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Abstract
I

A theoretical model for the backscattering of electromagnetic waves

from a layer of vegetation is computed using a first order renormaliza-

tion technique to determine volume scattering. The vegetation soil inrer- i

face is assumed rough according to the tangent plane approximation and the
scattering from this boundary is added incoherently to the volume scattering
result. The mean wave in the vegetation is obtained using a bilocal approxi-
mation of the Dyson's equation. A free space dyadic Green's function is used
along with a correlation function of the dielectric fluctuations which is
exponential in form and which also possess different correlation lengths

£, &;; and Z;;in the x, y, and z, directions. Effective propagation constants
are obtained for both horizontal and vertical polarizations. The scattered
wave ig solved for using a two-dimensional Fourier transform technique and

the boundary conditions at either end of the vegetation layer are matched.

The far field backscatter coefficients are computed for both horizontal and

( vertical polarizations. The mean and variance of the dielectric fluctuations
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" are calculated with the aid of Peake's model fcr the dielectric constant of

vegetation. The theory is matched to experimental data taken from a corn

field. The resulting values for the correlation parameters are then used

to monitor the growth pattern of the corn field over a period of time.
Comparison between the theoretical and experimental results over this time

period are shown. The theory is also matched to experimental data from

spring and fall deciduous trees. An elementary sensitivity analysis is also

<
/
shown in which the change in the ﬁackscatter coefficient is plotted as a

function of incidence angle for qlgiven change in one input parameter.
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I. Introduétion

This paper will present some results of a theory which was developed
for the purpose of analyzing the nature of radar backscattering from cer-
tain types of vegetation. .The vegetation is simulated by a continuous ran-
dom medium and use is made of a first order renormalization technique t§
calculate the radar backscatter coefficient. The influencé of an irregular
vegetation soil interface is also considered using a noncoherent approach.
Recently, Fung! solved the problem of scattering from a vegetation'layer
using a scalar first order renormalization approach. His sﬁlution,.hovever,
did not cénsidet the existence of a rough vegetation soil boundary. Fung
did consider an anisotropic correlation function in which the horizontal
variation is different from the vertical. Tsang and Kong? solved the problem
of volume scattering from a half space random medium whicﬁ contains lateral
and vertical fluctuations. A radiative transfer approach was used to calcu-
late the backscattering cross sections up to second order in approximation.
This enabled the cross polarized terms to be obtained.

~ There are two important and somewhat related practical applications

for developing and analyzing various radar scattering theories. The first
application is fadar image simulation of terrain features. 1In this problem
the radar system parameters and terrain parameters are assumed known and used
to calculate a radar response in the form of a grey tone or density. The
scattering theories can be used to compute the radar backscatter coefficient
which in turn is used to calculate grey tone. The use of scattering theories
in this type of application is straight-forward even though a solution for
any one particular scattering’problem may be extremely complicated. The

second application is in the field of remote sensing of terrain in which




the sensor response must be utilized to determine various terrain parameters.

The use of the scattering theories for this application is not straightfor-
ward. There are, however, two important uses of scattering theories which
bear directly on remote sensing. The first of these is a parameter sensitiv-
ity study. The theory can be used to analyze the influence of various veg-
etation, terrain and radar parameters upon the sensor resp;nse. Such para-
meters as surface roughness, soil moiéture, vegetation height and density
could be varied one at a time in order to determine the influence on the
sensor response. This type of analysis should lead to a determination of what
radar parameters are most sensitive to certain terrain parameter chénges.
This type of analysis assumes the existence of verified scattering theories
which have been developed and compared with existing experimental data.

The second use of scattering theories would be to analyze the radar response
for two different types of terrain features in an effort to see if the two
features could be distinguished from each other on an image. Once again
this would assume the existence of verified scattering theories which have
been developed and tested against experimental data. These applications
provide the incentive for developing, anralyzing, and testing various scatter-
ing theories.

In what follows we will consider the geometry of the scattering problem
to be solved and discuss the technique used for the solution. The form of
the final answer for the backscatter coefficient will be shown, and section
II will compare the resulting theory with existing experimental data. Also,
some results from a sensitivity of input parameters study will be shown.

Figure 1 shows the scattéring geometry of the vegetation problem. A
plane wave with a time harmonic dependence of exp (jwt) is incident from

free space at an angle 84 onto a layer of vegetation. The mean thickness
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of the vegetation is L. The vegetation soil boundary is considered to be

randomly rough according to the tangent plane approximation. The vegetation
is simulated by a continuous random medium in which €(r) and o(r) represent
the three dimensional random dielectric and conductivity fluctuationms,
respectively. These fluctuations consist of the sum of an average and a
fluctuating component. The standard deviations of the flucguations are
represented by n; and ny. The true angle of refraction of the mean wave in
the random medium is 6. The soil below the vegetation is assumed homogeneous
with a complex propagation constant k3. The magnetic permeability for all

three media is assumed to be that of free space. The polarization of.the
incident wave was taken to be either horizontal or vertical. A first order
renormalization method was used to calculate the mean and scattered waves in

the random medium. A solution was developed first for the case where the
vegetation soil boundary is a plane interface. The effects of an irregular
boundary were considered in a noncoherent manner. The dielectric and con-
ductivity fluctuation terms (e'(r) and o'(r)) are generated by statistically
homogeneous random processes. The mean of each process is zero and the
correlation functions are identical and exponential in form with £, £y an@ z,
representing the correlation distances in x, y, and z. The correlation

functions have been chosen to be anisotropic. It is believed that this
representation with unequal correlation distances, is closer to reality than

an isotropic correlation function. This is because the size of the vegetation
scatterers in a horizontal plane is generally not the same as the size of the
scatterers in a vertical plane. ' The mean wave in the random medium is determined
Sfrom the bilocal approximation‘of the Dyson's equation. Plane wave solutions

to the Dyson's equation were obtained using the form of a free space dyadic
Green's function. The free space propagation constant was replaced with the

average background propagation constant of the random medium. A three




dimensional Fourier transform of the Green's function was used. A solution

for the z component of the effective propagation constant of the mean wave
was obtained for both horizontal and vertical polarizations. Once the mean
wave had been calculated ané the appropriate boundary conditions matched for
the mean waves in all three media, then the scattered wave in the random
medium was computed using the first order renormalized equation for the
scattered wave. This scattered wave was computed using a two dimensional
Fourier transform technique. This also allowed the calculation of the
scattered waves in air. The necessary boundary conditions were matched and
the backscatter coefficient was computed for horizontal and vertical ﬁolar-
izations. The influence of the rough boundary between the vegetation and the

soil was considered apart from the volume scattering solution, using the i

tangent plane method. The backscatter coefficient for the rough surface
scattering had to be modified by the attenuation through the vegetation.
This result was then added to the volume scattering solution to obtain a
final answer for the backscatter coefficient. The form of this result is

given below:

= o - Q
oﬁu OHuS exp( 4aelLsec6e1)+0HHV ¢})
© = g© - °
OYv = Oyys eXP(~hagyleecd ) toyy, (2)
where:

ofiys and ofyg are the rough surface scattering coefficients for

horizontal and vertical polarizatioms.

ag) and a,y are the attenu;tion portions of the effective propagation

constant for horizontal and vertical polarizations, respectively.

eel and Oez are the true angles of refraction of the mean wave in

the random medium for horizontal and vertical polarizations,

respectively.




b ° °
' Ouny 8nd Oyy, are the volume scattering coefficients for horizontal

and vertical polarizatioms.
An elementary permittivity model was developed to relate certain para-
meters of the random medium to the parameters of actual vegetation.

Use was made of a model provided by Peake and Oliver® for the complex

dielectric constant of vegetation. This in turn was used.to help compute
values for the means and variances of the dielectric and conductivity
fluctuations.

I1. Numerical Results

This section will show the results of sample calculations for equations
(1) and (2) and will also show the results of some sensitivity calculations
where the change in backscatter coefficient is analyzed for a given change
in one input parameter. The input parameters for the model are:
1. Angle of incidence (91)
2. Fraction of water by weight in the vegetation (F)

3. Volume of vegetation divided by the total volume of

vegetation plus air (Rv) ]
; ; 4., Correlation distance in the x direction L)
L 5. Correlation distance in the y direction (Ky)
6. Correlation distance in the z direction (Zz)
7. Mean thickness of the vegetation layer (L)

8. Relative dielectric constant of the soil
below the vegetation (Eg)
9. Conductivity of the soil below the vegetation (03)
10. Frequency . (£)
{ 11. Ratio of the standard deviation of the rough

surface fluctuations to the correlation distance

of the fluctuations (mg)




The output of the computer calculations is the backscatter coefficient in
decibels. Figures 2 through 7 match the theory with experimental data taken
from corn at three different times during the growing season. The peak
which occurs at normal incidence is due to rough surface scattering and

changes according to the thickness of the layer and the vegetation moisture

content. Figures 8 and 9 match the theory to experimental Aata taken from
spring and fall deciduous trees. These results are also compared to some
results derived for corn. Figure 10 presents a study of ¢° variations with
the fraction of water by weight in the vegetation. For small angles of
incidence (less than 10°) increasing F results in a slightly lower value of
0°. This is due to the fact that surface scattering is dominant at these
angles and increases in F yield more attenuation for the mean wave. At
larger angles of incidence (greater than 20°) volume scattering is dominant
and increases in F increase the level of 0°. Figure 11 presents a study of
0% variations with L. Figure 12 shows a study of ¢° variations with £x. For
angles of incidence less than approximate 50°,an increase in £, results in
larger values of 0°. For angles of incidence greater than 50° an increase
in Lx results in 0° falling off faster with incidence angle. For angles of
incidence less that 10° changes in Zx have no influence on ¢° since the
surface scattering is dominant. Figure 13 presents a study of ¢° variations
with £,. 1Increasing Zz results in increasing the level of ¢° except for
angles of incidence less that 10°. Figure 14 shows a study of ¢® variatioms
with ¢,. In this figure the change in 0°(40°) is plotted as a function of

4

incidence angle for a change in ¢_ of 40. It can be seen that for small

g

angles of incidence this results in large changes in ¢°. As the incidence




angle increases, however, Ac° rapidly decays toward zero as the lower surface

has less influence on the result. Figure 15 shows a study of ¢° variations
with Zx. The change in ¢° is plotted as a function of incidence angle for
a change in Lx equal to one centimeter. For angles of incidence less than
20°, Ac® is practically zero. At these angles the rough surface scattering
is most inportant and changes in £y have little or no affect Sn 0°. As the
angle of incidence increases; Ac® swings downward to a value of approximately
-4db ar 80°. ‘

We will conclude this section with a brief discussion of the limitations
and difficulties with the developed theory. It appears valid to simulate
a region of vegetation with a continuous random medium although it is not
certain as to how well the first order renormalization technique does in
solving the problem. It is not clear how much multiple scattering is being
considered and it is not even clear as to how much multiple scattering must
be considered. A free space dyadic Green's function was used in solving
the Dyson's equation and what should have been used was a Green's function
applicable to a layered problem. An anisotropic correlation function was used,
however, this did not result in a depolarization term. The existence of
depolarization is clearly evident from the experimental data. The reason
for this depolarization is as yet unknown. A depolarization term could be
obtained by computing the scattered field to a second order approximation. It
could also be obtained by initially allowing for an anisotropic random medium.

Which approach is correct is unclear at this time.
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I111. Conclusions

The following cénclusions have been made as a result of this work:

1. A theory has been developed to explain electromagnetic wave
scattering from a vegetation layer possessing an irregular vegetation
soll boundary.

2. The theory developed was for like polarized (HH or VV) components
only and no result was cbtained for the depolarized components..

3. For certain types of vegetation such as corn it was found tﬁat
the irregular vegetation soil boundary dominates the backscatteripg
result for angles of incidence between 0° and 20°.

4. In general the affect of the rough surface boundary between the
vegetation and soil increases with decreases in frequency, vegetation
moisture content, vegetation volume, and layer thickness.

5. The o° versus incidence angle curve was shown to be sensitive to
very slight changes in the correlation distance in z.

6. The predictability of the o° versus incidence angle curve depends
upon a very detailed knowledge of the statistical properties of the
dielectric fluctuations of the vegetation and surface roughness
properties of the soil below. Such knowledge as this for particular
vegetation features does not exist at the present time. Future work
should include attempts to obtain this detailed understanding if
theoretical models are to have ultimate usefulness in predicting

scattering from vegetation features.

10

v ———— SR P S YT Sty R Y - OO BEEEY LAl

N - < TP AR 5 v
R - - .
v - v et 3
e . . PR el R e g e



References

1. A. K. Fung, "Scattering From A Vegetation Layer', IEEE Transactions

on Geoscience Electronics, Vol. GS-17, No. l. January 1979.

2. L. Tsang and J. A. Kong, "Radiative Transfer Theory for Active Remote
Sensing of Half Space Random Media', Radio Science, Vol. 13, No. 5,
September-October 1978. |

3. W. H. Peake and T. L. Oliver, "The Response Of Terrestial Surfaées

At Microwave Frequencies', Technical Report AFAL-TR-70-301, fhe Ohio State

University Electroscience Laboratory AD884106.




*M04 (22 goost7op-) dxaSAGoatGo

Aﬂgoq-(ragoasqtany-)dxasngo-ugo
£L130wo9n BuTialjzeds - 1 2and1g

T¥O0S
1
@), 0%usFo=(T) 0 ' i
99 a
[(@),31ut¥37%=(3)3 uotIelasay 1
X & =
(1 ;
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Polarization: Horizontal
F = 0.815 f = 8.6GHz
Ry, = 0.0002
£x =Ly =5 mm £z = 0.095 mm
Layer Thickness = 2.6 meters

. Relative Dielectric Constant of Sofl = 3.5
Conductivity of Soil = 0.389
mg = 0.035

h - Ulaby's Experimental Data for Corn - July 16, 1974

Figure 4 Comparison of Theory with Experimental Data
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Polarization: Vertical

F =0.815 f = 8.6GHz
Ry = 0.0002
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Layer Thickness = 2.6 meters
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mg = 0.035

v - Ulaby's Experimental Data for Corn - July 16, 1974
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. _ Polarization: Horizontal
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Polarization: Vertical
ms.n:ﬁ F =0.529 f = 8.6GHz
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Polarization: Horizontal f = 8.6GHz Corn Ground Truth
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Polarization: Horizontal
F=0.8 f = 8GHz
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Figure 12 Study of g% Variations With £x
l-._ﬂ.-l —t + — + 4 + +— —d
18- 20- 30 4a- sa- Ba- 7a- aa-
ANGLE OF INCIDENCE IN DEGREES

8.2

R e ah e E ey W A e g a——

- ———

-




Polarization: Horizontal ”
F=0.8 f = 8GHz |
Ry = 0.0002 :
£x =Ly = 2 mm !
Layer Thickness = 1 meter ;
Relative Dielectric Constant of Soil = 8.2
Conductivity of Soil = 1.67
mg = 0.04
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tn Figure 13 Study of o° Variations With £z
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Y m:. Polarization: Horizontal
) . F=0.8 f = 8.6GHz
Ry = 0.0008
£2x = 4 mm Ly = 2.5 mm £2 = 0.05 mm
Layer Thickness = 1 meter
12.H Relative Dielectric Constant of Soil
{ : Conductivity of Soil = 0.1
mg = 0.04 aeg = 40
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Figure 14 Study of ¢° Variations With g4

DELTR SIBMA ZEROD IN DECIBELS

ERPTE VORISR FPIL SOP

i

o
e

.
£ AN




!
{

._ Polarization: Horizontal ,
) |.By F =0.82 f = 8.6GHz '
_ : R, = 0.0008 |
_ £x =4 mm Ly =2.5mm £z = 0.05 mm

Layer Thickness = 0.3 meter
Relative Dielectric Constant of Soil = 9.0

a . : Conductivity of Soil = 1.44
) mg = 0.1 ALx =1cm

Figure 15 - Study of o° Variations
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