.8 =24.4 -13.5 -26.8 ~-29.3 -26.7
-8.4 =~25.9 -28.0 ~14.8 =-29.1 -38.6 =-33.9"
-9.5 -27.6 -30.5 -17.6 -32.8 -52.5 =-43.9
11.6 -30.7- -41.7 -25.5 -3%9.6 ~85.2 -62.0
6.5

-39.1 -52.8 -44.4 -53.4 -135. ~129.
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FOR ALL CASES: SURFACE DIELECIRIC = 15 - jO, ksigma = 0.5, kL = 7

. | ~ BACKSCATTER COMPONENTS IN DECIBELS
ANGLE =~ meeee- VOLUME~=-== ===~INTERACTION~== =-SURFACE-~

(DEG) TAU ATBEDO VV HH VH VW  HH Vi \'AY HH
8.4 0,8 0.40 ~5.5 =5.5 ~20.,5 =~11.6 -11.2 =20.1 ~4.7 ~4.6
. 19.2 0.8 0.40 -5.6 =5.6 -20.7 ~-13.3 ~11.1 =21.6 =14.,2 -13.7
30.0 0.8 0.40 =5.8 =5.9 =21.2- =16.8 -11.3 =22.8 =21.7 -20.4
40.9 0.8 0.40 <-6.2 '-6.3 =21.9 =-22.3 -11.9 =24.2 ~29.3 ~26.7
51.8 0.8 0.40 -6.8 =-6.9 -22.9 ~25.8 -13.1 =-26.4 ~-38.6 =-33.9
62.7 0.8 0.40 7.9 =-8.1 -24.6 ~28,5 -16.0 =30.0 =52.5 -43.9
73.6 0.8 0.40 -10.0 -10.2 -27.7 -38.6 =-23.f ~36.4 =-85.2 =62.0
84.5 0.8 0.40 =15.0 ~15.1

-36_03 -490[5 -41¢3 -4908 "135. -129-

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE = = = ==e==- VOLUME=~~~~ ==~INTERACTION-=- ~-SURFACE-~

{DEG) TAU ALBEDO VV  HH VH W HH VH N2 HH
&.4 0.8 0,50 <4.3 =4.3 -18.1 ~10.2 =~9.8 -18.1 ~4.,7 =4.6
1.2 0.8 0.50 =4.4 ~4.4 -18.3 -11.9 =-9.8 =19.5 =14.2 -13.7
30.0 0.8 0.50 -4.6 =4.7 -18.8 -15.3 ~10.0 =-20.5 =-21.7 -20.4
40.9 0.8 0.50 =5.0 =-5.1 -19.4 =20.3 ~10.5 -21.9 =29.3 -26.7
51.8 0.8 0.50 <-5.6 -5.8 -20.5 <-23.8 -11.8 -24.0 -38.6 -33.9
62.7 0.8 0.50 =6.7 =6.9 -22.1 =26.7 -14.6 =-27.4 -52.5 =43.%
73.6 0.8 0.50 -8.7 ~9.0 -25.3 ~35.8 -21.9 -33.6 =~B5.2 -62.0
84.5 0.8 0.50 =13.9 ~14.1 -33.9 -46.6 -38.8 ~46.7 -135. -129.
_ BACKSCATTER COMPONENTS IN DECIBELS
ANGLE C et VOLUME=we== ==<INTERACTION-~= =~SURFACE-~
(DEG) TAU ALBEDO VWV HH VH vV HE VH w HH
8.4 1.2 0.01 =~21.7 -21.7 -53.1 =30.6 =30.4 -41.6 ~8.2 =~8.1
19.2 1.2 0.01 =-21.8 -21.8 -53.4 -32.8 =-30.4 ~45.0 -17.9 -17.4
30.0 1.2 0.01 -22.1 -22.1 ~53.9 <=37.3 ~31.0 ~47.2 =25.7 =24.4
40.9 1.2 0.01 =22.6 -22.6 =54.7 =45.2 ~32.2 -49.5 «33.9 -31.3
51.8 1.2 0.01 -23.4 -23.4 -56.0 =~50.1 =34.4 -53.1 =44.2 -79.5
62.7 1.2 0,01 -24.6 ~24.7 ~57.9 ~52.8 =39.3 -59.3 =60.0 -51.4
"~ 73.6 1.2 0.01 =-26.7 -26.7 -61.3 <«73.4 ~52.3 ~71.3 ~97.6 ~74.3
1.2

84. 0.01 =-321.4 -31.4 ~69.8 -90.0 -80.5 ~90.6 =172, -166.

- " BACKSCATTER COMPONENTS IN DECIBELS
P (17— VOLUME~=mmm -==INTERACTION-~= ==SURFACE=~

(DEG) TAU ALBEDO VWV il VH A HH VH VW HH
-8.4 1.2 0,10 ~11.5 ~11.5-32.7 -20.4 -20.0 -30.8 =-8.2 =-8.1
19.2 1.2 0.10 ~11.6 ~11.6 «33.0 =22.4 =-20.2 -33.4 =-17.9 -17.4
30.0 1.2 0.10 ~-11.9 ~12,0 -33.5 =~26.7 -20.7 -35.4 ~25.7 -24.4
40.9 1.2 0.10 =~12.4 ~-12.5 -34.3 =-34.0 -21.8 -37.5 =-33.9 -31.3

- 51.8 1.2 '0.10 =-13.2 -13.2 -35.6 =-3B8.7 ~24.1 ~40.7 ~44.2 -39.5
62.7 1.2 0.10 =-14.5 -14.5 -37.5 =~42.2 -28.9 ~46.2 -60.0 =51.4
73.6 1.2 0.10 -16.6 -16.6 -41.0 =57.6 -41.0 -55.5 =97.6 =74.3
84.5 1.2

0.10 =21.3 -21.4 ~49.4 =69.2 ~60.0 -69.6 =~172. =-166.
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FOR ALL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kL. =7

L BACKSCATTER COMPONENIS IN DECiBELS
ANGLE | mee———— VOLUME ===~ ~==INTERACTION--~ =~SURFACE--

(DEG) TAU ALBEDO - WV HH VH A HH VH w HH
8.4 1.2 0.20 -8.3 ~8.3 -26.2 =-17.1 -16.6 -26.7  -8.2 -8.1
19,2 1.2 .0.20 ~8.4 =-8.4 -26,5 ~19.0 -16.7 -28.9 <~17.9 -17.4
'30.0 1.2 0.20 <~B8.7 =B.7 -27.0 =-23.1 -17.3 -30.6 -25.7 -24.4
40.9 1.2 0.20 =-9.2 --9.2 -27.8 =-29.9 -18.4 -32.5 ~33.9 -31.3
51.8 1.2 0.20 =10.0 -10.0 -29.1 =-34.5 -20.6 -35.6" =~44.2 -39.5
62.7 1.2 0.20 -11.2 -11.3 -31.0 =38.4 -25.3 -40.6 -60.0 ~51.4
73.6 1.2 0.20 -13.4 -13.5 =34.5 ~51.1 -36.6 ~49.0 -97.6 -74.3
84.5 1.2 0.20 =-18.2 -18.3 =-43.0 <-62.3 -53.3 -62.3 -172. -166.

» » BACKSCATTER COMPONENTS IN DECIBELS |
ANGIE ~~=-e-VOLUME=ne== ww=INTERACTICN--~ =--SURFACE-~

(DEG) TAU ALBEDO VWV HH VH \'A% HH VH v HH
8.4 1.2 0.30 ~-6.3 =-6.3 -22.2 ~14.9 -14.5 -23.9 -8.2 -8.1
19.2 1.2 0.30 ~6.4 =-6.4 -22.5 =16.8 ~14.6 -25.7 ~17.9 ~17.4
30.0 1.2 0.30 ~-6.7 =6.8 -23.0 =-20.8 =-15.1 =27.2 ~25.7 -24.4
40.9 1.2 0.30 =~-7.2 =-7.3 -23.8 =27.0 -16.2 -29.1 -33.9 ~31.3
5i.8 1.2 0.30  -8.0 ~-8.1 =25.0 ~31.5 -18.4 -31.9 -44.2 -39.5
62.7 1.2 0.30 =-2.2 =9.4 -27.0 ~=35.7 ~-23.0 -36.6 ~60.0 -51.4
73.6 1.2 0.30 -11,4 -11.6 -30.5 =~46.6 -33.6 ~44.5 -97.6 -74.3
1.2 0.30 =16.3 -16.5

84.5 -39.1 -57.8 -49.0 ~57.5 -172. ~166.

 BACKSCATTER COMPONENTS IN DECIBELS
ANGIE . cemme-VOLUME=--== ~==INTERACTION-=== =~SURFACE--

(DEG) TAU ALBEDO VW HE VE VW HE VE W HH
8.4 1.2 0.40 ~4.8 =-4.8 =19.,2 -13.1 -12.7 -21.5 ~8.2 -8.1
19.2 1.2 0.40 =~4.9 =4,9 -19.4 ~15.0 -12,9 -23.0 ~17.9 -17.4
©30.0 1.2 0.40 <~5.2 =5.3 =19.9 =18.8 ~13.4 ~24.4 =25.7 =24.4
40.9 1.2 0.40 ~5.7 -5.8 =20.7 ~24.6 -14.5 -26.2 =~33.9 -31.3
51.8 1.2 0.40 <-6.4 =-6.6 =21.9 ~-29.0 -16.6 -28.9 <-44.2 =39.5
62.7 1.2 0.40 =~7.7 =7.9 -23.9 =33.4 -21.1 -33.3 =~60.0 =51.4
72.6 1.2 0.40 -9.9 =10.1 =27.4 =42.9 -31.1 -40.8 =-§7.6 =74.3
84.5 1.2

0.40 =15.0 -15.1 =36.2 -54.2 =45.7 -53.6 ~-172. =-166.

- BACKSCATTER, COMPONENTS IN DECIBELS
ANGLE ~ eemmme- VOLUME===~- ~=~INTERACTION=== ==SURFACE~~

84.5 0.50 -1

(DEG) TAU ALBEDO VW HH VH W HH VH VW HH
8.4 1.2 .0.50 =-3.6 =-3.6 -16.6 ~11.6 -11.3 -19.3 -8.2 =-8.1
'19.2° 1.2 0.50 ~3.7 3.7 -16.9 -13.5 -11.4 -20.7 -17.% -17.4
30.0 1.2 0.50 =~4.0 =-4:.1 -17.4 ~-17.1 -11.9 -21.9 =25.7 -24.4
40.9 1.2 0.50 ~4.4 -4.6 -18.1 =22.4 -13.0 -23.6 =-33.9 -31.3
51.8 1.2 0.50 =5.2 =5.4 ~19.4 =26.7 -15.1 -26.2 =~44.2 -39.5
62,7 1.2 0.50 - =6.5 =~6.7 -21.3 =31.1 -19.5 -30.5 =-60.0 -51.4
72.6 1.2 0.50 =-8.7 =9.0 -24.9 =-39.7 -28.8 -37.6 -97.6 -74.3
1.2 3.9 -14.1

-33.8 -51.0 =42.9 -50.2 ~-172. -166.
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FOR ALL CASES: SURFACK DIELECTRIC = 15 ~ jO, ksigma = 0.5, kL = 7

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE === =VOLUME -~=~~ ~~~INTERACTION-=- =-~SURFACE--

(DEG) TAU ALBEDO .VV HH VH w HE VH A HH
8.4 1.6 0.01 ~21.4 =-21.4 -52.7 ~33.1 ~32.8 -44.1 ~11.7 -11.6
19.2 1.6 0.01 =-21.6 -21.6 -53.0 =35.4 -33.0 -47.6 -21.6 ~21.1
30.0 1.6 0.01 =~22.0 -22.0 -53.5 =~40.1 =33.8 -50.2 ~29.7 -28.4
40.9 1.6 0.01 =-22.5 -22.5 -54.4 -4B.6 =35.6 ~-53.1 =~38.5 ~35.9
51.8 1.6 0.01 -23.3 -23.3 ~-55.8 ~54.4 -38.8 ~57.5 ~-49.8 -45.1
62.7 1.6 0.01 -24.6 -24.6 -57.8 ~59.1 =45.6 =-65.2 =67.5 -58.9
73.6 1.6 0.01 =-26.7 -26.7 -61.3 =~81.5 -62.8 ~79.0 ~-110. -86.4
84.5 1.6

0.01 -31.4 -31.4 -65.7 -95.2 ~85.,1 -95.2 =-207. ~-201.

| BACKSCAYTER COMPONENTS IN DECIBELS
ANGLE ~<mmmnVOLUME-~=ns =~=INTERACTION-== ==SURFACE--

(DEG) TAU ALBED0O VV. HH VH \'AY HH VH \'4Y HHY
8.4 1.6 0,10 =~11.2 ~-11.2 -32.2 =~22.7 -22.3 -33.2 ~11.7 -11.6
9.2 1.6 0.10 =~11.4 -11.4 ~32.5 =24.9 =22.6 -36.0 =~21.6 -21.1
30.0.1.6 0.10 -11.8 -~11.8 =-33.1 -29.5 -23.5 -38.2 =29.7 -28.4
40.9 1.6 0.10 =-12.3 -12.3 ~-34.0 =37.5 =-25.1 -40.7 ~38.5 =35.9
51.8 1.6 0.10 .=-13,1 -13.2 ~35.3 =43.0 -28.4 -44.7 =~49.8 ~45.1
62.7 1.6 0.1¢ ~-14.4 -i4.5 -37.4 -48.3 =-35.0 =51.2 =-67.5 ~58.9
73.6 1.6 0.10 ~16.6 -16.6 =40.9 =-63.2 ~-49.4 -61.0 ~-110. -86.4
84.5 1.6 0.10 =~21.3 -21.4 -49.4 =-74.4 -64.4 -74.0 -207. -201.
o BACKSCATTER COMPONENTS IN DECIBELS

ANGLE wmmmmeYOLUME === ~-~=INTERACTION=~- ==~SURFACE--
(DEG) TAU ALBEDO WV BH VH w HH VH \'A% HH
8.4 1.6 0.20 =-8.0 ~-B8.0 -25.7 =19.3 ~18.9 -29.0 -11.7 -11.6
1.2 1.6 0.20 -8.2 =-8.2 -26.0 ~-21.4 ~19.2 -31.3 =-21.6 =21.1
30.¢ 1.6 0.20 =-8.5 ~-8.5 -26.6 =25.9 -20.0 -33.2 -29.7 -28.4
40.9 1.6 0.20 =-9.1 =9.1 -27.4 =33.1 =-21.7 -35.6 =-38.5 ~35.9
51.8 1.6 0.20 =9.9 -10.0 -28.8 =38.6 -24.8 -39.2 =49.8 -45.1
62.7 1.6 0.20 =~11.2 -11.3 -30.8 =44.2 -31.2 =45.1 =67.5 =58.9
73.6 1.6 0.20 -13.4 -13.5 -34.4 =-56.1 -43.8 =53.9 =110. -86.4
84,5 1.6 0,20 ~18.2 -18.3 -43.0 =~67.3 -57.6 =66.6 =207. =201.

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE ~~ mmmeem VOLUME=-=-- =~-~INTERACTION--= ==SURFACE~--

(DEG) TAU ALBEDO VWV HE VH = W HH VH w HH
8.4 1.6 6.30- =6.0 =6.0 -21.6 =-17.0 ~16.6 ~26.0 ~11.7 ~11.6
19,7 1.6.0.30 =6.2 =6.2 -21.9 '=19.1 -16.9 =27.9 =~21.6 -21.1
30.0 1.6 0.30 =6.5 =6.5 =22.5 =23.4 =17.7 ~29.6 =29.7 -28.4
40.9 1.6 0.30 ~-7.0 =~7.1 -23.3 =30.0 -15.4 -31.9 =38.5 -35.9
51.8 - 1.6 0.30 =-7.9 -8.0 -24.7 =35.4 -22.5 -35.3 =49.8 ~45.1
62.7 1.6 0.30 =9.2 =9.3 -26.8 -41.2 -28.6 -40.8 -67.5 -58.9
73.6 1.6 0,30 ~11.4 =11.5 =30.4 =~51.3 =40.0 ~45.0 -110. -86.4
84.5 1.6

" 0.30 -16.3 ~16.5 ~39.1 =62.6 -53.2 -61.5 =207. =201.
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FOR ALL CASES: SURFACE DIELECTRIC =15 - jo, k51gma =05, KL.=7

. ) BACKSCATTER confonznrs IN DECIBELS
ANGLE =~ =memee VOLUME===mm ~=~INTERACTION=== =~SURFACE--

(DEG) TAU ALBEDO ,VV HH VH W HH  VH VW HH
8.4 1.6 0.40 ~4.5 ~4.5 ~18.5 ~15.2 ~14.9 -23.5 <=11.7 -11.6
19.2 1.6 0.40 -4.6 =4.7 ~18.8 =-17.2 -15.1 -25.1 =21.6 ~21.1
30.0 1.6 0.40 <-5.0 =-5.0 ~19.4 -21.3 =16.0 -26.6 =29.7 -28.4

40.9 1.6 0.40 <-5.5 -5.6 -20.2 ~27.4 -17.6 -28.7 ~38.5 -35.9
51.8 1.6 0.40 ~6.3 -6.5 -21.5 =32.5 -20.6 =-32.0 =~45.8 ~45.1
62.7 1.6 0.40 =~7.7 -7.9 -23.6 ~-38.4 =-26.4 -37.1 ~67.5 =58.9
73.6 1.6 0.40 =9.9 -10.1 -27.3 =47.2 -36.8 -44.9 ~-110. -86.4
84.5 1.6 0.40 -14.9 ~15.1

-36a2 -58-8 -49-7 -5704 -207o "2010

- . 'BACKSCATTER COMPONENTS IN DECIBELS
ANGLE | meeen=VOLUMEs==e- ~==INTERACTION=~- ~=~SURFACE~-~

(DEG) TAU ALBEDO VWV HE VH \'4'4 HE VH VW HH

8.4 1.6 0.50 =~3.2 =3.2 -15.9 -13.7 -13.3 =-21.1 ~11.7 ~-11.6
19.2 1.6 0.50 =~3.4 -3.4 ~16.2 =15.6 =~13.6 -22.5 =-21.6 ~21.1
30.0 1.6 0.50 =3.7 =3.8 =16.7 =19.4 =14.4 -23.9 =29.7 =-28.4
40,9 1.6 0.50 =4.2 =4.4 ~17.6 =25.0 ~16.0 =-25.9 =~38.5 =35.9
51.8 1.6 0.50 =5.1 =-5.3 -18.9 =-29.9 =i8.9 -29.0 =49.8 ~45.1
62.7 1.6 0.50 =6.4 =6.7 =21,0 =~35.6 =-24.5 -33.9. -67.5 ~58.9
73.6 1.6 0.50 <-8.7 =9.0 -24.8 =43.6 -34.0 ~41.3 =~110. -86.4
84.5 1.6 0.50 =13.9 -14.1

-33.7 =55.3 -45.7 -53.7 -207. -201.

- BACKSCATTER COMPONENTS IN DECIBELS
» . ANGIE = wewees VOLUME~==== =~~INTERACTION~-= =-SURFACE--

e ' (DEG) TAU ALBEDO VW HHE VH VW HH VHE W HH
8.4 1.9 0.10 -11.2 -11.2 ~-32.1 =24.7 =24.2 =35.1 =14.4 -14.3

) 19.2 1.9 0.10 ~11.3 -11.3 =-32.4 -26.9 -24.6 ~38.0 =~24.3 ~23.8

: 30.0 1.9 0.10 =~-11.7 -11.7 -33.0 =-31.8 =25.7 -40.5 =-32.7 -31.4
©40.9 1.9 0.10 -12.3 -12.3 -33.9 =-40.2 =27.9 -43.4 -41.9 -39.3

; 51.8 1.9 0.10 -13.1 -13.2 ~35.2 =46.4 -31.8 ~47.9 =54.0 =49.3
| 62.7 1.9 0.10 =14.4 -14.5 -37.4 =53.0 =39.6 ~54.9 <=73.2 -64.6
: 73.6 1.9 0.10 -16.6 -16.6 ~40.9 =-67.1 -54.3 ~64.7 ~119. -95.7
84.5 1.9 0.10 -21.3 ~21.4 -49.4 =78.1 =67.6 ~77.3 =234. -228,

) BACKSCATTER COMPONENTS IN DECIBELS
= C ANGIE . meeee- VOLUME==~="-~ -~~INTERACTION=~- =-SURFACE--

(DEG) TAU ALBEDO VvV  HH VE VW HE WH YW HH

8.4 1.9 0.20 =7.9 =~7.9 =25.5 <21.2 -20.8 -30.9 =14.4 ~14.3

1.2 1.9 0.20 -8.1 =-8.1 -25.8 ‘=23.4 =21.1 ~33.3 ~24.3 -23.8

'30.0 1.9 0.20 =-8.4 =8.5 =26.4 -28.1 -22.2 =35.3 =32.7 -31.4

40.9 1.9 0.20 =9.0 =9.1 -27.3 =35.7 ~24.3 -38.0 =~41.9 -39.3

__ . : 51.8 1.9 0.20 -9.9 -9.9 -28.7 =41.8 =28.1 -42.1 ' =54.0 =49.3

: - 62.7 1.9 0.20 ~11.2 -11.3 ~30.8 -48.6 =35.6 -4B.5 =73.2 ~-64.6

; 73.6 1.9 0.20 =13.3 -13.4 =34.4 =59.7 =47.9 -57.3 =119, -95.7
84,5 1.9 0.20 ~18.2.-~18.3

.3 =43.0 ~70,9 ~60.6 =69.7 =234, -228.




'FOR ALL CASES: SURFACE DIELECTRIC = 15 - jO, ksigma = 0.5, kL = 7

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE =~ = emeees VOLUME=~=~=« —=~INTERACTION-~~ =-~SURFACE-~
(DEG) TAU ALBEDO W HHE VH A2 HH VH W HH

- 8.4 1.9 0,30 =-5.9 =-5.9 -21,4 =~18.9 -18.5 ~27.8 ~-14.4 -14,3
9.2 1.9 0.30 =-6.1 =-6.1 -21.7 =~21.0 ~18.9 -29.8 -24.3 -23.8
30.¢ 1.9 0.30 -6.4 -6.5 ~22.3 =25.5 -19.9 -31.6 -32.7 -31.4

40.9 1.9 0.30 -7.0 =7.1 =23.2 =32.4 -22.0 -34.2 -41.9 -39.3

- 51.8 1.9 0.30 ~-7.9 -B.0 -24.6 =-38.3 -25.7 -38.0 ~54.0 -49.3
62.7 1.9 0.30 =~9.2 =~9.3 -26.7 ~-45.2 ~32.7 -43.9 =-73.2 -64.6
73.6 1.9 0.30 -11.4 -11.5 -30.4 =54.7 =43.7 -52.1 ~119. -95.7
B4.5 1.9

0.30 =-16.3 -16.4 ~39.1 ~66.1 -56.1 =-64.5 =~234. -228.

BACKSCATTER COMPONENTS IN DECIBELS
ANGLE ————— VOLUME===== =~=INTERACTION=~== ==SURFACE--

- (DEG) TAU ALBEDO VV HH VH VW H VH v HH
8.4 1.9 0.40 =-4.4 ~%.4 -18.3 ~17.0 =16.6 =25.2 ~14.4 -14.3
19.2° 1.9 0.40 ~4.5 =4.6 -18.6 =19.1 ~17.0 -26.8 =24.3 -23.8
30.0 1.9 0.40 =4.,9 -4.,9 -19.1 -23.3 -18.1 ~28.5 -32.7 -31.4
40.9 1.9 0.40 =5.5 =~5.5 «20.0 ~29.6 ~20.1 -30.9 =~41.9 -39.3
51,8 1.9 0.40 ~6.3 =~6.5 ~21.4 =35.3 =23.7 -34.5 =54.0 =49.3
62.7 1.9 0.40 =7.6 =7.9 -23.6 =41.9% =30.3 -40.1 =73,2 -64.6
73.6 1.9 0.40 =-9,9 -10.1 ~27.3 =50.4 -40.2 =47.9 ~119. =95.7
84.5 1.9 0.40 -14.9 -15.1

-36.1 =~62.0 ~52.6 -60.2 =234, -228.

“ | BACKSCATTER COMPONENTS IN DECIBELS
ANGIE - mmmees VOLUME---~- =-~INTERACTION--- =--SURFACE-~

(DEG) TAU ALBEDC VWV HH VH w HH VH VW HH
8.4 1.9 ©.50 =3,1 =3.1=15.6 ~15.4 ~15.0 =22.7 ~14.4 =14.3
19.2 1.9 ©0.50 -3.3 ~3.3 -15.9. =17.4 -15.4 -24.1 =-24.3 -23.8
30.0 1.9 0.50 =3.6 =3.7 ~16.5 ~21.3 -16.4 ~25.6 -32.7 -31.4
40.9 1.9 0.50 ~-4.2 ~4.3 =17.4 =27.0 -18.4 -27.9 =41.9 -39.3
51.8 1.9 0.50 ~-5.0 ~5.2 -18.8 =32.4 =-21.8 ~31.3 <=54.0 -49.3
62.7 1.9 0.50 -6.4 =6.7 -20.9 =-38.7 -28.1 =36.6 =73.2 -64.6
73.6 1.9 0.50 ~-8.7 =9.0 -24.7 <~46.5 -37.2 -44.0 =119, ~95.7
84.5 1.9 0.50 =-13.8 -14.1 -33,7 =-58.3 -49.4 -56.3 =-234. -228,

A BACKSCATIER COMPONENTS IN DECIBELS
ANGLE e VOLUME-=--- ~~~INTERACTION--~ =-SURFACE--

(DEG) TAU ATBEDO VvV HH VH. VW . HI - VH VW  HH

8.4 2.2 0.10 -11.1 ~11.1 =32.0 =26.7 -26.3 =37.2 -17.0 -16.9
19.2 2.2 0.10 =-11.3 -11.3 -32.3 '=29.1 =26.8 =40.2 =27.1 -26.6
30.0 2.2 0.10  -11.7 =11.7 =-32.9 -34.2 =-28.1 ~42.8 =35.7 -34.4
40.9 2.2 0.10 ~-12.2 -12.3 -33.8 =~42.9 -30.6 ~46.1 =-45.4 =42.8
51.8 2.2 0.10 -13.1 -13.1 ~35.2 =49.8 -35.3 -51.1 ~58.2 -53.5
62.7 2.2 0.10 =-14.4 -14.5 -37.3 =57.7 =44.2 -58.7 =78.9 -70.3
73.6 2.2 0.10 -16.6 -16.6 -40.9 =70.9 =58.2 -68.2 -128. ~105.

 84.5 2.2

0.10 =-21.3 -21.4 -49.4 ' -81.7 -70.7 -80.5 =261. =255,
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FCR ALL CASES: SURFACE DIELECTRIC = 15 - 30, ksigma =

-ANGLE

(DEG)
8.4
18.2
30.0
40.9
51.8
62.7
73.6

84.5

ANGLE
(DEG)
8.4
19.2
30.0
40.9
51.8
62.7
73.6
84.5

ANGLE
(DEG)
8.4
19.2
30.0
4G. 9

-51.8

62.7
73.%
84.5
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ANGLE

(DEGY)
8.4

13,2
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- 40,9

51.8
62.7
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TA
2.
2.
ViR

U
o2
.2
2.
.2
.2
2
.2
.2

U
2
2
2
2.2
2.2
2.2
2.2
2.2

0.20

0.20
0.20

0.20

. 0.20

0.20

0.20°

0.20

'ALBEDO

0-30
0.30

0930

0.30
0-30
0.30

0v30
0.30

ALBEDO

0.40

0.40".

0.40
0.40
0.40
0.40

0.40

6.40

ALBEDO

0.50
0.50
0.50

0.50
0.50
0.50

0.50

0.50

0.5, kL = 7

BACKSCATTER COMPONENTS IN DECIBELS
~==INTERACTION-~=

W HH
-23.2 ~22.8
~25,5 =23.3
-30.4 =24.6
-38.3 =27.0
~45.0 =31.5
-52.9 ~39.9
-63.3 =51.4

=74.4 -63.7

VH
~-32.9
-35.3
~37.6
-40.6
“45.1
=51.9
~60.5
~72.8

.=261.

=~SURFACE~="

Vv - HH
~17.0 -16.9
-27.1 ~26.6

=35.7 =34.4

-45.4 -42.8
-58.2 =53.5
~78.9 =-70.3
~128. -105.
~255.

BACKSCATTER COMPONENTS IN DECIBELS
-=~INTERACTION---

W HH
-2008 "'20-4
-23.1 -20.9

=27.7 -22.2

-34.9 <24.6

~41.3 -29.0

=-49.0 '=36.7

-6.9o5_ '“59-1

- VH
-29.7
~31.8
-33.8
-36.6
-40.8
-47.1
=55.2

""67.4

~-SURFACE~~

VW HH
-17.0 =16.9
-27.1 -26.6
~35.7 =34.4
-45.4 =42.8
-58.2 ~-53.5
-78.9 ~70.3
-128. -105.
-261. -255.

BACKSCATTER COMPONENTS IN DECIBELS

W HH
~18.9 -18.5
~21.1 -19.0

=25.5 =20.3
=31.9 -22.6

~38.0 -26.8

=45.3 =34.0

-53.5 -43.3
-65.2 =55.4

. we=INTERACTION--~

VH -
-27.0
-28.7
=30.5
=33.2
~37.1
-43.0
=50.7
~63.0

-=SURFACE~~
VW MM
-17.0 =16.9

=-27.1 -26.6

-35.7 ~34.4

~45.4 =42.8

-58.2 ~53.5
~78.9 -70.3
-128, =-105.
~261. -255.

BACKSCATTER COMPONENTS IN DECIBELS

------ VOLUME ===
VV HH VH
-7.9 =7.9 =25.4
-8.0 ~8.1 =25.7
~8.4 ~8.4 =26.3
-9.0 =-9.0 -27.2
-9.9 =~9.9 -28.6
.=11.2 =-11.3 -30.8
-13.4 ~13.5 -34.4
-18.2 ~18.3 ~43.0
me==n=YOLUME--~~=
W HH VE
-5.8 =5.8 =21.3
-5.0 =-6.0 =21.6
=64 =6.4 -22.2
=7.0 =7.0 -23.1
=7.9 =7.9 =24.5
-=9.2 =9.3 =26.7
~11.4 =-11.5 -30.4
-16.3 -16.5 =39.1
------ VOLUME~====
w HH - VH
-4.3 -4.3 -18.1
4.5 =4.,5 ~18.4
-4.8 =4.9 -19.0
=-5.4 ~5.5 =20.0
=6.3 ~6.4 ~21.4
-7.6 =7.9 -23.6
-9.9 -10.1 -27.3
~15.0 ~15.1 =-36.2
------ VOLUME=~~=w~
W HE VH
-3.0 =3.0 -15.5
-3,2 =3.2 -15.8
-3.6 =3.6 -16.3
4,1 ~4.2 =17.3
=5.0 -5.2 -18.7
6.4 =~6.7 =20.9
-8.7 =9.0 -24.7
~13.9 =14.1 -33.7

VW HH

~17.2 -16.8
'-19.3 ~17.3

-23.4 —1856
-29.2 =20.8
=34.9 =24.8
=41.7 ~31.5
-49.4 =40.1

=61.3 =52.1

- ==~INTERACTION--=

- VH
~26.4
~25.8
~27.5
-30.0
~33.7
~39.2
~46.7

-58.9

=261,

-=~SURFACE~~
W
~17.0 ~16.9
~27.1 =26.6
=35.7 -34.4

=45.4 ~42.8

-58.2 =53.5

-78.9 -70.3 °

-128. ~105.

=255,



b

FOR ALL CASES: SURFACE DIELECTRIC = 15 ~- jo, kL =7

ANGLE
(DEG) ksigm

8.4
19.2
30.0
40.9
51.8
62.7
73.6
84.5

. ANGLE
({DEG) k31gma

8.4

18.2 -

-30.0
40.9
51.8
62.7

-73.6

84.5

~ ANGLE
(DEG) ksigma -
8.4

19.2
30.0

40.9
51.8

62.7
73.6
84.5

 (DEG} ks;gma»

8'4
19.2
30.0

40,9

51.8
. 62.7
73.6

- 84.5

ODCOoOCODOQCO
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HPJFJFJF‘F'F‘H

. o+ m
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CODOOOOC
hahahaharelolo

*

coocODOoO0
Lo L2 Lo O W W

';bbbbb#

.1 ~13.2 =-35.7 -25.

cCooDooD

=18.4 ~44.2 - =33.

OPTICAL DEPTH CTAU) = 0,2, ALBEDO = 0 2

BACKSCATTER COMPONENTS IN DECIBELS
VOLUHE ----- . m==INTERACTION--~- =~~SURFACE-~

w HH VH AA' HL VH \'A% HH

"'12-9 -34-4 "150‘1 '140?"’3201 -1104 -11-3
-12o9 -34l7. -1609 "14-5~ -3219 -22-0 '21.5

.0- ~13.0 ~35.1 -20.4 -14.3 -33.6 ~29.4 -28.1

-13.2 ~35.7 -26,0 -14.0 -34.6 ~-36.3 -33.7

-13.4 «36.6 =-27.8 -13.9 =36.0 =-44.1 -39.4

-13.8 -37.6 =27.5 -14.1 -38.0 ~55.0 ~46.4
«14.8 -39.2 =-38.1 ~15.6 -41.1 -80.4 -57.4& -
~18.4 -44.2 <-33.9 -27.0 ~49.6 -94.3 -87.8

BACKSCATTER COMPONENTS IN DECIBELS
VOLUME=~—== ~ ==-INTERACTION--~ --SURFACE--
HE VH W HE VH W HH
~12.9 =34.4 =15.3 -14.8 =30.2 =5.6 =~5.5
~12.9 =34,7 =17.0 =14.6 =31.6 =-16.0 ~15.5
-13.0 ~35.1 =20.5 -14.4 -32.5 =-23.4 -22.1

.1 -13.2 =35.7 -26.0 ~14.1 -33.4 ~30.3 -27.7

~13.4 =36.6 =~27.8 -13.9 ~34.8 ~-38.1 ~33.4
-13.8 ~37.6 =27.5 -14.1 =36.9 ~49.0 -40.4
~14.8 =39.2 -38.0 -15.7 -40.2 -Th4.4 -51.4
~18.4 -44.2 =33.9 -27.0 -43.1 =-88.3 -81.7

BACKSCAETER COMPONENTS IN DECIBELS

YOLUME == 'w=mINTERACTION=== =-SURFACE~-~

m VH vw- I VH vV HH
-12.9 -34,4 =~15.5 -15.0 -28.3 ~2.5 -2.4
«12.9 34,7 =17,1 ~14.8 =30.2 «12.7 =12.1
-13.0 -35.1. -20.% =14.5 ~3%.2  ~19.9 -18.6
-13.2 -35.7 =23.9% ~14.2 ~32.0 =26.8 =24.2
-13.4 =-36.6 =27.8 «14.0 ~33.4 =34.5 =29.9
-13.8 ~37.6 <~27.6 =-14.2 ~35.6 -45.4 -36.9
~«14.8 -39.2 =~37.8 ~15.7 =39.2 ~70.9 -47.8
-18.4 -44.2 -=33.9 -26.% -48.5 -84.8 -78.2

BACKSCATTER COMPONENTS IN DECIBELS

------ VOLUME=-==~ ~~-INTERACTION-=~ =~SURFACE-~

HH _VE - VW.. BEH .VH VW - HH
~12.9 =34.4 =15, 8 -15.3 <26.9 ~0.6 -0.5
-12.9 -34.7 ~17.3:-15.0 =28.9 -10.4 ~9.9
-13.0 =35.1 =-20.6 =14.7 -29.9 -17.5 -16.2
~14.4 =30,7 ~24.3 -21.7
-14.2 -32.0 -32,1 -27.4
=14.3 =34,2 ~43.0 ~34.4
«15.7 =38.0 ~68.4 -45.3
-26.9 -47.8 . ~82.3 -75.7 -

«13.4 =36.6 ~27.
-13.8 -37.6 ~27.
-14.8 -39.2 -37.
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FOR ALL CASES: SURFACE DIEIECTRIC = 15 - jO, kL = 7
OPTICAL DEPTH (TAU) = 0.2, ALBEDO = 0.2

: BACKSCATTER COMPONENTS IN DECIBELS
ANGLE

m————— VOLUME-~=~=== =~~INTERACTION=== =~SURFACE~-

(DEG) ksigma VV  HH VH h'A" HH VH w HH
8.4 0.6 ~12.9 ~12.9 -34.4 =16.5 =~16.1 -25.0 1.2 1.3
19.2 0.6 -12.9 -12.9 =-34.7 =17.9 -15.7 =26.9 =7.5 =~7.0
30.0 0.6 ~13.0--13.0 -35.1 ~20.8 ~15.3 ~27.9 =~14.3 =-13.0
40.9 0.6 -13.1 -13.2 ~-35.7 -25.4 -14.9 ~-28.6 ~-20.9 -18,3
51.8 0.6 =~13.3 ~13.4 ~36.6 =27.7 =-14.6 -29.8 =~28.6 -23.9
62.7 0.6 =-13.8 -13.8 -37.6 =-27.9 ~14.6 -32.0 -39.5 =30.9
73.6 0.6 =14.7 =14.8 =39.2 =37.1 =15.9 =35.9 -64.9 ~41.8
- B4.5 0.6 ~18.3 ~18.4 -44.,2 =33.9 ~26.9 -46.3 .~78.8 -72.2

BACKSCATTER COMPONENTS IN DECIBELS

ANGLE == =  wmrm=== VOLUME =~~~ ~~~INTERACTION~~= ~=SURFACE-~
(DEG) ksigma VV HH VH Vv M VH =~ w HH
8.4 0.7 -12.9 -12,9 -34.4 ~16.9 ~16.5 =24.5 1.4 1.5
19.2 0.7 -12.9 ~12.9 ~34.7. ~18.2 ~16.0 ~26.2 ~6.6 <-6.1
- 30.0 0.7 =13.0 -13.0 =35.1 =21.0 ~15.6 -27.1 ~13.1 =11.8
40.9 0.7 ~-13.1 -13.2 -35.7 =25.2 -15.2 «27.7 -19.7 ~17.1.
51.8 0.7 =13.3 ~13.4 =36.6 =27.7 -14.8 ~28.9 =27.3 =22.6
62.7 0.7 ~-13.8 -13.8 -37.6 =-28.0 ~14.8 -31.0 =~38.1 ~20.6
73.6 0.7 -14.7 -14.8 ~39.2 ~36.9 ~16.0 -34.9 =-63.6 -40.5
84.5 0.7 ~18.3 ~18.4 ~44.,2 =33.9 -26.9 ~45.6 ~77.4 -70.8

BACKSCATTER COMPONENTS IN DECIBELS .
" ANGLE 0 =mmeaw VOLUME == me= ~=«INTERACTION=~~ ==~SURFACE-~
(DEC) ksigma VV HL VH vw HH VH w EH

-18.4 _75‘-‘-.4 A

‘8.4 0.8 =12,9 +12.9 =34.4 =17,3 -16.9 =24.2 1.4 1.4
1.2 . 0.8 -12.9 =-12.9 -34.7 =-18.5 ~16.4 -25.7 =6.0 =5.5
3.0 0.8 +-13.0 -13.0 =-35.1 =~21.1 =-15.9 =26.4 ~-12.2 -10.9
40.9 0.8 ~-13.1 -13.2 =35.7 ~-25.1 =15.5 ~27.1 ~18.6 =16.0
51.8 0.8 -13.3 -13.4 -36.6 <27.6 ~15,1 ~28.2 ~26.2 ~21.5
62.7 0.8 ~13.8 ~13.8 -37.6 =-28.2 -15.1 -30.2 =-37.0 -28.4
73.6 0.8 -14.7 ~14.8 -39.2 ~36.6 ~16.1 ~34.1 =~62.4 -39.3
84.5 0.8 ~18.3 -18.4 -44.2 ~-33.9 -26.9 -44.9 =-76.2 -69.7
BACKSCATTIER COMPONENTS IN DECIBELS

ANGLE =~~~ == VOLG:®~- +== «~=INTERACTION=~~ ==SURFA(CE-~
(DEG) ksigma VW HE VH W HI VH VW HH

5.4 6.9 =12.9 -12.9 =38.4 =17.7 -17.4 =24.0 1.0 1.1
19.2 0.9 -12.9 -12.9 =34.7 =18.9 -16.8 -25.3 ~5.7 ~5.1
-30.0 0.9 -13.0 -13.0 =35.1 ~Ri.3 =-16.3 -25.9 ~11.6 -10.2
40.9 0.9 ~13.1 -13.2 ~35.7 ~24.9 ~15.8 =26.5 =17.7 -15.2
51.8 G.9 -13.3 -13.4 =36.6 =27.5 ~15.4 ~27.5 =25.2 ~20.6
62.7 0.9 -13.8 -13.8 ~37.6 =-28.3 ~15.3 -28.5 ~36.0 -27.4
73.6 0.9 ~14.7 =14.8 =32.2 ~36.4 -16.2 -33.4 =61.4 -38.3
84-5 0.9 hd zZ “33\19 -26-_8- “4412 -75.2 -68-7
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Figure C.1 ,'Computed normalized baskscattering using the small '
perturbation approximation as a function of [

(a) incidence angle, {b) ko, and (c) KL under
various conditions.

328




Ll et P s L AL - AL

| SMALL PERTURBATION APPROXIMATION
10 [ '. 1 ) i | AL i i l ! ] 1 : i l l' 1 | L]
5
o B
. : ) ~)
= ~°r - )
Z - o
2 k' oAngle = 10 Deg k. = 1.5 .
= =10~ xAngle = 10 Deg ki = 3 ~
@ B AAngle = 10 Deg kL = 6 ]
o b oimEImecr i
! = ngle = eg kL =
g ~15F —
g [ -
g L. -
Z 201 . -
=25 :- ' ' ,//.;P
B ‘ ]
—~30 [~ ' —
k .
- -
T MR R B I U0 S N BT S R T B B
0.10 ;0,15 020 025 0.30

k sigma

Figure C.1(b) |

325




I o I RN R Y Eh. S S R e i e

NORMALIZED SIGMAD (dB)

SMALL PERTURBATION APPROXIMATION

T 1T T T 1]

: / =
0 — ‘
- .
~10 [~
E -
-20 — H\ .
» .
~30{- ' |
—40
»
~50 |-
-
—60 +— ® Angle = 10 k sjgma = 0.3
» X Angle = 10 k sigma = 0.2
» A Angle = 10 k sigma = 0,15
— B Angle = 50 k sigma = 0.3
~70— ¢ Angle = 50 k sigma = 0.2
~ ¥ Angle = 50 k sigma = 0.15
—80 [~
-
-90
L -
_100_ ] { i ] L. ] 1 I | [ ]
0 1 2 3 4 5 6

326

r_

I

[ o,
—3

==

|

o

3

=

i

I

o

£




5 ] l. } H l ; i l ] l 1 ’ ]
¢- © © H——0 & n
1§j——-ae~—-—a&—-——¥-—-*“"4‘" X —
e A & " ] s
= i i 5
LA . P ‘
<~ g X
s I .
=
. o
, “@ . sl 4
Lo - 0 S - -
- = - ® RMS Slope = 0.5 -
= B X RMS Siope = 0.6
P - ARMS Slope = 0.7 7
z B : 0O RMS Slope = 0.9 -
-10}— : : ¥ RMS Slope = 1.1 .
B D
- 4
-15 1 L I 1 ] I ] I } |

0 10 20 30 40 50 60
INCIDENGE ANGLE (Degrees)

Figure €.2 Computed normalized backscattering using the
stationary phase approximation as a function of
(a) incidence angle and (b) RMS slope under various
conditions. ~
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25 KIRCHHOFF _— SCALAR APPROXIMATION
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- Computed normalized backscattering using the scalar

approximation as a function of' (a) incidence angle,

60

(b) ke, and (c) kL under various conditions.
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FRESNEL REFLECTIVITY

INCIDENCE ANGLE (Deg)

Computed Fresnel reflectivity as a function of

4
(a) incidence angle, (b) €', and {c) loss tangent (tan 8)
under various conditions.
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Figure C.5 Computed volume backscattering as a function of (a)}

incidence angle, (b) optical thickness (r), and {c)

albedo (w) under various conditions.
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Figure C.6(d)
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