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ABSTRACT

This thesis presents the development and validation of theoretical models for
electromagnetic wave propagation, scattering and emission from the plants and forest
and their applications to the microwave remote sending of vegetation covered earth
terrain.

A radiative transfer model with clustered vegetation structure is developed and
used to simulate the polarimetric radar backscatter signatures of pine forest. The
specific clustered structure of forest is incorporated in the calculation of the phase
and extinction matrices. The theoretical model is applied to interpret the measured
UHF, L-, C-, and X-bands radar data at the Landes pine forest in Southern France
during the AIRSAR and SIR-C/XSAR missions. The experiments were conducted by
Centre d’Etude Spatiale BIOsphere (CESBIO), the National Aeronautics and Space
Administration (NASA) and Jet Propulsion Laboratory (JPL). The collected ground
truth is used as the input parameters to the developed model. The effect of the tree
clustering structure and the coherent wave interactions due to the fine structure of the
leaves are shown to have impacts on the polarimetric signatures of forest. It is found
that the cross-polarized return at lower frequencies and the correlation coefficient of
HH and VV polarizations are sensitive to the total forest biomass.

Millimeter wave scattering from an isolated tree is studied by using a tree model
consisted of a crown as the random medium with random distribution of leaves and
twigs, and trunk and large branches as deterministic scattering objects. The trunk
is modeled as a circular cylinder with random rough surface where Kirchhoff’s ap-
proximation is used to obtain the radar return from the surface of the trunk. Trans-
mission loss factors, which is caused by absorption and scattering, are included when
computing the contribution from interior branches and trunks. The scattering from
crown is calculated with the radiative transfer theory. The theoretical predictions
are compared with the measured range profile of coniferous and deciduous trees.
The measurements were made by Army Research Laboratory (ARL) using a 94 GHz
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FMCW radar. A good agreement between the model simulation and data is demon-
strated. The sensitivity of tree size, leaf angle distribution and density distribution
to the range profile of tree is investigated.

A theoretical model is developed to calculate the mean attenuation, the am-
plitude and the phase fluctuations of electromagnetic waves propagating through
foliage. The attenuation of the average received field is obtained from the sum of
the absorption loss and the scattering loss. The amplitude fluctuation of electromag-
netic wave is calculated from the bistatic scattering coefficients using the radiative
transfer theory. The phase fluctuation is obtained from the amplitude fluctuation as-
suming the phase of the fluctuation field is uniformly distributed from —7 to 7. The
theoretical results are compared with experimental data at UHF, L-, and C-bands
which were collected by MIT Lincoln Laboratory during the 1990 Foliage Penetra-
tion Experiment. In the experiment, transmitters were placed inside the forest and
an airborne receiver was used to measure the one-way propagation. This theoretical
model is used to illustrate the polarization and angular dependencies of attenuation
and phase fluctuations. It is found that the attenuation increases with the frequency
and the depression angle. The vertical polarized field at UHF band is attenuated
more than that of horizontal polarization due to the large attenuation by the trunks.
The phase fluctuation is found to increase with the attenuation for all frequencies.

A passive remote sensing model based on radiative transfer theory with both
continuous random medium model and discrete scatterers model is developed to
study the polarimetric thermal emission from the vegetation canopy. The polarimet-
ric brightness temperature is obtained either directly from the solution of radiative
transfer equation with source term included or calculated with Kirchhoff’s law from
the bistatic scattering coefficients. The theoretical model is used to interpret the
emissions measured by Istituto di Ricerca sulle Onde Elettromagnetiche (IROE) of
Italy over an alfalfa field at different growth stages at 10 GHz. Theoretical studies on
the polarimetric emission from non-azimuthally symmetrical media with tilted scat-
terers has been investigated. It is found that the third Stokes parameter is sensitive
to the azimuthal asymmetry of the medium.

Thesis Supervisor:  Jin Au Kong
Title:  Professor of Electrical Engineering
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Chapter 1.

Introduction

1.1 BACKGROUND

The characteristics of earth terrain and their electromagnetic response are of
great interest to the radar community as well as remote sensing scientists. For re-
searchers interested in the radar signature of targets, the understanding of radar
scattering from earth terrain as “clutter” would aid to better target detection and
the false alarm problems associated with it. For the remote sensing community, it is
essential to relate and invert the terrain parameters such as vegetation biomass and

soil moisture to the scattering and/or emission properties.

Remote sensing usually can be divided into two areas: passive and active. In
passive remote sensing, a radiometer is used to measure the thermal emission from
media which radiate electromagnetic energy at a finite physical temperature. The
brightness temperature, which is the temperature the black body has to reach in
order to radiate the same amount of energy, is used to characterize the thermal
emission from the terrain. For a medium at a constant physical temperature and
without the background sky radiation, the brightness temperature is the emissivity

multiplied with the physical temperature. In active remote sensing, a radar system
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22 - Introduction

consisting of transmitter and receiver is utilized. A bistatic radar has transmitter and
receiver located at different locations, whereas a monostatic radar has them placed at
the same location. The transmitter sends out a signal to the target and the scattered
signal in the specific direction is measured by the receiver. The target is characterized
by the radar cross-section which has the dimension of area and is dependent on the
frequency, polarization and the angles of illumination and observation of the radar.
For the case of distributed targets, such as earth terrain, the scattering coefficient

used is the radar cross section normalized to the illuminated area on the ground.

With its abilities to penetrate clouds and rain to some extent and to provide day
and night coverages, remote sensing instruments at the microwave frequencies have
been applied in the area of radar monitoring. The advance of satellite and radar
technology has made the satellite or air-borne remote sensing the most efficient way
to monitor the global earth ecosystem and resources. Parameters of interest from the
large scale terrain can be obtained to monitor the environmental changes caused by

seasonal variations or natural and man-kind activities.

Compared with optical and infrared sensors, the use of space-borne active mi-
crowave sensor for the continuous monitoring of earth is relatively little until recent
years. Starting from Seasat in 1978 with the aim to image the ocean [Giberson, 1991],
spaceborne imaging radar missions such as SIR-A and SIR-B with radar operated at
L-band (1.25GHz) has been successfully launched [Jordan 1980, Cimino, 1986]. Even
just equipped with single polarization (horizontal polarization) antenna , these in-
struments are proven to be capable of multiple tasks such as land cover classification,
ocean monitoring, soil moisture monitoring and sub-surface detection [Elachi, et al.,
1986]. With the success of these missions, microwave satellites such as European Re-

mote Sensing Satellite (ERS-1, ERS-2), Japanese Earth Resource Satellite-1 (JERS-1)
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[Nemoto et al., 1991] have been designed and launched. Recently, Spaceborne Imag-
ing Radar-C and X-band Synthetic Aperture Radar (SIR-C/XSAR) has completed
two successful mission in 1994 [Stofan, et al., 1995]. The SIR-C/XSAR includes three
frequencies (L-, C-, and X-band) with fully polarimetric data available at L- and C-
band. At X-band, VV polarized return is measured. The Synthetic Aperture Radar
(SAR) systems together with passive radiometers at microwave frequency are all in-
cluded in the broad plan of the Earth Observing System (EOS) proposed by National
Aeronautics and Space Administration [NASA, 1986].

With the increasing polarimetric capability of radar systems and their potential
applications, the research on the polarimetric microwave remote sensing has gener-
ated lots of interests in recent years. The additional information provided by the
polarimetric measurements has been shown to be useful in the identification and
classification of terrain types. Also, from the modeling point of view, these addi-
tional informations can reduce the ambiguity in the input parameters when trying to
interpret the experimental results and could be helpful in developing more realistic
models. It has been shown in both active [Borgeaud et al., 1987, 1989; Evans et al.,
1988; Kong, 1990; Lim et al., 1989; van Zyl et al., 1987; Zebker et al., 1987] and
passive [Tsang, 1990; Veysoglu et al., 1990] studies that the polarimetry can provide

significant information in the characterization and identification of terrain types.

Because of the complicated nature of the earth medium and the large scale of
efforts needed to conduct the experiment, it is necessary to have accurate physically
based theoretical models to assist the preparation of the experiment, to draw physical
conclusion from the experiment, and to invert the interested parameters from remote
sensing data with the validated models. Abundant researches have been carried out

with the development of theoretical modeling development [Tsang et al., 1985] and
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controlled experiments [Ulaby et al., 1981]. Progress has been made through the
better understanding of the scattering processes and with the better characterization

of the earth terrain media in the electromagnetic point of view.

In the study of the electromagnetic interaction with earth terrain, the scattering
effect caused by inhomogeneities of medium plays an important role in the overall
scattering response. Two theories which have been used extensively to study the
wave propagation and scattering are the wave theory and the radiative transfer the-
ory. The wave theory starts from Maxwell’s equations and with the use of dyadic
Green’s function for the layered medium, incorporates the scattering and absorption
characteristics of medium. In principle, all the scattering mechanisms, such as multi-
ple scattering, diffraction, and reflection, are all included. However, the equations are
generally complicated and approximations have to be made before numerical solutions
can be obtained. On the other hand, the radiative transfer theory begins with the ra-
diative transfer equations which describe the propagation of specific intensity within
the medium under consideration. The development of this theory is quite heuristic
and lack of rigor. However, this approach has the advantage that it is simple and
rather easy to include multiple scattering effects to some extent. Also, it has been
shown that the radiative transfer theory can also be derived from the wave theory
by following the Bethe-Salpeter equation under the ladder approximation [Tsang and

Kong, 1979].

As to the scattering effect, the two major approaches used are the continuous
random medium model and the discrete scatterer model. For the continuous ran-
dom medium approach [Fisher, 1977; Fung and Fung, 1977; Fung and Ulaby, 1978;
Stogryn, 1974; Tsang and Kong, 1979; Zuniga and Kong, 1980], the medium under

consideration is described by a correlation function with variances and correlation
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lengths to represent the permittivity fluctuations. The effective permittivity is eval-
uated to account for the attenuation and phase delay of wave propagation inside
the medium. Discrete scatterer model, on the other hand, describes the inhomoge-
neous medium as a collection of discrete scatterers of different sizes and shapes. The
Foldy’s approximation has been used for sparse medium [Foldy, 1945; Lang, 1981} and
the quasicrystalline approximation for dense medium [Lax, 1951; Tsang and Kong,
1982,1983]. When the media have some specific structure such as the branching struc-
ture of vegetation [Yueh, et al., 1992] or sticky grains of snow [Ding, et al., 1994],
additional care is needed to account for their respective structure factors. Conse-
quently, the polarimetric backscattering coefficients are calculated to interpret the

backscattering from various geophysical media.

However, due to the fact that calibrated polarimetric measurements together
with detailed ground truth are relatively less available, most theoretical models only
concern about the received power without considering the correlation among different
polarized fields. Also, although numerous controlled experiments have been carried
out and significant efforts were made in the theoretical modeling, much fewer works
have been performed in the retrieval of geophysical parameters such as biomass of
forest with the validated models. Since the multi-frequency polarimetric data have
become available with the advance of radar technology, to take the advantage of the
increasing dimensions of remote sensing data, it is important to consider the underlin-
ing processes of electromagnetic interaction with earth terrain at various frequencies
and polarizations to increase the applications of the theoretical remote sensing mod-
els. Furthermore, the polarimetric backscattering data exhibit a strong dependence
on the parameters of the earth’s media. In the case of vegetation canopy, the backscat-

tering coefficients depend on the density and height of the canopy, the moisture of
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the vegetation and ground, the roughness of the ground, and the size and orientation
of the trunks, branches and leaves. It is essential to consider the relationships among
these parameters and scattering coefficients for different polarization states in order
to retrieve the parameters of interest with better immunity from the fluctuation of

other parameters.

The main concern of this research is to develop theoretical models for active
and passive polarimetric remote sensing of forest and vegetation in order to utilize
the available multi-frequency and polarimetric data available. The emphasis is on the
ability of these theoretical models to simulate the polarimetric scattering and emission
data to better understand the underlying physical processes. Calibrated data with
measured ground truth will be used to validate these theoretical models and the
validated models will be used to assess the applications of remote sensing data. For
the theoretical development, the radiative transfer theory is applied with its extinction
matrix and phase matrix modified depending on the characteristic of the medium.
These theoretical models are applied to study the electromagnetic wave interactions
with forest, vegetation or isolated trees. Attenuation and phase fluctuation caused

by the foliage is also investigated in conjunction of statistical clutter model.
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1.2 DESCRIPTION OF THESIS

A variety of theoretical models have been used for the electromagnetic modeling
of the earth terrain such as snow, ice, and vegetation canopy [Tsang et al.,1985].
Among these models, the radiative transfer (RT) theory has been widely used to
calculate radar backscattering coefficients from layered geophysical media and to in-
terpret the experimental measurements due to its simplicity. In the RT theory, the
radiative transfer equations, which govern the electromagnetic energy propagation
through scattering media, are solved with appropriate boundary conditions. Various
models have been developed based on this theory [Han et al., 1991; Shin and Kong,
1989; Tsang et al., 1984]. The key issue in the development of RT theory is the

calculation of extinction matrix and phase matrix.

In this thesis, theoretical models are developed to calculate the scattering, atten-
uation, and emission of electromagnetic wave interaction with the earth terrain. To
apply these theoretical models for the remote sensing purpose, several experimental
measurements are used to compare with the theoretical simulation. In order to in-
terpret the multi-frequency, polarimetric data, structure effect of the medium such

as relative correlation and preferred orientation of scatterers are taken into consider-

ation.

In Chapter 2, the radiative transfer (RT) theory for clustered vegetation struc-
tures is developed and used to interpret polarimetric radar backscattering measure-
ment data from pine forest. The RT theory has been widely used to calculate radar
backscattering coefficients from layered geophysical media and to interpret the mea-

surement data. However, the conventional RT theory ignores the relative phase in-
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formation associated with particles, which may play an important role in the overall
scattering behavior for structured scatterers. To take into account the clustered
structures in the radiative transfer theory, the scattering function of each cluster is
calculated by considering the coherent scattered fields from each component with the
clustered branches. The resulting phase matrix and extinction matrix is then used
in the radiative transfer equations to calculate the polarimetric backscattering coeffi-
cients from the layered random medium embedded with vegetative clusters. A multi-
scale structure model of pine forest, which includes trunks, primary and secondary
branches, will be used to interpret and simulate the polarimetric radar response at

P-band (0.44 GHz), L-band (1.25 GHz), C-band (5.3 GHz), and X-band (9.6 GHz).

The effect of tree branches and leaves structures on the scattering signature at
multiple frequencies is investigated. Different scales of tree structures response differ-
ently at different frequencies. The fine structure of leaves will be important at higher
frequencies such as C-band and X-band. On the other hand, it is necessary to consider
the clustering effect at lower frequencies. This phenomenon will be demonstrated with
the SIR-C/XSAR data collected over the Landes pine forest. The detailed ground
truth was collected by CESBIO (Centre d’Etude Spatiale BIOsphere) in France.

In Chapter 3, Milli-meter wave scattering from isolated tree is investigated. Vege-
tation, as a large collection of scattering objects with different sizes and compositions,
has very complicated electromagnetic scattering characteristics. It is important not
only to the radar community as one of the “clutter” source, but also to the remote
sensing community, whose major objective is to locate and identify different species
and growing status of vegetation. With the advance of millimeter wave radar tech-

nology, considerable amounts of measurements have been made in recent years over
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vegetation-covered terrain. Empirical models have been developed to provide para-
metric representation and hence classification of collected data. However, there have
been comparatively few works on the physical models for the electromagnetic scat-
tering characteristics of vegetation, especially in those with enough details to support

high-resolution radar image analysis and synthesis.

Usually, the physical terrain is characterized in terms of layered random medium
with either the continuous permittivity fluctuation or the random distributed discrete
scatterers. In the three-dimensional milli-meter wave radar simulation, it is sometimes
necessary to consider isolated trees and shrubs as part of the background. In this
case, we may have to add additional parameters, such as the size of the canopy, when
using the layered random medium model. Alternatively, a discrete random scatterer
model is applied. This model provides means of summing the contributions from
individual scatterers, including the multiple scattering effect, and allows us to work
on a tree-by-tree basis. In this case, the tree trunk can be treated as a deterministic
scatterer much like targets, whereas for branches and leaves we shall apply the random

scatterer model to calculate their radar returns.

In this study, a tree is considered as a combination of trunk and crown, from
which the scattering power for each part is calculated separately. Trunks are modelled
as circular cylinders with random rough surface and the Kirchhoff’s approximation
is used to calculate the radar return power, with the attenuation caused by crown
properly taken into account. Crown is modeled as a collection of randomly oriented
discrete scatterers. Backscattering coefficient of the tree crown is calculated using
the radiative transfer theory. Branches and coniferous leaves are modeled as circular
cylinders of different sizes. Deciduous leaves are modelled as elliptical disks. The

dimensions of these elements are obtained from measurements of physical samples
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of tree. Finite cylinder approximation and physical optics approximation are used
for the calculation of scattering from cylinders and disks, respectively. Theoretical
predictions for radar range profile of deciduous trees are compared with the measure-
ment data taken at Prado Regional Park, CA, and in Bend, Oregon by the Army
Research Laboratory using a 94 GHz FMCW radar.

The attenuation and the phase and amplitude fluctuations of electromagnetic
wave caused by foliage and their impacts on the synthetic aperture radar (SAR)
image have is investigated in Chapter 4. MIT Lincoln Laboratory conducted a Foliage
Penetration (FOPEN) experiment [Ayasli et al., 1991] to investigate the feasibility
of detecting stationary targets located inside the forest. Based on the experimental
data, the attenuation and the phase fluctuation caused by different polarizations,
frequencies as well as the effect of depression angles and synthetic aperture length
were analyzed [Toups, 1992]. In the experiment, transmitters were placed inside the
forest and an airborne receiver was used to measure the one-way propagation. The
one-way attenuation and phase fluctuation caused by the foliage are obtained by
comparing the radiated field from a point source under the foliage to the radiated

field from a point source in free space.

To simulate the electromagnetic response of a source under a layer of random
medium, Chu et al. proposed a wave theory approach with continuous random
medium model [Chu et al., 1992]. The mean attenuation as well as the variance of the
phase fluctuations are obtained. However, small fluctuations are assumed in order
to solve the problem analytically. Since the measured attenuation caused by foliage
shows significant fluctuations, it is necessary to include the effect of large fluctuations
in the theoretical models. The approach applied here is to relate the fluctuations in

the field to the bistatic scattering coefficients from the scattered medium due to the
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fact that the scattered intensities in all other directions besides the forward direc-
tion are incoherent in nature. As to the calculation of bistatic scattering coefficients,
both wave theory and RT theory with either continuous random medium or discrete

scatterer medium models can be utilized.

In this study, the attenuation and phase fluctuations of electromagnetic waves
propagating through the foliage is investigated with the development of a radiative
transfer model in conjunction with the statistical clutter model. The attenuation of
average received field is obtained from the sum of absorption loss and scattering loss.
The amplitude fluctuation of electromagnetic wave is calculated from the bistatic
scattering coefficients using the radiative transfer theory. The phase fluctuation is
obtained from the amplitude fluctuation assuming the phase of the fluctuation field
is uniformly distributed from —m to m. The average received power is obtained
from the sum of the power of average field and the power of fluctuation field. The
attenuation is then obtained by comparing the radiated power from a source under
the foliage to the received power from a source in free space. Theoretical results are
compared with experimental data collected by MIT Lincoln Laboratory during the
1990 Foliage Penetration Experiment. This theoretical model is also used to illustrate
the polarization and angular dependencies of attenuation and phase fluctuations and
to investigate how well an object obscured by the foliage can be imaged with synthetic

aperture radar.

In Chapter 5, the polarimetric emission from the volume scattering is studied. It
is commonly known that all four Stokes parameters emission from non azimuthally
symmetrical medium is generally non-zero. However, usually the earth medium is
assumed to have azimuthal symmetry property. It was first suggested by Tsang [1991]

that all four Stokes parameters emission from a azimuthally non-symmetric medium
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would be significantly different from zero. Emission from periodic soil surface has been
studied experimentally [Nghiem, et al., 1991] and theoretically [Veysoglu, et al., 1991].
The numerical results indicated that the plowed field would have the third Stokes
parameter (U) as high as 40K . There are also studies looking into the application to
the ocean surface. Several studies with periodic water surfaces [Johnson, et al., 1994,
Yueh, et al., 1994] prompt an experiment of emission from ocean surface. [Yueh, et
al., 1995] It’s been shown that the third stokes parameter from ocean surface reveal
wind direction caused by the azimuthal asymmetry. Although some of works have
been done regarding the applications of polarimetric emission from surface such as the
detection of ocean wind direction, very few studies investigated the effect of azimuthal

non-symmetry on volume scattering and its impact on parameters retrieval.

A vegetation medium is modeled as a layer of random medium with either con-
tinuous permittivity fluctuation or random distributed discrete scatterers on top of a
flat or rough ground. The ground half space would be tilted at certain angle and/or
the vegetation would be also tilted in certain direction. For the calculation of the
emissivity from random medium, fluctuation-dissipation theory can be used to obtain
the emission vector. Alternatively, the Kirchhoff’s law which relates passive emission
to the active scattering coefficients is used. For the calculation of bi-static scattering
coefficients, vector radiative transfer theory (RT) is applied. Both direct calculation of
emission from the RT equations and the derivation of emissivity using Kirchhoff’s law
will be compared. In addition, experimental data collected over alfalfa field at various
growth stage at 10 GHz are used to validate the theoretical model. The experiment is
conducted by IROE in Italy. Ground truth such as the height of vegetation, the water

content of vegetation and soil, and the leaf area index (LAI) or fractional volume of
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vegetation have been collected for the experiments. The theoretical model is used to

investigate the polarimetric emission from azimuthally asymmetrical medium.

And finally, the chapter 6 summarizes the work and concludes this thesis.






Chapter 2.

Polarimetric Active Remote Sensing
of Forest

ABSTRACT - A radiative transfer model for clustered vegetation structures is de-
veloped and used to interpret polarimetric radar backscattering measurement data
from forests. To incorporate the clustered structures with the radiative transfer the-
ory, the scattering function of each cluster is calculated by taking into account the
coherent wave interaction of the scattered field from each component. Subsequently,
the resulting phase matrix is used in the radiative transfer equations to calculate the
polarimetric backscattering coefficients from layered random media embedded with
vegetation clusters. A multi-scale structure model of a forest, which includes the
trunks, the primary and secondary branches and the leaves, is used to predict the
polarimetric radar response at multiple frequencies. The theoretical model is used
to interpret the measured data at the Landes pine forest during the SIR-C/XSAR
missions. The Clustering effect of the tree structure and the coherent effect due to the

fine structure of the leaves are shown to have impacts on the polarimetric signatures

of forest.

2.1 INTRODUCTION

- 35—
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In recent years, the application of radar polarimetry for active remote sensing of
the earth terrain has inspired extensive interests. [Evans, et al., 1988] A variety of
theoretical models have been used for electromagnetic modeling of the earth terrain
such as snow, ice, and vegetation canopy [Tsang et al.,1985]. The radiative transfer
(RT) theory has been widely used to calculate radar backscattering coefficients from
layered geophysical media and to interpret the experimental measurements. In the
RT theory, the radiative transfer equations, which govern the electromagnetic energy
propagation through scattering media, is used with appropriate boundary conditions.
Various models have been developed based on this theory [Han et al., 1991; Shin and
Kong, 1989; Tsang et al., 1984]. The important aspect is that the calculation of the
elements in the RT equations needs to take the scatterer structure into account. For
instance, when the fractional volume of the medium is high, the scatterer positions are
no longer independent to each other, and the pair distribution function of the scatterer
is needed to be considered [Tsang and Kong, 1993]. On the other hand, when the
fractional volume of the medium is small such as in the case of vegetated terrain,
the scatterers may also have certain structure depending on the species of particles.
However, the conventional RT theory ignores the relative phase information associated
with the scattering by scatterers. Since tree have apparent structure despite its
low fractional volume, the tree structure may play an important role in the overall
scattering behavior [Yueh et al., 1992]. In a forest, the canopy consists of different
length scales — the trunk, the primary branches, the secondary branches, and the
leaves. The elements of each scale are connected to the elements of other scales in a
manner which can be statistically described by the unique architecture pertaining to

each tree species group.

In this chapter, a four-layer RT model is constructed for the modeling of a pine



2.1 Introduction 37

forest. The four layers include a crown layer, a trunk layer, an understory layer, and
a grass layer over the ground surface. The trunks, branches and coniferous leaves are
modeled as circular cylinders while elliptical disks are used to model the deciduous
leaves. The surface height and correlation function of the bottom rough surface are
described by the Gaussian processes. The scattering properties of structured pine
trees is taken into account in this model by incorporating the branching model [Yueh
et al., 1992] into the phase matrix of the RT equation. Part of this work has been
published in cooperation with researchers of the Centre d’Etude Spatiale BIOsphere
(CESBIO) [Beaudoin, et al., 1994, Hsu et al., 1994a). Section 2.2 summarizes the
basics of radiative transfer theory. In Section 2.3, the phase matrix and extinction
matrix based on the branching model is formulated. Section 2.4 presents the compar-
ison of theoretical calculations with the experimental data. Finally, discussion and

conclusion is given in Section 2.5.
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2.2 RADIATIVE TRANSFER MODEL OF FOREST

A forest canopy is modeled as a multi-layered random medium depicted in Figure
1(a). The scattering regions n are layers of thickness hyp, n=1,2,3, within each
region the discrete scatterers are embedded in a homogeneous background. The
interface between region 4 and region ¢ can be either a planar surface or a random
rough surface with or without slope. The random rough surface is described by a

Gaussian random process in height and correlation.

The vector radiative transfer equation for the specific intensity in each scattering
region is of the form
cos 8 M = - ﬁ6(0’ ¢a Z) - 7(97 ¢7 Z)
dz _ (1)
+ [ a0 Bo.6:0.¢) 70,42
Y3

where the Stokes vector I contains information regarding the field intensity and the

phase relation of the two orthogonal polarizations and is defined as

Iy, (| Enl?)

7= Iy _ 1 (lEvlz) @)
U 1 | 2Re(EyE})
1 2Tm(E, EZ)

In (2), the subscripts 2 and v represent the horizontal and vertical polarizations,
respectively. The bracket () denotes ensemble average over the size and orientation

distributions of scatterers and n = y/pg/€g is the free-space impedance.

The extinction matrix ke represents the attenuation caused by both the scat-

tering and absorption, and can be obtained through the optical theorem in terms of
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forward scattering functions [Tsang et al., 1985]. It is given as
2Im(fpp) 0 Im(fpy) Re(fhy)
- 2mng 0 2Im(fyv) Im(fyn) —Re(fyn)
0,¢) = 3
ﬁe( ¢) k 2Im(fyp)  2Im{fry) Im(fov+fan) Re(fov—fhh) ( )
—2Re(fyn) 2Re(fry) Re(fov—fnn) Im{fov+Sfhn)

The phase matrix ?(9, $;0',¢') characterizes the scattering of the Stokes vector from
the (¢',¢’) direction into the (6, ) direction. The phase matrix can be formulated
in terms of scattering functions of the randomly distributed discrete scatterers, and

it has the following form

P(6,4,6,8)=ng
(| fnal?) (| frol?) Re(fhofpp) —Im(fpofpp)
(lfvh'z) (vav|2) Re(fvvf;h) _Im(fvvf;h) (4)
2Re<fvhf}:h> 2Re(fvvf}:v) Re(fvvf;’:h‘l’fvhf);v) —Im(fvvf:h—fvhf}:v)
2Im<fvhf}:h) 2Im(fvvf}:v) Im(fvvf;:h‘*‘fvhf}:v) Re(fvvf;th“fvhf}:v)

In equations (3) and (4), mg is number density of scatterers, f,; is the scatter-
ing function for the incident field with polarization b and the scattered field with

polarization a, a, b can be horizontal or vertical polarization.

Considering a plane wave incident on a particle, scattering matrix associated with
scatterer is defined as

(Ehs) _ gk (fhh fhv) , (Ehz) 5)
Eys r Joh  fov Ey;

which relates the incident electric field to the scattered electric field for horizontal
and vertical poiarizations. The scattering matrices obtained from the finite cylinder

approximation for circular cylinder and from the physical optics approximation for

elliptical disk, are given in the Appendix A and B, respectively.

Since the effective permittivity of each vegetation layer is very close to that of
free space, reflection between different vegetation layers is neglected except the re-

flection at the ground boundary. The radiative transfer equations with the boundary
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conditions can be solved using the iterative method to calculate the polarimetric
backscattering coefficients [Tsang et al., 1985]. First, we let the specific intensity of
the downgoing wave to be the same as the incident wave and ignore the reflections
at the interface between regions n and n — 1. This is a good approximation for a
vegetation layer where the effective permittivity is very close to that of the air and
there is no coupling between upgoing and downgoing intensities at interface between
layers. At the bottom boundary (z = —djy), the coupling matrix is evaluated using
the Fresnel reflection coefficients for flat ground or the Kirchhoff diffraction integral
for the random rough surface. Hence the boundary conditions can be written as

Ti(m—0,¢,2z=0) = Ip(cos 8 — cos 8p)5(p — dg)

ING, ¢, 2= —d) = /027r d¢’ /0g d6'sind Ry (0,8:8,¢ ) - In(n— 6,8,z = —dy)

Tn(ﬂ, ¢,z=—dp) = Tn+1(0’ ¢,z = —dn)

Tn(ﬂ' —60,¢,2=—dp_1) "'“'.I-1‘z—].(7r —0,¢,z=—d,_1)

(6)
where n = 2,3,4.....N — 1 and the coupling matrix —_}iN which includes incoherent
and coherent rough surface scattering using Kirchhoff’s approximation is described

in Appendix C.

The iterative solution to the RT equation is obtained by assuming that the scat-
tering effect is smaller than the extinction, i.e., for a layered medium with small
albedo or small optical thickness, we can solve the radiative transfer equations iter-
atively. As the first term on the right-hand side of (1) is the dominant term, the
zeroth-order solution is obtained by ignoring the second term on the right hand side
which is the scattering contribution from other directions. By substituting the zeroth-
order solution of the specific intensity into the integral part of the RT equation, we
obtain the first-order solution. Hence, higher order solutions can be readily obtained

by following this scheme.
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2.2.1 First Order Iterative Solution

Let the upgoing and downgoing waves be separated by restricting 0 < § < 7/2,

this leads to the following two coupled equations

cos o%fn(o, 6,2) = —Ke(8,8) - Tn(6, 6, 2) + Sn(6, ¢, 2) (7a)

— cos 0;;7,1(# —-0,¢9,2) = —?e('n —0,0)-In(n—06,0,2) + Wn(r—0,0,2) (7))

where Tn(0,¢,z) and In(m — 6,¢,z) are the upgoing and the downgoing specific
intensities in the n-th layer. The two source terms Sp(f, ¢,2) and Wy (m — 8, ¢, 2)
account for the scattering effects and hence include the coupling of specific intensities

between the upgoing and the downgoing waves.
— 2t , % ) = A N A
50(0:6,2) = [ a8’ [* lsind (Pr(0,4:6',8) - Tn(6 4. 2)

+Pn(6, i —0,¢) -Tn(x -0, ¢, 2)]

(8a)

2 5 | = [ 1 —_ ! !
Wha(n —0,9¢,2) =/(; Trd¢,/0? do'sind [Pp(n —0,4;60 ,6)-In(0,9 ,2)
+Pn(r— 0,457 —0,8) -In(x—0,4,2)]
(8b)

The zeroth-order equations as obtained by neglecting the source terms in equation
(7),
cos0 T8 (6,4,2) = ~Re(0,4) - T3 (6,6,2) (9a)

—cos0—I Vi —0,6,2) = —Ke(m —0,8) - T (x — 0,6, 2) (9b)
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Equaticns (9) are in the form of typical eigenvalue problems. Assuming the

solution is of the form exp(—/fsecz), the four eigenvalues can be obtained as

B1 = 2Im(Ky)
B = 2Im(K?)
(10)
B3 = i(K3 — K1)
By = (K] — K)
where K and Ko are the two effective propagation constants
nomw
Ky = k+ =< foo(6,0,8) > + < fp1(6,6;6,4) > —R] an
11

Kz = k+“SC[< fou(0,636,8) > + < fun(6,4:6,) > +F]

and

R= \/[< fov(6,8;0,0) > — < frn(8,8;60,0) >|2 +4 < fry(0,6;6,9) >< fun(6,¢:6,4) >
(12)

under the condition

sgnRe(R) = sgn[< fuyv — fpp >) (13)

such that K7 and Ko will approach the effective propagation constants for the
horizontally and vertically polarized waves, respectively, in the limit of small cross-

polarization coupling.

We define a 4x4 “eigenmatrix” _En with its columns being the four eigenvectors

corresponding to the four eigenvalues given in (11). Then this eigenmatrix satisfies

Sl

fn'§n=?¢2' n (14)
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where ﬁn is a4 x 4 diagonal matrix with the eigenvalues 3; as its i-th diagonal

element. The eigenmatrix can be expressed as follows
1 |bg|2 by b3
b1/ 1 b] by
2Reb;  2Reby 14 bjby 140155
—2Imb; 2Imby i(1 - b’{b2) —i(1 — byb3)

E(6,¢) = (15)

where
by = 2ngp < fry(6,4:0,¢) >
ng < fvv(ea ¢; 07 ¢) > —-ng < fhh(o’ ¢; 0, ¢) > +R (16)
by = 2ng < fun(0, 40, 8) >
ng < fpn(6,4;60,8) > —ng < fuu(0,4;6,4) > —R

To solve the coupled equation (7), the specific intensity is decomposed into its
characteristic components, i.e., the eigenvectors, by defining In= fn -Jn . Then the

radiative transfer equation for the upgoing wave (7) becomes
cos Gc—i;Jn(O, ¢,2) = —E,, (6,0)Ke(0,0)En(0,9) - Jn(0,9,2) + E, -Sn(,9,2)

= _,—B-'n.(oa ¢) ' 7n(9, ?, z) + f’I':l(e’ ¢) ’ gn (9’ 2 Z)
(17)

where (14) has been used. To incorporate the boundary conditions, we multiply both

sides of the above equation by | I dy —ﬁn (Bn (0, ¢) sec 0z')dz' and obtain
/-z = ’ ' i_ rot
cos @ Joa, Dn(Bn(0, ¢)secz ) =7 J(0, 9,2 )dz
- 1= — 11
==/  Dn(Ba(6,8)sec0 1Bn(6,9) - Tn0,, 2z (18)
- A— | = —_— / !
+ /  Dn(Bn(6,9)sectz By L(6,0) - 5n(6, 6, 2 )dz

— !
where Dp,(8n(8, ) sec 0z’) is the 4 x 4 diagonal matrix with e(Bn;(6:9)sectz) o 4

i-th diagonal elements. Here Bp; is the -th eigenvalue of ?e in layer n . Integrating
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by parts the left-hand side of the above equation yields
c0s 0D (Bn (6, ) sec8z) - Tn (0, ¢, 2)
=c0s0Dn(—Bn(8, ¢) sechdn) - T(8, ¢, —dn) (19)

- A— 1. =1 — ! /
+ _/ d Dn(Bn(8, ¢) secz )E, (0,6) - Sn(0, ¢,z )dz

After recovering the original notation of I(9, ¢, z), we have
— —_— Pt =—1 -_—
In(ea ¢7 Z) = En(09 ¢)Dn(—ﬂn(0, ¢)S€CH(Z + dn))En (07 ¢) - I’n(91 ¢7 —d'n)

— z = / =—l —_— / ! (20)
+ sec0Fn (6, 6) /  Du(fn(6,8)se00( ~ ) Er (6,6)-5n(66,2)dz

It is instructive to view fn fn En1 in the above equation as a propagation
operator which decomposes a specific intensity vector Ir, into its characteristic com-
ponents, and propagates each component with its own attenuation rate (e.g., Bn sec8)
in the z-direction, then recombines the characteristic components back into I, at
a new point in space. Thus we can interpret the first term on the right-hand side
of (20) as the contribution from the upgoing I, propagating from the boundary at
z = —dp, to z, and the second term as the contribution from the upgoing I, created

by scattering taking place at 2/ propagating to z.

Similarly, for the downgoing wave, we have

To(m — 6,6,2) = En(r — 0, )Da(Balx ~ 6,8) 52c0(z + dn-1)) B, (x = 6,6) - Ta(r = 6,6, ~dn1)
+sec8En(r - 6,9) / O B (Balr — 8, 8)secB(z — 2 NE, (x — 8,6) - Wl — 6,6,2')d7
(21)
The first term on the right-hand side of (21) can be interpreted as the contribution
from the downgoing I, propagating from the boundary at z = —d,_; to z, and
the second term as the contribution from the downgoing I, created by scattering

taking place at 2/ propagating to z.
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Making use of the boundary conditions (6) to replace In(8, ¢, —dn) and Ipn(m —
0,¢,—d,—1) in the above two equations and ignoring the coupling between upgoing
and downgoing intensities at other layers, we have

T’n(ﬂ' 9 ¢, Z) = fn(ﬂ. - 0, ¢)ﬁn(ﬂn(7" - 01 ¢) Seco(z +d, —-l))f';l(7r - 01 ¢)

T —_
- II (Ei-Di(Bi(r — 0, ¢)secoh;) - E; 1) - Tod(cos @ — cos 8g)d(¢ — ¢p)
i=n-1

—_ —dp-1
+secOEy, /z Dn(Ba(r — 0, 6)sech(z — 2 ) B (r — 0,8) - Walr —6,6,2)dz

(22)
for the downgoing wave, and
Tn(ga qb, Z) =
- — —_ N —_
En 'En(—ﬂn(o, ¢) sec 9(2 + dn))Enl ¢ H (Ei 'ﬁi(—ﬁz(a, ¢) sec ohi)Ei 1)
i—n+1
/ d¢ / d9'sin0 R0, 4,60 ,4 ) - H (B - Di(~Bi(m — 6,0 ) sec8 h)E; )
i=N
-Tob(cos 8 — cos8p)d(¢ — o)
—_ = —_ N —_
+ B - Dn(—Ba(0, $) secO(z + d))E,, - II (E:i:- Di(—pi(6, ) sec6h;)E; Y
i=n+1
n+1
/ dg / d8'sin0'F(9, 66,8 [ (Bs - Di(~Bi(w — 6,8 ) sec@hi)E; ) - sect’
=N

— —dp-1 PR — — [} ]
B [ Dn(Bu(n — 0',¢') sect/(~dn = NEn (1= 0,¢) - Wal(n— 8,47 )dz

+5c0Bn(0,6) [ Dn(Bn(6,8)sec6(=' — 2)Er (6,8)- Sn(6,6,2)ds
: " (23)

for the upgoing wave. hy is the thickness of region n, or hp =dp —d,_1. Here we

ignore all other source terms S and W except those in layer n.

Now we can identify the zeroth-order solution by ignoring scattering terms in-

volving S and W. The zeroth order solutions for the up and down-going waves
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are
100,6,2) =
EnDn(—Pn(0,¢)sec0(z+dn))Ep, - [] (EiDi(—Bn(6,¢) secOh; )E; )
i=n+1

= 1 == =—1
- R(8, ¢80, 60) - || (EiDi(Bn(w — 8, dp) secOoh;)E; 1)Io
=N
i (24a)
7(0) (m— 0 ¢,2) = ﬁnfn(ﬁnﬁr —0,¢)secl(z+ dn_l))ﬁ,zl

o . 24b
H (BB (61— 6,8)sec ) B; ) Tob(cosd — cos )o@ — d0)

__n—

which is the solution of (9) subject to the boundary condition (6).

To derive the first-order solution, the source terms S and W are calculated by

substituting I, 70 )(0 #,2) and Iy, )(7r 0,4, z) into the integral part of (8).

50(6,6,2) = [ d2Pu(6,8:6,6) - Bn- Du(~5n(0',#) 006 (= + dn) By :

H (B, - Dy(~Bn(@', ¢') secOh;)E; )

i=n+1
-R(6,¢';00,40) - [ (Bi- Di(Bi( — 60, ¢0) sec boh;) E; )Ig
i=N

+Bn(8, ;7 — 8y, b0) - B Dra(Br(m — 80, bg) secOp(z + dpy_ 1)) B

i

iD;(8;( — 8, dp) sec Bgh;) - E,-_I) I

1 1

(25a)
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WO (x~6,6,2) = / d4Q Pr(r — 6,6,68) - Bn - Dn(~Bn(0,¢) sect (z + dn))

P N —_ = ’ =—1
E,' [[ B D60, 8)secth)E; )
t=n+1

= = -1 =
-R(¢/,4'; 00, %0) - H (E; - Di(B;(m — 60, bo) sec 6oh;)E; ) - To
=N
== = = =—1
+ Pn(1r 8, ¢; m — g, 60) - EnDn(Bn(m — 6y, ¢g) secp(z + dp_1))Ep,
H (E;D;(B(m — 60, do) sechph;) - B 1) - Tg
i=n-—1
(25b)
Thereafter we can derive the first-order solution for the upgoing wave at z =
—dy,_1 in terms of the incident specific intensity Iy by substituting '5'510) and —W1(20)
into (23). The first term in (23) is the zeroth-order solution as shown in (24) while the

first-order solution is contained in the second and the third terms. Let us designate

them as I( ) and I(l)

n,1
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P _
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(26b)

The integration of D along the 2 direction in (26) can be carried out analytically.

The final result for the first-order solution is
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The first term in the above equation represents the single volume scattering
contribution, the second and third terms represent the interaction between surface

and volume scattering, and the last term represents two surface scattering and one

volume scattering as shown in Figure 2.
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To obtain T(l) (8, ,0) for a N -layer medium, we simply sum up the contribution

from each layer and take into account the attenuation through upper layers.

W0,60=3 T @ BB 7006, dn_y (28)

n=1¢=n-1

2.2.2 Second Order Solution with Long Cylinder Approximation

Follow the same scheme, the second order iterative solution of the RT equation
can be easily obtained. The solution involves the double integral representing the
double scattering from one scattering direction to another. In forests, the trunks
constitute a large portion of total biomass and due to the long structures, the second
order scattering between the trunks and other components of the foliage will be

considered to assess the higher order scattering effect.

Using the finite cylinder approximation where the induced current on the cylinder
is the same as the one on an infinite long cylinder, the scattering function can be

expressed as

Sap® ki) = Soap(¥, ki) / [z e aleos o0 (29)

where d is the length of the cylinder, kg is the wave number in the free space, I}i
and k' are the incident and scattering directions for a trunk, respectively, §; and

¢’ are the incident angle and scattering angles, o and B are scattered and incident
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polarizations and can be either h or v polarization. The phase matrix elements which

are the correlation between different scattering matrix elements can be expressed as

sm2[(—g—)(cosﬁ — cosb; )]
[(—g—)(coso — cos 6;)]2

where a, 3, v, 0 can be either h or v polarization.

~l A al A Al A
Pygys(k ki) = Soap(k s ki) - Spys(k 5 k) (30)

If kod is large as the case of tree trunks at microwave frequencies, the scattering
from trunks P(k/, I?:i) is peaked at 8’ = 6;. Assuming that the scattering from other
components Pj(k', k;) is slowly varying compared with the scattering from trunks,

the double scattering term in the second order solution of RT equation is in terms of
2 y [T, 0 N IR
/0 do / 40 sin 8 Py(ks, &) - PR | k;)
0
2w
= [ a8 Pulke ) - Soap B k)S0rs K )" lomg,  (31)

d2/ i s rsmz[(—g—)(cose — cos ;)]
)(cose — cos 6;)]2

and in the limit of kgd — oo,

T r in2 cost —
f do’ sin6 - [(—3—)( s/ —costi)] _ 2 (32)
0 (—g—)(cosﬂ — cos ;)]2 ™ kod

The remaining integration over ¢’ can be carried numerically.

The effect of the double scattering is illustrated with a simple tree structure with
only trunks and branches as shown in Figure 3. The tree trunk has a radius of 4.0cm
and length 5.0m. There are 50 branches attached to the the upper 2m of each
trunk. The radius and length of branches are 1.0cm and 0.5m respectively. The
fractional volume of crown layer is 0.1% The HH and HV backscattering coefficients
as functions of incident angles are shown in Figures 4(a) and 4(b) in which the 1st-

order and 2nd-order denote the RT solutions of first order and second order with long
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cylinder approximation. It is shown that the second-order scattering has little effect
on co-polarized backscattering coefficients although there is about 0.5 dB difference
for the cross-polarized backscattering coefficient. As the fractional volume increases

to 0.2% the effect becomes larger as shown in Figure 5.
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2.3 SCATTERING FUNCTION FOR CLUSTERED STRUCTURES

The Radiative Transfer theory has been widely used for the remote sensing of
earth terrain because of its simple formulation. The important task is the accurate
calculation of the phase matrix and extinction matrix. In order to account for the
multi-frequency response, accurate terrain geometries need to be included. Beside
the multi-scale sizes of the forest scatterers, the structure effect would also affect
the frequency response. In this Section, two structure effects are studied. One is
the clustering structure of branches which has smaller scale scatterers attached to
the larger scale scatterers such as branches attached to the trunk. Another is the
clustering effect of scatterers close to each other and form a larger scale scatterers

with different shapes.
2.3.1 Cluster Effect of Branching Structure

In order to account for the coherent scattering effect due to clustered vegetation
structures in the radiative transfer theory, the phase matrix based on the branching
model of vegetation needs to be formulated. In pine forest, most of the scatterers are
of cylindrical shape. Hence the main subject in this section is the clusters consisting
of multiple cylinders. For a cylinder cluster that has one center cylinder and N
branching cyliﬂders as shown in Figure 1(b), the total backscattering function f,g
is

N
faﬂ = anﬂ + Z fnaﬂ e'Pn (33)
n=1

where foog is the af-th element of the scattering matrix for the center cylinder,
and f,, g is a3 -th element of the scattering matrix for the n-th branching cylinder.

a, 3,7v,6 represent horizontal or vertical polarizations.
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Assuming all the branching cylinders are identical and independent of each other,
and their relative positions are independent of their sizes and orientations, the corre-

lation of f is given by

<faﬂf;5) = (anﬁf(’)k’Ya) +N (fnaﬁf;:'yé)
+ 2N Re [(foap) (Fys)e )]
+ N(N = 1){(fmag){fys)em) (e~ ) (34)

The relative phase of the n-th branch with respect to the center cylinder is defined

as
én = (k; —ks) -Tn

where k; and %s are the incident and scattered wave vectors, respectively. 7r is

the location of the n-th branching cylinder relative to the center cylinder.

In (34), the third and fourth terms are the coherent scattering terms. It can
be seen that the incoherent scattering approximation is valid when the average of
the random phase factor (eid’j) is small such that the coherent terms are negligible
compared to the incoherent terms. However, this is not true for vegetation structures
with scale lengths comparable to the wavelength, as demonstrated with a two-scale

cluster [Yueh et al., 1992].

In the calculation of scattered fields from different cluster elements, dielectric
cylinders can be used to model trunks, branches, and coniferous leaves [Karam et al.,
1988; Durden et al., 1989]. Leaves of deciduous tree can be modelled as disks [Karam
et al., 1988; Lang and Saleh, 1985]. The truncated infinite cylinder approximation
[Van de Hulst, 1957] is employed to calculate scattered fields from cylinders.
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2.3.2 Effect of Leaves Structure

For the vegetation, the leave shape is complicated and there may be several pieces
of leaves connected on the same twigs. However, due to tie complexity of scattering
function for the scatterers with arbitrary shapes, circular cylinders and disks are
usually used to model the coniferous and deciduous leaves [Karam, et al., 1988]. The
common practice is to use the simple shape scatterers of the same volume. However,

the appropriate approximation may depend on the wavelength.

A typical pine tree needle structure is consisted of two to five cylinders connected
together as shown in Figure 6. Since the needles are close to each other and the
multiple scattering and coherent interaction would be important. If the first order
scattering function is used, the correlation of scattering function can be formulated

similar to the last Section as
N
S = Z Sm(am,ﬂm; ’Ym) (35)

m=1

N

(151 = 3" (ISm(am, Bm,ym) %)
m=1N N (36)
+ Z Z (Sm1(aml,ﬁmp’le)S:nz(amzaﬁmz,’sz))

mi=1 m2=1m2¢m1

where a, # and < represent the Eulerian angles of rotation.

The effect of the leaves structure is illustrated with the simulation of backscatter-
ing coefficients from a half-space random medium with randomly distributed needle-
shaped scatierers. The incident angle is 45° and the frequency range is from 1 GHz

to 10 GHz. The separation angle between two needles is 5°. The radius and length
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of needles are 0.6mm and 15cm, respectively. The dielectric constant of leaves is
(20.2,6.4). As shown in Figure 7, at lower frequencies, the scattering from two nee-
dles approaches the scattering from one larger needle with equivalent volume of two

needles and at higher frequencies, it is scattered like independent scattering.

2.3.3 Modification to Phase Matrix and Extinction Matrix

Phase matrix is defined in terms of the correlation of scattering function elements
which is readily obtained from the previous Section where the average of the field

correlation is calculated with clustering effect of scatterers included.

As for the extinction, it is the sum of absorption loss and scattering loss and also
can be expressed as in terms of imaginary part of forward scattering function based
on the optical tkeorem. The modification of the scattering function with clustering
model should result the modification of extinction to ensure the energy conservation.
From this energy conservation criterion, the imaginary part of the scattering function

can be expressed as follow [Tsang et al., 1992]

2 il fons,9)] = rao(s) + [ a2 (1ol D+ Ufro& P (370)

Etmlfan6, 9] = kan(®+ [ a U@ D+ 1@ HE @)

%Im[fhv(ga 8)] = 4%r177‘t[_)",uh(.§, 3)]
=%[“ah(§) + Kqv(3)]

1 ’ / / 9 , , ) (37¢)
+ 5[;” dQ [ fov(3,8) + Fup (3, 3)|° + | fro(3,3) + fra(3,3)]7]

- _2%: {Im[fhh(§, 5) + Im[f'uv(ga 3)]}
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where Kag is the absorption loss of 8 polarization.

Usually the forward scattering function has small imaginary part to satisfy the
optical theorem. Problems may occur when the approximation to the scattering
function is used. Even when the approximation is valid for a single scatterer, the
energy may still not conserve when the coherent scattering effect is included in the
phase matrix only but not the extinction matrix. To resolve the problem caused by
the clustering structure, the average imaginary part of the forward scattering function
need to be changed as follow

47

= I foo(5, )] = (ran(@) + [ a2 [Ufun D) + U6 D] (50)

I3, = (an (@) + [ a9 [(un 8 D) + (fon(s D) (380

47

= Im(fpy(3,8))] = %Im[(fvh(gs 8))]
=%{(“ah('§) + Kav(8))]

1 ! ’ P2 ’ g (38¢)
+ Elmdﬂ [(Ifov(3,3) + for (3 8)%) + (Ifho (3, 3) + frn(3,3)1%)]

~ 2T (Il (3, )+ Il Fon(5,8))1)
where () is the ensemble average. (f,g fE’Y> is the average correlation of scattering
function with coherent clustering effect taken into account. kg3 is the absorption
loss of B polarization which can be obtained by integrating the internal field of the

scatterers or by subtracting the scattering loss from the total extinction with the use

of the optical theorem.

The coherent clustering effect is illustrated with the backscattering from a layer of
forest as shown in Figure 3. The fractional volume in the crown layer is 0.1%. Figure
8 shows the effect of coherent scattering and extinction correction to the HH and HV

polarizations. It is found that the coherent effect is more significant for co-polarized
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backscattering coefficient while the extinction correction has more effect at higher
incident angles. It also shows that the modified extinction affect HH backscattering
return more than HV return. This is because that the main scattering mechanism is

from the tree and ground interaction which is more sensitive to attenuation.
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2.4 COMPARISON WITH EXPERIMENTAL DATA

The Landes forest in South-Western France is the major test site for several
airborne SAR campaigns such as Maestro-1 and MacEurope. It is also one of the test
sites for Shuttle Imaging Radar-C and X-band SAR (SIR-C/XSAR) mission. It is
the largest plantation forest in France which constitutes nearly one million hectares
and produces 20% of the French timber. The main species in this forest is maritime
pine (pinus pinaster). Since this forest is managed for the production of timber, there
are large statistically homogeneous stand of trees with the same age which is easy to

collect ground truth for the validation and simulation of theoretical model.

To model the pine forest, the RT model described in previous Sections is applied
to a configuration shown in Figure 1. The top layer (region 1) consists of vertically
orientated three-scale dielectric cylinder clusters characterizing trunks and branches.
The branching clusters include primary and secondary branches, as well as needles.
In the four-scale model, all the smaller scale cylinders are uniformly located along a
larger scale center cylinder and the angular distribution in the azimuthal direction is
uniform from —180° to 180°. The primary branch angle g; is uniformly distributed
between 50° and 70° and the secondary branches angle B9 is 70° and needles
angle B3 is 70°. Region 2 contains only tree trunks whose orientation is uniformly
distributed between 0° and 10°. In region 3, nearly vertical orientated cylinders
coexisted with randomly oriented thin cylinders characterizing a mixture of the tree
trunks and short vegetation in the forest understory. The underlying ground has rms

height 1.2c¢m and correlation length 6.0cm

In preparation for the flight of the Spaceborne Imaging Radar-C (SIR-C) of April
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and October 1994, two previous airborne experiment campaigns have been carried out
on the Landes Forest test site with the use of NASA /JPL three-frequency polarimetric
AIRSAR system operating at P band (0.44 GHz), L band (1.25 GHz) and C band
(5.3 GHz). In addition, spaceborne SAR data acquired by ERS-1 (C band, VV
polarization, 23° of incidence) and JERS-1 (L band, HH polarization, 35° of

incidence) satellites in 1992 were also available.

2.4.1 MAESTRO-1 Experiment

The MAESTRO-1 campaign was conducted by the Centre d’Etude Spatiale BIO-
sphere (CESBIO) and the Jet Propulsion Laboratory (JPL) in August 1989 at the
Landes forest in southwest France. During the experiment, the NASA /JPL synthetic
aperture radar (SAR) was used to monitor the radar responses of the maritime pine
trees in the forest. A strong correlation between P-band (0.44 GHz) backscattering
coefficients and pine forest physical parameters has been observed in the measure-
ment data [Le Toan et al., 1992]. The measurement data demonstrated potential use

of SAR for monitoring forest parameters.

With this model, the backscattering coeflicients are calculated for six selected
pine stands of different ages. The age classes of the forest under investigation are 3,
8, 13, 20, 30, 38, and 46 years old, respectively. The average radius of tree trunks
and the average tree height increase with age. The primary and secondary branches
grow as well. In general, the above-ground biomass increases despite the decrease in
the number of trees per unit area with age. The model input parameters is derived
from measured and estimated forest data [Beaudoin et al., 1992]. Table 1 shows the

input parameters of crown and trunk layers used in this calculation. The radius and
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length of needle are 0.7mm and 15c¢m , respectively. The density of needle is 450 per
meter of secondary branch. Understory vegetation inside the forest is modelled as a 1-
meter thick layer with randomly orientated cylinder to represent the short vegetation
twigs. The radius and length of the cylinders are 0.04cm and 10cm, respectively.
The fractional volume is 0.1%. The dielectric constant is calculated with a measured
gravimetric moisture content of 55 % using a dielectric model [Ulaby and El-Rayes,
1987]. The rms height and correlation length of rough soil surface is 1.2 cm and 6.0
cm, respectively. The dielectric constant of soil is calculated from the soil moisture

of 20 % using a empirical soil dielectric model [Hallikainen, et al., 1985].

The simulated results for P-band are shown in Figure 9. The discrete points
are the mean backscattering coefficients retrieved from large forest stands in the
calibrated SAR image in the range of incident angles between 40° to 50° ; the curves
are the theoretical results calculated at 45° incident angle. From the simulation
results, it is found that the two major contributions to the HH returns at P-band
are the trunk-ground double scattering and direct crown backscattering. As the
forest grows older, the trunks are getting bigger and taller, hence the trunk-ground
scattering effect increases. Therefore, as shown in Figure 10(a), the HH returns appear
to be dominated by the trunk—ground scattering for older forests. However, for young
forests, it is mainly from crown-ground interaction. The VV returns mainly come
from the crown scattering for older forests, and for young forests, both the crown-
ground interaction and direct crown scattering contribute as shown in Figure 10(b).
As for the HV returns it is clear from Figure 10(c) that the main contribution to the
backscattering coefficients comes from the direct scattering by the crown layer. When
the forest grows older, the primary branches get bigger and the HV returns increase

in spite of the decrease in the tree density. From the theoretical simulation, the
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results explain the increase of HH, VV, and HV returns with forest age for different
reasons. This leads to different dynamic range of radar returns for the same range of
forest age. The variation in the measurement data for a given forest biomass can be
attributed to the fact that the radar returns are linked to trunk (for HH returns) and

crown (for HV and VV returns) biomasses, but not directly to the total biomass.

The results for L-band and C-band backscattering coefficients are shown in Fig-
ures 11 and 12. It is found that backscattering coefficients at C-band is almost flat
because the main scatterers at this frequency is needles and small branches which are
similar for all ages. As for L-band, co-polarization return is almost flat while there
is an increasing trend for the cross-polarized backscattering coefficient. However, it
is saturated at about 60 tons/ha. The contribution of scattering mechanisms for
L-band HH backscattering is shown in Figure 13. It is found that the main backscat-
tering mechanism is direct crown scattering and ground bounce term. As for VV and
HV backscattering, the main scattering mechanism is direct crown return. For the
case of C-band, it is found that the main scattering mechanism for all polarizations
is direct crown scattering. From further analysis of the scattering contribution, the

main scatterers for C-band is from clustering of small branches and needles.

2.4.1 SIR-C/XSAR Experiment

SIR-C/XSAR is the first multi-frequency, and fully polarimetric SAR system on
space. It provides wide coverage of earth terrain and accurate account of incident
angle which has very stable response. The frequencies used are L-, C-, and X-band.
The incident angle over the Landes forest on the first mission is 26°. Since from

the MAESTRO-1 experiment, it is found that the L-band backscattering coefficients
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saturate at low biomasses, additional effort is made to survey the test sites with trees

under 8 years old. The soil moisture content and tree moisture content are 20 % and

65 %, respectively.

Figures 14 and 15 display experimental and theoretical backscattering coeflicients
ag B agv and a'gv for both forest stands and clear-cut areas at L band and C band
respectively. Clear-cut areas where short vegetation presented are corresponding to
a biomass of 4 tons/ha. In the case of L band, the copolarized backscatter is fairly
constant as a function of forest biomass which is consisted with the MAESTRO-1 ex-
periment. For L band HV, the increase of backscatter responses as a function of forest
biomass is noticeable. Theoretical simulation shows the same trend. Nevertheless, for
forest stands with biomass higher than 40 tons/ha, the backscatter response reaches
saturation. The dynamic range in ogv measurement from clear-cut to old forest is
about 5 dB. In the C band case, we observe a decreasing trend of co-polarized return
when forest biomass is increasing from 8 tons/ha to 40 tons/ha. From the theoretical
simulation, it is found that for young forest stand, the scattering from soil rough
surface is very strong because the near normal incident angle. However, as the forest
grows older, the attenuation increases and thus the backscattering decrease. The soil
contribution does not show up at L-band since at lower frequencies backscattering
from soil is not significantly higher than the backscattering from vegetation. Its effect

on the cross-polarized backscattering is also negligible.

In addition to the study of conventional backscattering coefficients, the normal-
ized correlation coefficient between HH and V'V polarizations, p, is also investi-
gated. Figures 16 and Figure 17 represent the experimental and theoretical variations
of p coefficient for both forest stands and clear-cut areas at L. band and C band re-

spectively. For bare soil, the correlation coefficient is close to 1 according to the
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experiment and theoretical simulation using Kirchhoff’s approximation or Small Per-
turbation Model. When the electromagnetic wave does not penetrate to the ground,

the magnitude of p drops to a value of 0.35 for older stands.

Figure 18 shows the measured and simulated backscattering coefficients at X-
band. The continuous curves are the theoretical simulation for VV polarization and
the symbol is the measured data. It is found that the scattering from X-band is
mainly from needles. This indicates that the X-band backscattering could be used to

discriminate different types of vegetation according to their leaves structures.

Figures 19 shows the coherent effect of needles and branches at C-band for HH
and HV polarizations. It is found that the independent scattering from individual
tree components can not explain the backscattering return and the whole structure

of branches and needles have to be considered.
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2.5 DISCUSSION AND CONCLUSION

The radiative transfer theory is applied to the modeling of polarimetric radar
backscatter from pine forest. Comparing with the traditional radiative transfer for-
mulation, the phase matrix and extinction matrix used here is calculated by consid-
ering the structure of the forest components. It is found that the clustering effect
of branches is important for the low frequency case while the needle structure is
important at higher frequencies. The coherent effect on the extinction is also investi-
gated. The theoretical simulation is compared with the multi-frequency, polarimetric

backscattering data obtained from NASA/JPL AIRSAR and SIR-C/XSAR missions.

From the analysis of the measurement data and the theoretical simulation with
measured ground truth, it is found that the cross-polarized returns at lower frequen-
cies such as P-, and L-bands are sensitive to the forest biomass. The use of cross-
polarized return for biomass monitoring has been demonstrated in Figure 20 where
the biomass maps of 1989 and 1994 are compared. It shows that the younger forests
grow older and trees at some old forests have been cut down to become clear-cut or
regrowth forests. The correlation coefficient of HH and VV polarization p can be
used to separate the volume scattering return such as the backscattering from forest
and surface scattering return such as backscattering from soil. At low incident angles,
p can also be uéed to retrieve biomass but the result is sensitive to the soil condition.
The fine structure of leaves is found to have impact on the scattering characteristics
at higher frequencies such as C- and X-band. The frequency dependence of the leaves

structure can be used to separate different species of trees.

Comparing the SIR-C data with the MAESTRO-1 measurement, it is found that
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the backscattering from forest is very complicated and it is dependent on the system
parameters such as frequency, incident angle as well as the environmental conditions
such as the soil moisture and plant moisture content. The developed theoretical
models can be used to investigate the dependence of experimental observations on
forest physical parameters and to construct the retrieval algorithms for interested

parameters such as biomass.
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crown boles primary branches secondary branches

age |radius [length |[radius |length |density |radius |length [density
(em) |(m) [(ecm) [(m) |(m™ [(em) |(m) [(m™h

3 1.56 |1.16 1048 10.61 13.0 10.15 10.18 7.0

8 3.80 |5.10 {0.70 1.23  17.60 (0.4l 041 17.0

14 14.10 15.62 [0.90 140 |7.12 044 1044 17.0

22 [4.50 (6.19 ]1.10 1.69 [646 (048 1048 [7.0

30 [4.80 [6.62 11.20 1.99 [6.05 (052 1052 7.0

38 [493 7.0 1.36 [2.25 [5.75 [0.56 10.56 (7.0

46 15.10 |7.25 1.55 249 [5.50 |0.60 ]0.60 7.0

Table 1 Table of the Landes forest parameters in crown layer

age density |radius |[length
(m™2) |(cm) (m)

3 0.40 1.56 1.16

8 0.103 3.80 5.10

14 0.084 4.10 5.62

22 0.061 4.50 6.19

30 0.045 4.80 6.62

38 0.033 4.93 7.0

46 0.024 5.10 7.25

Table 2 Table of the Landes forest parameters in trunk layer
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Chapter 3.

MMW Scattering from Isolated Tree

ABSTRACT - The physical characterization of the terrain background is usually in
terms of a layered random medium with continuous or discrete scatterer models. To
simulate the MMW scattering from isolated trees, a tree model which is consisted
of a crown as the random medium and trunks and large branches as deterministic
objects is developed. The trunk is modeled as a circular cylinder with random surface
roughness where Kirchhoff’s approximation is used to calculate the radar return from
the surface of the trunk. Transmission loss factors, which is caused by absorption and
scattering, are included when computing the contribution from interior branches and
trunks. The scattering from crown is calculated with the radiative transfer theory.
The theoretical predictions are compared with the measurement data of coniferous

and deciduous trees by Army Research Laboratory using a 94GHz radar.

3.1 INTRODUCTION

With the advance of high frequency radar technology and its wide application for tar-
get detection with the high resolution capability, the milli-meter wave (MMW) radar
has been developed and the experiments over man-made and natural terrain have
been conducted [Schwering, et al., 1988; Borel and McIntosh, 1990]. However, few
MMW scattering models were developed and most researchers resorted to empirical

models.

-85 —
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Electromagnetic scattering from the earth terrain is a very sophisticated physical
phenomenon. Usually, the earth terrains modeled as a continuous statistical homo-
geneous layer of random discrete scatterers or permittivity fluctuation [Tsang et al.,
1985]. However, in the three-dimensional milli-meter wave (MMW) radar simulation,
it is sometimes necessary to consider isolated trees and shrubs as part of the back-
ground because of the high resolution associated with the short wavelength as well
as individual trees instead of a layer of forest is seen. Also, in the MMW region, the
tree crown is large enough to be considered as a layer of random medium with arbi-
trary shape. In this case, we add additional parameters to characterize the size of the
canopy when using the layered random medium model. This model provides means of
summing the contributions from individual scatterers, including multiple scattering
effects, thus allows us to work on a tree-by-tree basis. Basically, the tree trunk can
be treated as a deterministic scatterer much like targets, whereas for branches and

leaves we apply the random scatterer model to calculate the backscattering returns.

In this chapter, a radiative transfer (RT) approach in conjunction with the rough
surface scattering is constructed for the modeling of an isolated tree. Section 3.2
describes the tree model which is consisted of a crown as a finite size random medium
and large trunks and branches as deterministic scattering objects. Part of this work
has been published in cooperation with researcher of the Army Research Laboratory
(ARL) [Hsu, et al., 1992, 1993b]. In Section 3.3, formulae for the calculation of
range profile of trees are developed. Section 3.4 presents the comparison between
the theoretical simulation and the experimental data collected by the Army Research
Laboratory using a 94 GHz radar. Finally, a sensitivity study and discussion is

presented in Section 3.5.
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3.2 THE MMW TREE MODEL

The canopy of a tree can be modeled as a random medium of certain shape; e.g., a
cone. Asshown in Figure 1, the random medium is composed of randomly distributed
discrete scatterers embedded in a homogeneous background. Inside the crown, there
are trunks or large branches which are modeled as circular cylinders with top random
rough surface on top of it. The trunks and large branches are considered to be
deterministic objects whose locations, orientation angles, and sizes are specified. The
crown layer is treated as a finite size random medium where the twigs and coniferous
leaves are modeled as dielectric circular cylinders and elliptical disks are used to model
the deciduous leaves. The statistical orientation and size distribution of twigs and

leaves are considered in the calculation of attenuation and scattering characteristics

of the random medium.

The scattering from the crown as a random medium is solved with the use of the
radiative transfer (RT) theory. The vector RT equation for the specific intensity in

the scattering region has the following form

M = — %e(e,ﬁﬁ) T(a7¢'7 s)
ds g

+ / dB(0, 46,8 - 10, 4',5)
4

where (8,¢) is the direction of specific intensity and s is the distance of wave
traveling inside the random medium. The Stokes vector I contains the information
regarding field intensity and phase relation of the two orthogonal polarizations h and

v and is defined as

I, (1A )
(W] _1 (|Ev|?) 2)
|4 *

In (2), the subscripts h and v represent the horizontal and vertical polarizations,
respectively. The angular bracket () denotes ensemble average over the size and ori-
entation distributions of scatterers; and n = 4/pp/€g is the free-space characteristic

impedance.
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The extinction matrix Ke represents the attenuation caused by both the scattering
and absorption, and can be obtained through the optical theorem using the forward
scattering function. The phase matrix ?(0,:;5; 6',¢') characterizes the scattering of
the Stokes vector from (#’,4') direction into (6,¢) direction. It can be calculated
from the scattering functions of randomly distributed discrete scatterers. Along with
the boundary conditions that require the Stokes vector to be continuous, we can solve
the radiative transfer equations iteratively for the backscattering radar cross-section
as described in chapter 2. The boundary condition for this case is the specific intensity

is continuous across the cone-shape crown.

To model the scattering from trunks and large branches with rough surfaces, a two
scale surface structure is considered. The large variation is circular and represents the
general shape of the trunks or large branches. The small scale variation is a random
rough surface with the height and surface correlation function assumed to be Gaussian
processes. The Kirchhoff’s approximation is used to calculate the scattering from the
random rough surface. Since the large scale variation is slowly varying compared with
the wavelength in MMW, the curved surface effect is considered by integration over

the distribution of large scale surface tilted angles.
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3.3 CALCULATION OF RANGE PROFILE

For ground or vehicular radar system where the antenna is looking up or nearly
horizontal, the ground effect can be ignored. The first-order iterative solution of the
RT equation, which specifies the scattering Stokes vector Is in terms of incident

Stokes vector I is expressed as follows:

Lo _
Is(0,6,5=13) = /I l ds’D(B(6, ¢)(l2 — s'))D(B(m - 69, $p)(lz — 5'))
2

= - 3
P(0,¢,m - 0y, ¢0) - Io(m — 6, 60,5 = l2) ®)

=ﬁ . T0(7r — g, ¢, s = l9)

where ﬁ(ﬁ(O, $)s') is a 4 x 4 diagonal matrix with eBi(0:8)s') 45 its i-th diagonal
element. Here (3; is the i-th eigenvalue of Ke. s is in the distance in the direction

of propagation and l1, lgp are the boundaries of the random medium.

Equation (3) represents the single scattering by the discrete scatterers inside the
random medium with the attenuation taken into consideration. D is the attenuation
factor and P can be considered as the scattering function for the intensity. M is the
Mueller matrix with elements M7, M9 and M9 related to the radar cross-sections
per unit area for HH and VV and HV polarizations, respectively. Assuming the

uniform density of scatterers inside the crown, the backscattering can be expressed

as

I
My = /l ds'no < fhhlz > .e—2Ken(s'=l2)
2
ll /
Moy = /I ds'ng < |fool2 > e~ 2rev(s'~12) (4)
2
i
M12 =/ ! ds’no < Ifh’v|2 > .e_(nev+"5eh)(3’_l2)
)

where Keq = 2—”5710-21 m < faq > is the attenuation rate for the polarization a which
could be either A or v. ng is the number density of the scatterers. < | faﬂ|2 >
is the average scattered intensity from scatterers and is a function of particle size,

shape and dielectric properties.
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If the random medium is azimuthally symmetrical around the propagation direction,
the radar cross-section per unit range in the propagation direction for the polarization

af3 can be expressed as
l+6;
oag(l) = 4n /I s ds’ /A (dr'ng < | fapl® > e~ (Reatrep)s’ 15, (5)
=

where A’ is the plane where the distance to the radar is ! and s’ is the distance
the wave travels inside the crown. §; is smaller than the resolution of the radar and

with A’ contains a large number of scatterers.

In the computation of trunk scattering contributions, the surface roughness is an
important factor. At MMW, the wavelength is much smaller than the radius of the
trunk and thus the surface roughness, no matter how small it is, can still be compara-
ble to the wavelength. The radar cross-section is calculated by breaking up the trunk
surface into small pieces and summing up the response from the individual pieces
where the scattering from a tilted random rough surface is calculated using Kirch-
hoff’s approximation. The rough surface height and correlation function statistics are
assumed to be Gaussian. The radar cross-section of each small surface is calculated
by multiplying the area with the scattering coefficient. Thus the backscattering radar

cross-section 1is
/
Oaf = /A dr'y(8, 8,7 - e~ (Feathep)s (6)

where A is the trunk surface. < is the scattering coefficient for the reflected wave
from the trunk surface. It is a function of the incident angle (6,¢) and the local
curvature of trunk at 7. s’ is the distance of the wave traveled inside the crown

before scattered from the trunks.

The scattering from crown and trunks are summed up incoherently to obtain the total
backscattering radar cross-section. To calculate the range profile, we need to convolve
the radar cross-section per unit length (from Equations 5 and 6) with the radar
response of a point target. This impulse response is determined by the bandwidth

and the filter function of the radar system.
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3.4 COMPARISON WITH EXPERIMENTAL DATA

Two sets of measurements were conducted by the Army Research Laboratory (ARL)
using a truck-mounted 94 GHz FM CW radar at the Prado Regional Park near Chino,
CA and in Bend, Oregon. The radar system is the Rockwell Instrumented Millimeter
Wave System (RIMS). In these experiments, calibrated range profiles of several trees
are collected. A high range-resolution of about one foot is achieved by stepping the
radar frequency through 470MHz bandwidth. With frequency step size of 10MHz and
a total of 48 steps, the system provides range ambiguity to about i5 meters which
is larger than the total extent of trees in consideration. The radar looking angle is

almost horizontal.

In the first ARL experiment, the radar was aimed at two isolated coniferous trees, as
shown in Figure 2. The elevation angles are around 5 degrees (looking up); therefore,
the ground effect is ignored in our calculation. Within the cluster, the contribution
to scattered fields at 94 GHz mainly comes from the leaves and small branches. The
scattered field from the trunk has also been computed separately. The small needles of

the tree leaves inside the canopy are modeled as randor:ly oriented dielectric cylinders.

Using the photographs taken at the scene as shown in Figure 2, in which a yardstick
is inserted in front of each tree, these two trees are modeled as cone shape crowns
with vertical trunk inside, as shown in Figure 3. The first tree is estimated at 9
meters tall and with the crown length of 7 meters (calculated from the the first live
branch to the top of tree). The radii of the top and bottom circles are 0.75m and
3.0m, respectively. As to the second tree, the height of the tree is estimated at 8
meters and the crown length of 6.5 meters. The upper and lower circle radii are 0.2m
and 2.7m, respectively. The size and number density of scatterers are given in table
1. The radius and length of the dielectric cylinders, of which the random medium is
composed, are assumed to be 0.1cm and 2cm, respectively. The number density of
the leaves is 12000/ m3 and the dielectric constant is 7 +41.5 which is derived from
50% water content with a dielectric model [Ulaby and El-Rayes, 1987] .
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The comparisons between the predicted and measured range profiles from the crown
of both trees are given in Figures 4 (a) and (b) for the first and the second trees.
The measurement and prediction results are given for the HH polarization. The
horizontal axis is the range in meter and the vertical axis is the radar cross-section in
meter square which is the total radar cross-section within the resolution of the radar.
The plotted range which corresponds to the relative range is not the actual range
from radar to the trees. The dotted curves are the measured data and the continuous
curves are the theoretical simulation. Because we did not have the ground truth
information for nearby terrains, the comparison is limited to the extent of the trees.
The scattering from the trunk is calculated with the rough trunk surface which have
rms height as 0.2cm and correlation length as 1lcm. The radius of the trunk of the
first tree is estimated as 0.2m and the radius of the second tree as 0.15m. The
theoretical simulation includes the contribution from the trunk and the scattering
from the crown. The small jump at around 4 meter range for the second tree is the
contribution from trunk. It is found that the scattering of the trunk is not important
in these two cases because the high density of the leaves. The agreement between
the theoretical prediction and the experimental data are generally good although the
theoretical simulation is about 2 dB lower than the data. The discrepancy may be

due to the fact that the multiple scattering effect is ignored in our calculation.

In the second ARL experiment, the ground truth information is measured more thor-
oughly. For each tree, the tree type, the height of tree, the sizes of trunk and branches
and the average size of leaves are collected in the experiment. The water contents
of the trunk and leaves are also measured. The dielectric constants are then derived

from the same dielectric model used in the first experiment.

Here we consider two sets of data from the experiment. Pictures and simplified models
of two different trees are shown in Figures 5 and 6. The first tree is a Bluegum
Eucalyptus and the second one is a California Peppertree. Both trees are deciduous
trees with long, narrow leaves. To model these trees, a crown with cone shape and
trunks and large branches which are modeled as circular cylinders with Gaussian

random roughness on the surface are used. Inside the crown, twigs and leaves are
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assumed to be uniformly distributed and randomly orientated in both elevation and
azimuthal directions. For tree 1, there are two trunks each with radius of 30cm and
height of 11m. For tree 2, there is one trunk with radius of 50cm and height of
2.6m, and three major branches with radii of 40cm, 30cm, and 20cm, and lengths of
8.5m, 8m and 5m. The tilted angle is about 15°. The dielectric constant of bark is
2.1 4+ 20.18 which is derived from the 12% water content. The size and density of
twigs and leaves inside the crown are summarized in Table 2. The dielectric constant

of leaves is 5.2 + ¢1.7 which is derived from the 50% water content.

The comparison between the theoreticai calculation and the measured data is shown
in Figure 7. The range is plotted along the horizontal axis, and the vertical axis
shows backscattering radar cross-section for HH polarization. The dotted curves
are measured radar cross-section within the range resolution bin of 0.3m, and the
solid curves are theoretical calculations which include the trunk and large branches
contributions to the scattering. The scattering from trunks and large branches in
the deciduous tree is more notable than in the coniferous tree because in general
the trunks in deciduous tree is larger and the density of tree leaves is smaller which
results in higher scattering and lower attenuation. As shown in the Figure, while
the average value of radar cross-section is close to the measured data, there are
significant deviations between the smooth theoretical curve and the data curve. Since
the variation of leaves density for deciduous tree is much higher than that of coniferous
tree, it cannot be explained solely by the random fluctuations (i.e., speckle) in the
measurement. Based on the photo of the trees, this variation may also come from the
variations in the scatterer density from one range bin to another. Because the received
field is the coherent scattering from multiple scatterers within the radar field of view
in both angles and ranges, this fluctuation can be reduced if the data is averaged over
multiple angles. As can be seen from the picture of these two trees, their outlines are
not exactly cone shapes as we assumed, and the leaves and twigs inside the crown
are not uniformly distributed. There are voids in various spots. These factors result
in the variation of effective scatterer density within the range bin, which corresponds
to a slice from the total tree volume. From the observation of Figure 7 (a), it is also

found that the back part of the curve for tree number 1 did not fit as well. The reason
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is probably because that the fractional volume of leaves in tree number 1 is higher so
that the multiple scattering effect, which is ignored in our calculation, is important.
Multiple scattering could appear as late time returns which correspond to the further

range.
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3.5 NUMERICAL SIMULATION

Due to the fact that the geometry of trees are very complicated and considerable
simplification has been made to simulate the measured radar return, it is necessary
to examine several physical factors that might affect the returns using numerical sim-
ulations. In part of this study, we are also interested in the quantitative dependence
of the range profile on selective parameters of the tree model. These parameters tend
to vary from trees to trees, and hence should provide more insights to the modeling
effort. The following is a sensitivity study based on the tree size, number density of
leaves and the orientation distribution of leaves. The variations are limited to the

crown, so the contribution from trunk are not shown in the comparison.

First of all, the number density and the size of the tree are varied. It is found
that for overall backscattering cross-section, the most sensitive parameters are the
size of the tree and the scattering versus attenuation ratio. While increasing leave
density would increase both attenuation and scattering, it has much less impact on
the total scattered power. It is also found from this study of deciduous trees that the
backscattering cross-section has little dependence on the sizes and shapes of leaves as

long as they are randomly orientated.

Figure 8 shows the range profile of two trees with different sizes. One has radii of top
and bottom circles as 0.75m and 3.0m, respectively, and is 9m tall. Another has
radii of top and bottom circles at 1.125m and 4.5m, respectively, and is 13.5m tall.
It was shown that the peak radar cross-section of the second tree is about 2 to 3 dB
higher and the range of significant radar return is about 50% wider. This matches
the incréase in the tree size. The simulation on different number density of the leaves
is shown in Figure 9. As the number density increases, the radar cross-section from
the front part of the range profile increases, but it also decreases faster with increasing
range at the backside of the tree. This is because as the number density of leaves
increases, both scattering and attenuation increase. The radar return from the front
part of the tree would increase but the return from the back side of the tree would

decrease due to the higher attenuation.
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A few simplifications in our model and some uncertainties of physical parameters
of scatterers may have affected the accuracy. First, the scattering and attenuation
from the leaves are calculated from the approximated solution in terms of both phys-
ical model and scattering function. Also, the dielectric constant is derived from a
empirical model which measures the reflectivity and transmissivity of the tree sam-
ples. Since the MMW measurement is very difficult, the highest frequency used is 20
GHz [Ulaby and El-Rayes, 1987]. The extrapolation to 94 GHz may be erroneous.
These uncertainties are likely to have impact upon the scattering/attenuation ratio
(Albedo). Therefore, We performed a simulation in which the scattering coefficient is
kept intact but the attenuation coefficient is varying. As the results shown in Figure
10, the front part of the range profile does not change, as is expected since the at-
tenuation does not affect this part significantly. But for the backside of the tree, the
lower attenuation is, the larger the radar cross-section and the wider the range with
appreciated radar return. Therefore in the model, a correct estimation of attenuation

is very important.

Another parameter which would have large impact on the backscattering cross-section
is the elevation orientation distribution of leaves. Here we use the average leaf size of
tree number 1 as the size of elliptic disk scatterers and simulate several cases. The
azimuthal orientation angle is assumed to be uniformly distributed. The backscatter-
ing cross-sections with various orientation distributions are shown in Figure 11 (a).
The horizontal axis is the depression angle and the vertical axis is the backscattering
cross-section. For elevation angle distribution, sin represents uniformly distributed
leaves, sinf cosf represents more vertically orientated leaves, and sin2 9 represents
more horizontally oriented leaves. For a radar look angle near the horizontal axis,
strong returns come from leaves with surface normals close to the incident angle, which
is horizontal. As expected, for uniformly distributed leaves, the angular response is
flat. When the leaves tend to be more vertical, the backscattering becomes higher
at lower depression angle and decreases with increasing depression angle. When the
leaves tend to be more horizontally distributed, it is the other way around. There-
fore, we conclude that the backscattering cross-section is sensitive to the orientation

distribution of leaves. This orientation dependence is also observed in another study
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[Borel and McIntosh, 1990]. On the other hand, the impact of orientation distribu-
tion on the attenuation is small, as shown in Figure 11 (b). This is because that the
total attenuation is a sum of the scattering loss and the absorption loss. The absorp-
tion loss has little dependence on orientation angle of scatterers and the scattering
pattern of scatterers would change dramatically with orientation angle distribution.
The integration of all scattering angles which give rise to the scattering loss is not as

sersitive to the orientation angle distribution.

As suggested in the previous section, one possible reason for the variation shown
in the measured range profile is the irregular shapes of crown and the nonuniform
density distribution of leaves inside the crown. We attempt to verify this postulate
by simulating the effect of varying density of scatterers inside the crown based on
the pictures of trees and the measured data. The parameters used are the same as
those of Figure 12. The only difference is that the density of leaves is varying from
100 to 400 /m3 for tree number 1. As shown in the Figure, the inhomogeneous
distribution of scatterers can indeed generate larger variation of backscattering cross-
section similar to the measured data. Inis suggests that future observations may
include measurements of effective scatterer density on every slice of range bin to

provide quantitative comparison with the theory.
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3.6 CONCLUSION

In this study, a MMW scattering model of single tree is developed based on the
combination of the random medium model and the scattering from deterministic
objects is proposed. Using this model, The thecretical calculations are compared
with measured radar range profiles at 94 GHz using the collected ground truth. We
found that the simulation results are consistent with the observed range profiles, with
the exception of some large variations from one range bin to another. Some slight
discrepancy with experimental data may be resulted from the approximation in the
physical model of tree components. The simulation is also presented to examine the

sensitivity of different parameters.



Tables

Tree 1 2
top circle radius 0.75 m 0.2 m
bottom circle radius 3.0m 2.7 m
height 7.0 m 6.5 m
radius of twigs 0.4 cm 0.4 cm
length of twigs 20 cm 20 cm
density of twigs 150 / m> 150 / m>
radius of needles 0.1 cm 0.1 cm
length of needles 2.0 cm 2.0 cm
density of needles 12000 / m3 12000 / m3

Table 1 Table of the Parameters for Two Coniferous Trees

Tree 1 2

top circle radius 2.0 m 3.0m

bottom circle radius 3.0m 4.0 m

height 11.6 m 9.2 m

radius of twigs 0.2 cm 0.1 cm

length of twigs 20 cm 20 cm

density of twigs 10/ m3 5/ m3

major axis of ieaves 7.62 cm 1.9 cm
minor axis of leaves 0.95 cm 0.635 cm
thickness of leaves 0.02 cm 0.02 cm
density of needles 200 / m3 300 / m3

Table 2 Table of the Parameters for Two Deciduous Trees
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Figure 1 Configuration of the Model
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Figure 2 (b) Picture of Coniferous Trees 2
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Figure 5 (b) Picture of Deciduous Trees 2
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Chapter 4.

Attenuation and Phase Fluctuation
due to Foliage

ABSTRACT - In this study, a theoretical model is developed to calculate the mean
attenuation, the amplitude and the phase fluctuations of electromagnetic waves prop-
agating through foliage. The attenuation of the average received field is obtained from
the sum of the absorption loss and the scattering loss. The amplitude fluctuation of
electromagnetic wave is calculated from the bistatic scattering coefficients using the
radiative transfer theory. The phase fluctuation is obtained from the amplitude fluctu-
ation assuming the phase of the fluctuation field is uniformly distributed from —m to
x. The attenuation is then obtained by comparing the radiated power from a source
under the foliage to the received power from a source in free space. The theoretical
results are compared with experimental data collected by MIT Lincoln Laboratory
during the 1990 Foliage Penetration Experiment. In the experiment, transmitters
were placed inside the forest and an airborne receiver was used to measure the one-
way propagation. This theoretical model is also used to illustrate the polarization

and angular dependencies of attenuation and phase fluctuations.

4.1 INTRODUCTION

- 111 -
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The utilization of radar to detect stationary targets under the foliage faces several
problems. One is the attenuation of electromagnetic wave caused by the foliage.
Another is the distortion of received signal. Furthermore, Synthetic Aperture Radar
(SAR) has been used to achieve high resolution. However, since SAR system is a
coherent process which integrates the receiving field along the synthetic aperture, the
random phase fluctuation caused by the foliage occurs along the pass of the antenna
will deteriorate the ability to image the target. This attenuation and the phase and
amplitude fluctuations of electromagnetic wave caused by the presence of the foliage
and their impact on the synthetic aperture radar (SAR) image has been a topic of
great interest to radar community. The MIT Lincoln Laboratory conducted a Foliage
Penetration (FOPEN) experiment [Ayasli et al., 1991] to investigate the feasibility
of detecting stationary targets located inside the forest. Based on the experimental
data, the attenuation and the phase fluctuation caused by different polarizations,
frequencies, as well as the effect of depression angles and synthetic aperture length

have been analyzed [Toups, 1992].

To further investigate the mechanisms for those effects and their dependence on
frequencies, polarizations, and incident angles, it is necessary to develop a theoretical
model in order to simulate the measurement results. Although there exists abundant
theoretical models which can calculate the average scattering coeflicients and atten-
uation from random medium, very few of them are able to simulate the fluctuation
of the electromagnetic field in random medium. One such model is proposed by Chu
et al. where the wave theory and the continuous random medium model are used
to simulate the electromagnetic response of a point source under a layer of random

medium [Chu et al., 1992]. The mean attenuation as well as the variance of the phase
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fluctuations are obtained. However, small fluctuations are assumed in order to solve

the problem analytically.

Since the measured attenuation caused by foliage shows significant fluctuations,
it is necessary for theoretical models to include the effect of large fluctuations. One
approach is to combine theoretical models for the average scattered coefficients and
the statistical clutter model to calculate the fluctuation of the scattering field. The ap-
proaches to calculate the average electromagnetic quantities from the random medium
have been discussed in chapter 2. In this study, the radiative transfer model is used.
As to the statistical clutter model, Gaussian distribution has been used when there are
many scattering sources. However, when the resolution of the image becomes higher,
the composite K-distribution has to be used [Jao, 1984]. Since the main concern in
this study is the average attenuation and phase fluctuation, no assumption of clutter
model is made besides the phase of incoherent scattered field, which is assumed to be

completely random.

In this chapter, the average attenuation and bistatic scattering coeflicients are
calculated using a RT model for forest. With the assumption of uniform phase distri-
bution of the scattered field, the statistical average of other electromagnetic quantities
such as the amplitude and phase distributions are calculated. Part of this work has
been published in cooperation with the MIT Lincoln Laboratory [Hsu, et al., 1993a].
The FOPEN experiment is described in Section 4.2. In Section 4.3, the methodology
of this approach is described. The forest scattering model is described in Section 4.4
and finally, a comparison between the measured attenuation and phase fluctuation

and the theoretical simulation is presented in Section 4.5.
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4.2 FOPEN EXPERIMENT

The MIT Lincoln Laboratory conducted a Foliage Penetration experiment (FOPEN)
on July, 1990 at Portage, Maine. The area surrounding Portage is predominantly
coniferous forests with varying densities and ages. The radar system used in this
experiment was the National Aeronautics and Space Administration (NASA) / Jet
Propulsion Laboratory (JPL) Synthetic Aperture Radar (SAFE.) on board a DC-8 air-
craft. The SAR system has three frequencies — P-band (.46 GHz), L-band (1.25
GHz), and C-band (5.3 GHz) and with both horizontal and vertical polarizations
capability. On the ground, several 8-foot trihedral reflectors were deployed at open
area for the purpose of calibration and inside the forest to test the ability of the
SAR system to image the objects under the foliage. Also, several “tone generator” (a
horn antenna with a signal generator) of P-, L-, and C-band were set up to transmit
an electromagnetic wave from inside the forest and this signal was, received by “he
receiver in the airplane to measure the attenuation and phase fluctuation of the field
caused by the foliage. During the mission, airborne SAR flew by the test sites with
30°, 45° and 60° depression angles. The tone generators at test sites 1, 3, and 4
were obscured by the foliage while the site 2 was a reference site in an open area. The
attenuation and the amplitude and phase fluctuation were obtained by averaging the
received signals from —20° to 20° azimuthal angles of the tone generator mainlobe.
The difference of the antenna gain at different azimuthal angles was corrected by

comparing with the received single at site 2.

During this experiment, detailed ground truth survey was performed to assist the
analysis of the measurement data [MIT/LL, 1990]. The Applied Microwave Portable

Dielectric Probe (PDP) was used to measure the dielectric constants of the tree
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trunks. The average dielectric constants of trees at P, L, and C bands are 15.5+12.23,
14.4 + i3.19, 12.3 + 4.56, respectively. The moisture content of the soil and tree
twigs and leaves were also measured. Near the site of the trihedral reflectors and tone
generators, information on the tree species, diameters at breast height (dbh), and total
tree height were collected. For the primary branches, the average size and the average
inclination angle were estimated. The biomass of the foliage and the trunks as well
as the number density of trees were also estimated. The average height of the first
live branch was found to be 5.4m, 4.6m and 5.8m for sites 1, 3, and 4, respectively.
The average orientation angle of the primary branches is also recorded in the survey
of the ground truth. The inclination angle of primary branches is assumed to be
uniformly distributed over a range of 20° angle certered at the average inclination
angle. The average primary branch angle 3; is between 60° and 80°, 55° and 75°,
and 70° and 90° for sites 1, 3 and 4, respectively. The average inclination angle of
small branches and needles are assumed to be 60° for all sites. The biomass ratio of
primary branches, secondary branches and leaves is assumed to be 4 : 2 : 3. Under the
assumption that the density of trunks, branches and leaves are the same, the number
density of the primary branches, secondary branches and needles are calculated for
each site using the biomass of trunks, branches and leaves. The parameters used in
theoretical simulation are listed in Table 1. The densities of branches and needles

listed are in terms of number per unit length of larger scale scatterers.
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4.3 METHODOLOGY

In this study, a theoretical model based on the RT theory using a medium of dis-
crete scatterers and a random phase clutter model is developed to simulate the mean
attenuation as well as the amplitude and phase fluctuations of the electromagnetic
wave propagating through the foliage. The mean field is obtained from the effective
field approximation (Foldy’s approximation) which is also used in the derivation of
extinction matrix in the RT equation [Tsang, et al., 1985]. The attenuation caused
by the absorption and the scattering losses is calculated with the optical theorem
which relates the total attenuation to the imaginary part of the forward scattered
amplitude from scatterers. Assuming that the phase of incoherent scattering field is
completely random, the amplitude fluctuation of electromagnetic wave is related to
the bistatic scattering coefficients of forests. The average received power, which is
directly related to the average attenuation, is calculated from the sum of the power
of the mean field and the power of the fluctuation field. The phase fluctuation is
derived from the amplitude fluctuation by assuming the phase of the incoherent field

is uniformly distributed from —7 to =«.

The configuration of the problem is shown in Figure 1, where a source (tone gen-
erator) radiates the electromagnetic wave inside the forest, and the signal is received
by the antenna on an airplane. Since the ground is outside the mainlobe of the source

antenna pattern, the ground effect is ignored in the following theoretical derivation.

Under the discrete scatterer model, the attenuation of the average field is obtained
from the sum of the absorption loss caused by the dielectric property of scatterer and

the scattering loss caused by the wave which is scattered into other directions by
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the scatterer. From the optical theorem, the total attenuation can be related to the
imaginary part of the forward scattering amplitude as

oe = T Imlj]

where o is the extinction cross-section, k is the wave number, f is the forward

scattering amplitude and IM stand for the imaginary part.

The average field of the electromagnetic wave propagating through the foliage is

then
[(Bs)|? = e~(mooe)l . |E,_ |2 (1)

where E..r is the received field without the attenuation caused by the foliage, Es is
the received field after the wave has propagated through the foliage, ng is the number
density of scatterers per unit volume, L is the path length of the wave propagating
through the foliage, and ( ) denotes the ensemble average over the size, shape, and

orientation distribution of scatterers.

When an electromagnetic wave propagates through a scattering medium, not only
is the intensity absorbed, it is also scattered to other directions. Since the phase of
scattered field is random, it is the fluctuating part of the electromagnetic field. This
fluctuating component is related to the bistatic scattering coefficients. The definition

of the bistatic scattering coefficient is

4rr2(|E, 1 (85, #5)1%)

0s,0s;0;,¢;) = li 2
where E f is the incoherent scattered field, E; is the incident field, A is the area
of illumination, and r is the distance between the target and the receiver. To obtain

the fluctuation of the electromagnetic field, it is assumed that both the incident and

scattered fields are plane waves. This assumption may be of limited validity because
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of the finite distance between the transmitter and the scatterers inside the forest.

Under this assumption, equation (2) can be approximated as

(lEsflz) - Acosb;
|E;|2 dmr2

(05, ¢s; 9;, #;) (3)

Since the beamwidth of the transmitted antenna is very broad, the total inco-
herent intensity is calculated by integrating the whole area of illumination. From
the relationship between the reference field E.; and the incident field E;, |E;| =
|Egl G(s)/ rZ= |Epefl-G(s)/ G()-r2 /72, the total fluctuation intensity can be obtained

from equation (2) as

E 2
———(I sf'2> z// COSOiLs%%s)ds
|Epel A dnrs G0 (4)

'y 2r .
_ o . .7(037 ¢310i’ ¢z) G(oz’ ¢2)
= [) df; sin 0; /(; do; e Go

where the relationship of ds = rg tan6;d0;d¢; is used. Ej is the field from the

source, rg is the distance between the source and the scattering medium (here it is
assumed that the source is under the medium although it is on the boundary). G
is the antenna pattern of the transmitter and G is the gain of the antenna pattern
in (6;,¢;) direction. In this study, the far field pattern of a horn antenna is used

although the trees are in general not in the far field of the tone generator.

Assuming that the phase of the incoherent field is uniformly distributed from —n
tow
Es = (Es) + Egf = (Es)(1 + 6¢"?) (5)

where the amplitude fluctuation ¢ is defined as the square root of the variance of the

receiving power normalized by the average receiving power

_ B2 _ \/(lEslz) ~ ()2 ©)
(Es)I2 (Es)I2

)
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The phase 6 of the scattered field is

dsin ¢

1+600s¢) (7)

0= tan—l(

The phase fluctuation can be obtained from the amplitude fluctuation by averaging

over ¢ as

Ve = /5 _ﬂo2¢ V= \/ "t e ®

The average attenuation is defined as the average of the received power with a

source under the foliage compared with the received power with a source in free space

(1Es1) _ (I(Bs) + EsfI2> (Es)? + (|Esf|2) e—(nooe)L . 2
Bref~ |Brefl? |Bresl? 1+ (9)

It is noted that no clutter statistics is assumed in this formulation. If the fluc-

tuation of the receiving power is of concern, the Gaussian or K-distribution statistics

can be used [Jao, 1984].
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4.4 RADIATIVE TRANSFER MODEL OF FOREST

Forest is modeled as a multi-layer random medium which includes a crown layer,
a trunk layer, a bush layer, and an underline random rough soil surface as shown
in Figure 2. The crown layer is consisted of a tree bole, the primary branches, the
secondary branches and the attached leaves. The trunk layer includes the vertical
trunk only. The short vegetation presented in the forest is modeled as randomly
distributed twigs and leaves inside the bush layer. The half-space soil surface is
considered to be randomly rough with Gaussian statistics. The trunks, branches and
coniferous leaves are modeled as dielectric circular cylinders where the finite cylinder
approximation is used to calculate the scattering response. The deciduous leaves are
modeled as elliptical circular disks where the physical optics approximation is used
to compute the scattering. The orientation of trees are considered to be uniformly
distributed from vertical to the maximum trunk tilted angle. As shown in Figure 2,
the orientation of each element is described by its relation to the next bigger scale
element. The azimuthal angle of each smaller scatterer to the larger elements is

uniforr}-- distributed between —180° and 180°.

The scattering from the forest is formulated with the radiative transfer theory.
The vector radiative transfer equation for the specific intensity in each scattering

region is of the form

cos @ (9,4, 2) = —Re(8,9,2)-1(0,6,2)
dz _ (9)
+ sy’ F(e’ ®; ola ¢’) : T(g” ¢,’ Z)
4T
where Ke is the extinction matrix, P is the phase matrix which describes the scat-

tering of specific intensity from one direction into another direction. The specific
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intensity I containing information regarding field intensity and phase relation of the

two orthogonal polarizations is defined as

Ip (IBnI?)
L | _1 (|Ewl?)
|4 2 Im(EvE;"l)

the subscripts h and v represent the horizontal and vertical polarizations, respec-

T= (10)

tively. The angular bracket ( ) denotes ensemble average over the size and orien-
tation distributions of scatterers, and n = \/;—zo—/ea is the free-space characteristic
impedance. From the RT equation (9), the specific intensity is attenuated when prop-
agating inside the medium, and is enhanced Ly the intensity from other directions
which are scattered into the direction of interest. The extinction matrix &e repre-
sents the attenuation caused by both the scattering and absorption losses, and can
be obtained through the optical theorem in terms of the forward scattering function.
The phase matrix P(8, ¢;¢', ¢') characterizes the scattering of the Stokes vector from
(¢',¢') direction into (8, #) direction and can be formulated in terms of scattering

functions of the randomly distributed discrete scatterers.

For forests, trees only constitute a small fraction of the total volume (usually less
than 1 %), so the effective permittivity is very close to that of free space. Therefore it
is assumed that the reflection between different layers can be neglected except at the
bottom soil interface. Along with the appropriate boundary conditions, we can solve
the radiative transfer equations iteratively to obtain the bistatic scattering coefficients
[Tsang et al., 1985]. The resulting bistatic coefficients are the incoherent intensities

which are related to the fluctuating part of electromagnetic wave.
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4.5 COMPARISON OF THEORETICAL SIMULATION AND MEASUREMENT
DATA

With the collected ground truth information about the average sizes of the trunks
and branches and the number density of the trees instead of information for each
individual tree, the proposed RT model is applied to simulate the average attenuation
and phase fluctuations for different sites. The first-order iterative solution, which only
includes single scattering, is used in calculating the fluctuation field. The statistical
results of the one way attenuations for P, L and C bands are shown in Figure 3. The
horizontal axis represents the measured attenuation averaged over azimuthal angles
for 3 depression angles at 3 test sites, and the vertical axis is the result of average
attenuation from the theoretical calculation. The two straight lines indicate the bound
of 2 dB difference between the measured and calculated attenuations. It shows that in
general, the attenuation is higher at higher frequencies. Also, at P-band the vertical
polarization tends to attenuate more than the horizontal polarization does because
the vertical trunks have more effect on vertical polarization at low frequencies. The
difference between the theoretical result and the measurement is within 2 dB for
most cases at P and L bands. As the attenuation becomes larger, the difference
between the measurement and prediction tends to be larger. The finite samples of

the measurements and the positions of the tone generators would also affect the

measured attenuation.

Based on the theoretical calculations, it is found that the attenuation at different
frequencies is caused by different components of trees. The contribution of the trunks,
branches and leaves to the total attenuation for site 1 is shown in Figures 4 to 6 for

the frequencies of P-, L-, and C-bands. The vertical axis is the magnitude of the
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average complex received field (from equation 1) normalized with the magnitude of
the received field in free space. The horizontal axis is the observation angles in
degree. The normalized field indicates how much the field is attenuated caused by
scatterers. The uppermost curve is the attenuation caused by the trunks only. The
next curve is the attenuation caused by the trunks and the primary branches. The
third curve is the attenuation caused by the trunks and the primary and secondary
branches. The bottom curve includes the effects of all scatterers. From Figure 4,
it is shown that the dominant scatterers contributing to the attenuation at P-band
vertical polarization are the trunks while for horizontal polarization the attenuation
from primary branches is also important. As shown in Figure 5, for the L-band,
the trunks and the primary branches are the main contributors to the attenuation.
The large attenuation of horizontal polarization caused by the primary branches is
because most of the large branches are more horizontal. At C-band the attenuation

is mainly caused by the leaves and the small branches as shown in Figure 6.

The polarization and depression angle dependencies are also illustrated in Figure
4 to 6. As the depression angle decreases, the path length of the wave propagating
through the foliage increases, so the attenuation increases. At P band, because the
main contribution to the attenuation is from vertical trunks, the vertically polarized
field attenuates much more than horizontally polarized field. The difference between
the two polarizations is smaller at C band since the main scatterers (the leaves and
the small branches) are almost randomly orientated. These polarization dependencies

are also observed from the measured data as shown in Figure 3.

Using the bistatic scattering coefficients calculated from the RT theory and with
the assumption of random phase on the incoherent scattering field, the phase fluctu-

ation can be calculated as shown in the Section 5.3. The measured phase fluctuation
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at P and L bands are shown in Figure 7. The theoretical simulation is shown in figure
8. The horizontal axis is the one-way attenuation and the vertical axis is the phase
fluctuation. Based on the theoretical calculation, it is shown that as the attenuation
increases, the phase fluctuation also increases. The correlation between the measured
attenuation and phase finctuation is not as clear as in the theoretical calculation
but still shows the same trend. Also from hoth the measured data and theoretical
calculation, the vertically polarized field shows larger phase fluctuation than the hor-
izontally polarized field with the same attenuation. Since the attenuation is resulted
from both the scattering loss and absorption loss whereas the fluctuation is mainly
from the scattering, this phenomenon can be explained by noting that the vertical

polarized field has higher ratio of scattering loss to the total attenuation.
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4.6 CONCLUSION

In this chapter, the attenuation and phase fluctuations of electromagnetic waves
propagating through the foliage is investigated with a theoretical model. These fluc-
tuations are important in determining how well an object obscured by the foliage can
be imaged with a synthetic aperture radar. The bistatic scattering coefficient and
mean attenuation are calculated using the radiative transfer theory with the discrete
scatterer model. The phase fluctuation is obtained from the amplitude fluctuation
assuming that the phase of the fluctuation field is uniformly distributed between —m
and 7. The average received power is obtained from the sum of the power of the av-
erage field and the power of the fluctuation field. The attenuation is then obtained by
comparing the radiated power from a source under the foliage to the received power
from a source in free space. The theoretical results are compared with experimen-
tal data collected by MIT Lincoln Laboratory during the 1990 Foliage Penetration
Experiment. In the experiment, transmitters were placed inside the forest and an
airborne receiver was used to measure the one-way propagation. The one-way atten-
uation and phase fluctuation caused by the foliage are obtained by comparing the

radiated field from tone generators under the foliage with those in the open space.

The theoretical model is used to illustrate the frequency, polarization and angular
dependencies of the attenuation and phase fluctuations. It is found that the vertical
polarized attenuation is higher than the attenuation for the horizontal polarization
at P-band because of the contribution from the trunk. The polarization dependence
at L- and C-bands is found to be small. The increase of attenuation with frequency
and incident angle and the contribution of different scatterers is investigated using

the developed theoretical model. With this proposed model, it is also possible to
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examine the attenuation and phase fluctuation for different tree moisture contents,

tree types and forest densities.
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Figure 7 (a) Measured One-way Attenuation and Phase Fluctuation at P band

Figure 6 (b) Contribution of One-way H-pol. Attenuation at C band
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Chapter 5.

Polarimetric Passive Remote Sensing
of Vegetation

ABSTRACT - The polarimetric brightness temperature is calculated with radiative
transfer (RT) formulation, either solved directly from the RT equation with source
term included or calculated with Kirchhoff’s law from the bistatic scattering coef-
ficients. The theoretical model is used to interpret the measured emissions from
alfalfa field for different growth stages at 10 GHz. Polarimetric emission from non

azimuthally symmetrical media with tilted scatterers is investigated theoretically.

5.1 INTRODUCTION

The passive remote sensing has long history. Astrophysicist use radiometers
to measure the radiation from the extraterrestrial stars. The microwave radiometers
have been used in the remote sensing of atmosphere as well as applied to the detection
of sea ice coverage, soil moisture and sea state (wind speed). Compared with the radar
images, brightness temperature maps do not have the problem of speckle and the
passive equipments are usually very sensitive and stable. Although usually the passive
remote sensing has low resolution, recently, the Synthetic Aperture technology has

been used in the development of Electronically Scanned Thinned Array Radiometer

-137 -
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(ESTAR) to achieve higher resolution. [Le Vine et al., 1994] With higher resolution,

the non-azimuthal symmetry property of the earth terrain would be more important.

It is commonly known that all four Stokes parameters emission from non az-
imuthally symmetrical medium is generally non-zero. However, the earth medium is
cominonly assumed to have azimuthal symmetry property. It was first suggested by
Tsang [1991] that all four Stokes parameters emission from earth terrain with non-
azimuthal symmetric property would be significantly different from zero. Emission
from periodic soil surface has been studied experimentally [Nghiem, et al., 1991} and
theoretically [Veysoglu, et al., 1991]. The numerical results indicated that the plowed
field would has the third Stokes parameter (U) as high as 40K . There are also stud-
ies looking into the application to the ocean surface which relates the U to the wind
speed. Several studies with periodic water surfaces [Johnson, et al., 1994, Yueh, et al.,
1994] have prompted an experiment on thermal emission from ocean surface [Yueh,
et al., 1995]. It’s been shown that the third Stokes parameter U can reveal wind
direction caused by the azimuthal asymmetry of ocean surface. Although some works
have been done regarding the applications of polarimetric emission from surface, very
few studies investigated the effect of azimuthal non-symmetry on volume scattering

and its applications on the parameter retrieval.

In the application of the radiative transfer theory to the remote sensing of earth
terrain, the medium properties are considered in the phase matrix, the extinction
matrix, and the absorption vector in the RT equation. In this study, the continuous
random medium model as well as the discrete scatterer model are used to charac-
terize the vegetation layer and to account for the volume scattering effects. For the
continuous random medium model, the random medium is realized with a correla-

tion function involving variance and correlation lengths. The correlation function
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of the randomly fluctuating permittivity function is assumed to be expenential and
has different correlation lengths in the lateral and vertical directions. The effective
permittivities of the vegetation layer and the extinction and scattering properties of
the random medium are obtained under strong fluctuation theory and the continuous
random medium approach. [Yueh, et al., 1990] The rough surface scattering effect is
incorporated by modifying the boundary conditions of RT equation using the Kirch-
hoff’s approximation. The first order iterative solution to the RT equation is then

used to calculate the emission and backscattering from the vegetation canopy.

In this work, we will study the polarimetric emission from the volume scattering
using RT formulation. Section 5.2 describes the two methods used to calculate the
brightness temperature from a layer random medium. The comparison of theoretical
simulation with measurement data is shown in Section 5.3. The third and fourth
Stokes parameters from a non azimuthally symmetrical medium are investigated in
Section 5.4. Part of this work has been published with the cooperation of the Istituto
di Ricerca sulle Onde Elettromagnetiche (IROE) and the Centre d’Etude Spatiale
BIOsphere (CESBIO) [Hsu, et al., 1994b].
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5.2 RADIATIVE TRANSFER MODEL

For passive remote sensing, the measurable quantities are the brightness temper-

atures which are related to the Stokes parameters as

TB’U Iv
_ T 2_ N1
Up B B|U
Vp |4

where Tpgy, and Tp, are the brightness temperature of the horizontal and vertical
polarizations and the Up and Vg are related to the correlation between two polar-
izations. kp is the Boltzmann’s constant. A is free space wavelength. The Stokes
vector I containing the information of field intensity and the phase relation of the

two orthogonal polarizations and is defined as

I (| Bwf?)
i | _1| (EP
U n | 2Re(EyE})
1% 2Im(Ey EY)

~|
I

where the subscript h represents the horizontal polarization and v the vertical po-
larization. 7 = \/pg/e€g is the free-space impedance. The angular bracket () denotes

ensemble average over configuration.

The third and fourth terms of the Stokes parameters U and V can be obtained
by measuring the 45° linear polarized and right-hand circularly polarized brightness
temperatures. The 45° linear polarized intensity can be expressed in terms of field

of horizontal and vertical polarizations as

2 Iys = [((Bp, — Bv) - (B, — Ex))/n

= (|Ev|?)/n+ (| Ep2)/n — 2Re(EvE}) /n
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=L+ I,-U (2a)
The third Stokes parameter can then be expressed as
U=1Iy+ I}, -2 Iy (2b)

The fourth Stokes parameter can be obtained with the same way from the right-hand

circular polarized intensity as
2 Ipc = [({(Bp + iBv) - (B}, —iEy))l/n
= (IBo®)/n + (| ER?)/n — 2Im{EvE}) /1
=Iy+ I -V (3a)

V=IL+1I,—-2Igc (3b)

where Iy and Ipo are the intensities of 45° linear polarizaiion and right-hand

circular polarization, respectively.

Based on the incoherent addition property of the specific intensity, the vector
radiative transfer equation for the specific intensity I inside the random medium is
of the form

i?_-(a—’f,_Zl = — ﬁe(ov ¢1 Z) : 7(0, ¢1 z) + F(o’ ¢’ Z)CT

cos @ 7
+ [4 a0 B0,8:0,4) -1, 4, 2)
m

(4)

where ke is the extinction matrix which describes the attenuation of Stokes vectors
in the random medium, F is the emission vector, T is physical temperature of
the medium, constant C = kB/’\2 , kp is Boltzmann’s constant, A is free space
wavelength. The phase matrix P characterizes the scattering of the Stokes vector

from the (0',43') direction into the (@, ¢) direction.



142 Polarimetric Passive Remote Sensing of Vegetation

The phase matrix P is calculated in term of the correlation between scattering
function. The extinction matrix Ke can be calculated from the summation of the
absorption loss and scattering loss or be obtained in terms of forward scattering

function through the optical theorem as described in Chapter 2.

The emission vector F is related to the absorption of the medium and is ex-

pressed as
Kq1(3p)
— s
F=| 2% ©)
—Kq3(3p)
—Kqa4(3p)
where 3 is in the direction of (6, $) and 3, = —3 is in the backward direction of 5.

The four emission coefficients are calculated from the difference between extinction

and total scattering [Tsang 1991] as

R " ! Al R AI N
ka1(3p) = me11(5) — [m a9 [Py1(8, 8) + Por (85 3)] (6a)
N " ! Al R Al R
ka2(3p) = Ke22(8p) — A dS2 [P12(3, 3p) + Pa2(5, 3p)] (6b)
Y(4
Ka3(3p) = 2ke13(3p) + 2ke23(3p) — 2 [m dQ [P13(3,38p) + Po3(5,8)]  (6c)

R n . 7 ,\, n AI R
Kad(8p) = —2Ke14(8p) — 2Ke24(3p) + 2 Aw dQ2 [P14(3 , 8p) + Poa(3 , 3p)] (6d)

where kg;; is the ij element of the extinction matrix %e and P;j is the ij element

of the phase matrix P.

The boundary between vegetation and ground is modelled as an irregular in-
terface of Gaussian statistics on both surface height and correlation function. The
scattering and emission from the rough surface is evaluated with the Kirchhoff ap-

proximation. The boundary between air and vegetation is ignored since the fractional
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volume of vegetation is small. With appropriate boundary conditions, the radiative
transfer equation is solved to obtain the all four Stoke’s parameters. Alternatively, the
emission can be calculated from the bistatic scattering coefficients using the Kirch-

hoff’s law. In this study, both methods are used.
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5.2.1 Calculation of emission from bistatic scattering coefficients

The emission from passive remote sensing can be related to the bistatic scattering
coefficients in active remote sensing with the use of the energy conservation. Consid-
ering an electromagnetic wave of polarization a incident on a medium, the medium
absorbs some energy and scattered the other portion of the energy into the upper
atmosphere. The absorptivity a can be express as the difference between incident

power and scattered power
1 /2 27
walbint)=1- 5 5 [ dossints [ dbrpa(Oaduitid) ()
4 B=v,h 0 0

where < is the bistatic scattering coefficient.

With the use of the Kirchhoff’s law, the energy absorbed by the medium will
be re-radiate with the same amount under the equilibrium condition, the brightness

temperature can be expressed as

1
T, (30) =T [1 — — / dQ Yo (3, 5 Ta
'Bv(30) [1- 4= agv:,h 550 ow (3 30p)) (7a)
. 1
Top(3- T[1—— / dQ v, (3,3 7b
Bh( [ o ag;’h 550 oh (8 30p)] (7b)

R R R 1 .
Up(30) = Tpy(50) + TBn(30) — 2T [1 — 1~ > /8 .2>0d9 YaP(3,305)]  (7c)

= y

. . R 1 A
VB(30) = Ty (50) + Tpn(30) — 2T [1 - i > f ~dQ v,Rr(5,505)] (7d)
a=v,h 8:2>0

where §q is the direction of thermal emission.
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5.2.2 Direct Calculation of emission from RT equation

The radiative transfer equation as expressed in equation (1) can be solved directly
to obtain the emission. Follow the same procedure as in chapter two, first the upgoing
and downgoing waves are separated by restricting 0 < @ < w/2. This leads to the
following two coupled equations

Ccos 0%71;(01 ¢7 Z) = -?8(0, ¢) - -I_n(ea ¢1 Z) + —F-(ea ¢)CT(Z) + §‘n.(97 ¢$ Z) (80.)

—Cos G%Tn(ﬂ' - 07 ¢’ Z) = “?e(ﬂ' - 01 ¢) 'Tn(ﬂ" - 0: ®, Z) +_F-(7l’ - 01 ¢)CT(Z) +_V—V_n(7" - 0, [ Z)
(8b)

where I (0,6, z) and Ip(m—8,4,z) are the upgoing and the downgoing specific
intensities in the n-th layer. The two source terms Sp(6,#,z) and Wnp(mr — 6,4, 2)
account for the scattering effects and hence include the coupling of specific intensities

between the upgoing and the downgoing waves.

2r % 1= N
Su(0,6,2) = [ a0’ [* dt'sind’ [ Pr(0,0:6,¢) - Tn(0',4',2)

+$n(93 ¢; = 0’7 ¢,) : Tn(“’ - 0” ¢,a Z) ]

(9a)

— 2r ‘121: A [ N
Wn(7r—0,¢,z)=/0 d¢‘/0 df'sinf [Pn(7r—0,¢;0,¢)-In(9,¢,z)

+$n(7r - 07 ¢; T 0” ¢,) - Tn(“ - 0,’ ¢,’ Z) ]
(9%)

Using the diffusive boundary condition at the upper boundary (z = —dj,_1)
of each layer, we let the specific intensity of the downgoing wave to be zero and
ignore the reflections at the interface between regions n and n — 1. This is a good
approximation for sparse medium where the effective permittivity is very close to that
of background and there is no coupling between upgoing and downgoing intensities at
interface between layers. At the bottom boundary (z = —dj;), the coupling matrix

is evaluated using the Fresnel reflection coefficients for flat ground and the Kirchhoff’s
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approximation or SPM for the random rough surface. Hence the boundary conditions

can be written as
71(7r —-0,¢,2=0) =0
TN(G, ¢, z= _d) =Tg(9’ ¢)
2r 4, 1% L= ' = oy
+A d¢/0 desznORN(0,¢;0,¢)-IN(7r—0,¢,z=—dN)
Tn(e, ¢,Z = -dn) =_n+1(9’ b, z= ’dn)
Tn(ﬂ' - 0, ¢,Z == n—l) =Tn—1(7r - 01 ¢,Z = —dn-l)

(10)
where n=2,3,4....N — 1. Tg is the emission from the ground and is expressed as
_ 27 27 — gggg
I6.0) = [ af [ at'smoT(0,0:0/.9)) | 80
0
0

where Cg = (%)’-f\g . T is the transmission matrix of the underline rough surface.

The iterative solution of the RT equation is obtained with the source terms S
and W as the perturbation for each iteration. As the first two terms on the right-
hand side of (8) are the dominant terms, we can obtain the zeroth-order solution
by ignoring S and W . By substituting the zeroth-order solutions into S and w
of (8) we then obtain the first-order solutions. Higher order solutions can be readily
obtained by following this scheme. With the same procedure discussed in Chapter 2,

the zeroth order solutions are expressed as
p— —_ == =—1 —
16, 6, 2) =EnDn(~Bn(6, ) secO(z + dn)) By - 100 (6, 6, ~dn)

— — —_ 11
+ sec@ / zd dZ’EnD(Bn(8, ) sect(z' — 2))E, I‘Fn(ﬂ, #)-CT(2) (11a)

70 (7 — 6, ¢, 2) =BnDn(Bn(r — 0, ¢) sect(z + dn_1)) By, Ty (r = 0,6, ~dn_1)

"dn—l == ) =1 __ I}
+ secﬂ/ dz EnDp(B(m —8,8)secO(z — 2'))E - Fp(r—0,¢) - CT(Z)
‘ (116)

- —_—_ == =—'1
here Gp = EnDpFE,, is the propagation operator.
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Combine with the above equations with boundary conditions in equation (10),

the zeroth order solution in the region above the random medium is

N _
796, 6,2) = [ Gn(~Bn(6, 9) sectdn) - Iy(6, ¢)

n=1
n—1__ N

+ [I Gm(=Bm(8.¢)secbdm)- [[ Gm(—Bm(8,9)sectdm)
m=1 m=n+1

-secd / ~ 4/Gn (Bn (0, 8) sec8(2' + dp_1)) - Fn(6, phi)CT(2')

+ H G (—0n(6, ¢) secbdp) - / dYRy (6, $:6',¢')-

N n——l

Z{ H Grm(—Bn(6, ¢) sec8dm) - H Gm(~Bm(0, ¢) secOdm)

n=1 m=1 m=1

seCO/-d " d7’ Gn(ﬁn(0 ¢) secO(—dp, — 2'))Frn(n — 0,8) - CT ()}

(12)

The first term of (12) is the emission from the ground, the second term is the
emission from the scatterers inside the medium. The third term is the emission from

the scatterers and reflected from the ground as shown in Figure 1.

To derive the ﬁrst-order solution, ﬁrst we should calculate the source terms S and
W by substituting I, )(0 $,z) and I, )(1r—9, ¢, z) into the equation (9) and the two
source terms are treated as constant to obtain the first-order solution. The first order
solution represents the emission is scattered once before reaching the radiometer. It
includes the emission from the ground and scattered from the scatterers and emission
from scatterers and scattered from other scatterers and/or reflected from ground as

shown in Figure 2.

To check the accuracy of the iterative solution, the emission from a layer of cylin-
drical scatterers with fractional volume of 0.02% is studied. The physical temperature
is 300 K, and the cylinder is 45° tilted toward the z-axis. The height of layer is
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2.5m and the radius and length of cylinder are 0.1cm and 0.5m, respectively. The
dielectric constant cf the cylinder is (24.2,7.3). The frequency of the radiometer is
1.25 GHz. The simulated brightness temperatures of horizontal polarization using the
direct method and Kirchhoff’s law with the first-order iterative solution are shown in
Figure 3(a). The horizontal axis is the azimuthal angle where the elevation angle is
fixed at 30°. 0° azimuthal angle corresponds to the direction of -axis. The vertical
axis is the brightness temperature. It shows that the results from two methods for
this case are very close. As shown in the Figure, the emission from 90° and 270°
are higher because of the orientation of cylinders at these two azimuthal angles emit
more horizontally polarized energy. The vertically polarized brightness temperature
is shown in Figure 3(b) where the brightness temperatures are higher at 0° and 180°.
Also note that the calculation of horizontal and vertical brightness temperatures from
Kirchhoff’s law are always higher than those of direct calculation. This is because,
by ignoring the higher order terms, the direct calculation underestimates the return
while the calculation using bistatic scattering coefficients overestimates the return.
The above statement is true for linearly polarized and circularly polarized emissivities
but it does not hold for Ug and Vg because these two are derived quantities. The
difference of the numerical results from these two formulations is larger for vertical
polarization because the albedo (ratio of total scattering and extinction) for vertical
polarization is higher for this case. The emitted Ug and Vg are shown in Figure
3(c) and 3(d). It shows that at 45° and 135° there are higher emission for the third

and fourth Stokes parameters emission.

The numerical results for vertically polarized brightness temperature for a layer
of cylinders with fractional volume of 0.1% are shown in Figure 4 (a). The difference
between the numerical results from these two formulations is larger because the larger
optical thickness with the higher fractional volume. The third Stokes parameter
brightness temperature is larger for the higher fractional volume as shown in Figure
4 (b). It is shown from Figures 3 and 4 that the first-order iterative solution gives a

good estimation of the brightness temperature for these cases.
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5.3 COMPARISON WITH EXPERIMENTAL DATA

Thermal emission from alfalfa crop in different development stages was measured
by IROE with ground based radiometers at 10 GHz, 36 GHz (horizontal and vertical
polarizations) and in the infrared (8-14 um) band [Paloscia and Pampaloni, 1992].
In this experiment, ground truth data of soil moisture, surface roughness, leaf area
index, plant water content, and plant height have been collected simultaneously to
remote sensing measurements. The microwave emissivity has been approximated by

the ratio between the microwave and infrared brightness temperature.

Table 1 shows the measured ground truth. d is the height of alfalfa, LAI is the
leaf area index which is the area of leaves per unit area, my is the plant water content
in kg /m3 . From the measured moisture content of soil, the dielectric constant of soil
at various growth stages are calculated from the soil dielectric model [Hallikaninen, et
al., 1985]. The fractional volume of leaves are calculated from the LAI and height of
the vegetation. These parameters are shown in Table 2. The leaf dielectric constant
is calculated from the the gravimetric moisture content of 80% with a plant dielectric

model [Ulaby and El-Rayes, 1987].

The theoretical model with continuous random medium approach is used to in-
terpret the emission from alfalfa. The soil roughness is estimated to have rms height
of 3.5mm and the correlation length of 1.0cm. The Kirchhoff’s approximation with
Gaussian roughness statistics is used to calculate the scattering and emission. A op-
timization scheme is used to minimize the difference between theoretical simulation
and experimental data from 10 to 50 degrees by varying the lateral and vertical cor-
relation lengths of the random medium. Since at 36 GHz the measured emissivity did
not change significantly during the growth stage, the correlation lengths have been
derived from the data at 10 GHz. To avoid the non physical results with very large or
small correlation length, the minimum and maximum values of the correlation lengths

are assumed to be 0.2mm and 5.0mm.
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From the derived correlation lengths, it is found that the lateral correlation length
did not vary much during growth cycle. The vertical correlation length decreases with
plant water content as shown in Figure 5. The results obtained from the theoretical
model are compared with experimental data from different dates are shown in Figure
6. The symbols H and V represent the measured horizontally and vertically polarized
emissivity, respectively. The continuous curves are the simulation results. It shows

the simulation agrees well with the experimental results.
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5.4 THEORETICAL SIMULATION FOR NON AZIMUTHALLY SYMMETRICAL
MEDIA

In this section, the emission from non azimuthally symmetrical media is investi-
gated with the brightness temperatures calculated using the Kirchhoff’s law. Since
the emphasis of this study is on the effect of volume scattering, in the numerical study,
the ground is assumed to be flat and the scatterers have some tilted angles. For the
case where the terrain has slope and the vegetation grow straight, the configuration
can be transformed to the case where the ground is flat and the vegetation is tilted
toward certain angle. The emission from the new configuration can be solved using
radiative transfer model and the brightness temperature can be obtained from the

coordinate transformation.

The effect of fractional volume is shown in Figures 7. The size of scatterers used
is the same as those in Section 3.2. The cylindrical scatterers in this case are tilted at
5°. From Figures 3 and 4, it is found that the third Stokes parameter is usually the
largest near 45° azimuthal angles. Therefore in Figure 7, the azimuthal angle is fixed
at 45°. The horizontal axis is for the elevation angle in degree. The vertical axis
is brightness temperature. The physical temperature is 300 K. It is found that with
only a small tilted angle, the third Stokes parameter would be as high as 30 K at high
observation angle with the fractional volume of the scatterers being 0.1%. There is
also a large fourth Stokes parameter Vg as shown in Figure 7 (b). Since Upg can be
expressed as the difference between linearly polarized brightness temperatures, the
variation of horizontally and vertically polarizated brightness temperatures indicates

how large the Up will be. The results are shown in Figures 8 (a) and (b).

Figures 9 (a) and (b) show the azimuthal angle variation of the brightness tem-
peratures. The horizontal axis is the azimuthal angle in degree and the vertical axis
is the brightness temperatures of Ug and Vp. It is found that the the third Stokes
parameter increases with the observation angle because of at larger angles, the vol-

ume scattering effect is larger since the ground is flat and thus emits no Ug and
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Vg . Figures 10 (a) and (b) show the effect of the tilted angle of scatterers for the
brightness temperatures of Ug and Vp. The horizontal axis is the elevation angle
in degree. The azimuthal angle is fixed at 45°. Th vertical axes are the brightness
temperature Ug and Vpg. It is found that the third Stokes parameters brightness
temperatures is very sensitive to the azimuthal asymmetry of the medium while the

Vp is also sensitive to the symmetrical property at high incident angles.
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5.5 CONCLUSION

In this study, a theoretical model for the polarimetric emission from non az-
imuthal symmetry medium is developed. For the calculation of the emissivity from
the random medium, both the direct method with the fluctuation-dissipation the-
ory and the calculation using Kirchhoff’s law are compared. For the calculation of
bistatic scattering coefficients and emission, the vector radiative transfer theory (RT)
is applied. It is found that in general, the first-order iterative solution gives a good
estimation of the polarimetric brightness temperature In addition, the model is used
to simulate the emission from alfalfa crop for different growth stage. It is found that
the vertical correlation length is inversely proportional to the plant water content.
This theoretical model is used to investigate the sensitivity of the medium azimuthal
asymmetry to the third and fourth Stokes parameters. It is found that in general, the
third and fourth Stokes parameters are significantly different from zero with small
preferred orientation angle of scatterers. The third Stokes parameter is found to be

very sensitive to the azimuthal asymmetry property of the medium.
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Date d (m) LAI m, (kg/1113)
7-11 0.30 1.2 0.5
7-13 0.35 2.0 0.8
7-19 0.45 3.0 1.2
7-20am | 0.47 3.5 1.4
7-20 pm| 0.50 4.0 1.6
7-21 am| 0.51 3.2 1.3
7-21 pm| 0.52 2.5 1.0
7-26 0.55 1.5 0.6

Table 1 Table of the ground truth for alfalfa

Date soil fractional
dielectric constant volume (%)
7-11 (5.8,0.8) 0.6
7-13 (5.8,0.8) 0.85
7-19 (4.2,0.4) 1.0
7-20 am (4.2,0.4) 1.2
7-20 pm (4.2,0.4) 1.2
7-21 am (4.2,0.4) 0.95
7-21 pm (4.2,0.4) 0.95
7-26 (3.6,0.2) 041

Table 2 Table of the derived parameters for alfaifa
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Chapter 6.

Conclusion

In this thesis, theoretical models are developed to calculate the scattering, at-
tenuation, and emission of elect.~magnetic wave interaction with the earth terrain.
These theoretical models has been applied to interpret the multi-frequencies, as well
as polarimetric remote sensing data taken from space, aircrafts and ground experi-

ments.

In Chapter 2, the radiative transfer (RT) theory for clustered vegetation struc-
tures is developed and used to interpret polarimetric radar backscattering measure-
ment data from a pine forest. The RT theory has been widely used to calculate
radar backscattering coefficients from layered geophysical media and to interpret the
measurement data. However, the conventional RT theory ignores the relative phase
information associated with structured scatterers, which may play an important role
in the overall scattering behavior. To take into account the clustered structures with
the radiative transfer theory, the scattering function of each cluster is calculated by in-
corporating the phase interference of scattered fields from each component. Therefore,
the resulting phase matrix and extinction matrix are used in the radiative transfer
equations to calculate the polarimetric backscattering coefficients from layered ran-
dom media embedded with vegetation clusters. A multi-scale structure model of a

pine forest, which includes the trunks, the primary and secondary branches, and the
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needles is used to interpret and simulate polarimetric radar response at P-band (0.44
GHz), L-band (1.25 GHz), C-band (5.3 GHz), and X-band (9.6 GHz). The effect of
the tree branches and the leaves structures on the scattering signature at multiple
frequencies is investigated. It is found that the fine structure of leaves is important at
higher frequencies such as C-band and X-band. On the other hand, it is necessary to
consider the clustering effect at lower frequencies. This phenomenon is demonstrated
with the comparison of theoretical simulation and SIR-C/XSAR data collected over

the Landes pine forest.

To interpret the Milli-meter Wave (MMW) backscattering range profile, a theo-
retical model consisted of a random medium and deterministic objects is developed in
Chapter 3. Tree is considered as a combination of a crown and trunks, from which the
scattering power for each part is calculated separately. The trunks are modelled as
circular cylinders with random rough surface and the Kirchhoff approximation is used
to calculate the radar return power, with the attenuation caused by the crown prop-
erly taken into account. The crown is modeled as a collection of randomly oriented
discrete scatterers. The backscattering coefficient of this random medium is calcu-
lated using the radiative transfer theory. The branches and the coniferous leaves are
modeled as circular cylinders. The deciduous leaves are modelled as elliptical disks.
The dimensions of these elements are determined by the measurements of physical
samples. Finite cylinder approximation and physical optics approximation are used
for the calculation of scattering from cylinders and disks, respectively. The theoreti-
cal simulations of range profile from coniferous and deciduous trees are consisted with
the measurement using a 94 GHz FMCW radar. Variation of the measurement from

the deciduous trees is interpreted as the results of the leaves density variation.
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In Chapter 4, the attenuation and phase fluctuations of electromagnetic waves
propagating through the foliage is investigated with the development of a radiative
transfer model in conjunction with the statistical clutter model. The attenuation of
the average received field is obtained from the sum of the absorption loss and the
scattering loss. The amplitude fluctuation of electromagnetic wave is calculated from
the bistatic scattering coefficients using the radiative transfer theory. The phase
fluctuation is obtained from the amplitude fluctuation assuming the phase of the
fluctuation field is uniformly distributed between —m and m. The average received
power is obtained from the sum of the power of the average field and the power of
the fluctuation field. The attenuation is then obtained by comparing the radiated
power from a source under the foliage to the received power from a source in free
space. Theoretical results are compared with experimental data collected by the MIT
Lincoln Laboratory during the 1990 Foliage Penetration Experiment. The theoretical
model is used to illustrate the frequency, polarization and angular dependencies of the
attenuation and phase fluctuations. It is found that the vertical polarized attenuation
is higher than the attenuation for the horizontal polarization at P-band because of
the contribution from the trunk. The polarization dependence at L- and C-bands is
found to be small. The increase of attenuation with frequency and incident angle and
the contribution of different scatterers is investigated using the developed theoretical
model. It is found from both the theoretical simulation and measurement analysis,
the phase fluctuation increases with the attenuation. With this proposed model, it
is also possible to examine the attenuation and phase fluctuation for different tree

moisture contents, tree types and forest densities.

In chapter 5, the polarimetric emission from the volume scattering is studied. A

vegetation medium is modeled as a layer of random medium with either continuous
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permittivity fluctuation or random distributed discrete scatterers on top of a flat or
rough ground. For the calculation of the emissivity from the random medium, both
the direct method with the fluctuation-dissipation theory and the calculation using
Kirchhoff’s law are compared. For the calculation of bi-static scattering coefficients
and emission, the vector radiative transfer theory (RT) is applied. It is found that in
general, the first-order iterative solution gives a good estimation of the polarimetric
brightness temperature. In addition, experimental data collected over the alfalfa field
at various growth stage at 10 GHz are used to validate the theoretical model. The
theoretical model is used to investigate the polarimetric emission from the non az-
imuthal symmetrical medium. It is found that the third and fourth Stokes parameters

would be significant for a medium with small azimuthal asymmetry.



Appendix A. Scattering by a Circular
Cylinder

For a circular dielectric cylinder with length longer than the wavelength of inci-
dent electromagnetic wave and radius much smaller than the wavelength of interest,
the finite cylinder approximation[Karam et al., 1988; Yueh, 1991] is a fairly good

approach.

The finite cylinder approximation assumes that the internal field inside a finite
length cylinder is the same as that inside an infinitely long cylinder upon an incident
wave. Subsequently, scattered fields are obtained by evaluating the fields radiated
from this approximate induced current sources. The scattered field in the far field

limit is expressed in the following form,

kr
Eps | = L Jan Ipo ) . [ Epi
( vs) o (f{:;h f]vlv E’vlz (1)
where Ejp; and E,; are the horizontally and vertically polarized components of the

incident electric field, respectively, and similarly for the scattered field components,

Ey; and Eys.

The scattering matrix elements of a finite cylinder with dielectric constant e,

free space permeability, radius a and length [ are given by
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In the above equations, £ and y are defined as

T =k1pz-a
y =kjia
where
k1pi =/ ke — k2;

kpi =V*o k2 kgz
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Appendix B. Scattering by a Circular Disk

For a thin circular disk with dielectric constant ¢ and free space permeability,
the physical optics approximation can be used to calculate the scattered field. The

scattering matrix is derived and given in this appendix using exp(—iwt) convention.

The physical optics approximation assumes that the internal field inside a disk is
the same as that inside an infinitely extended dielectric layer upon an incident wave.
Subsequently, scattered fields are obtained by evaluating the fields radiated from this

approximate induced current sources.

The scattering matrix elements are given as

k2
fhh(gs, ¢s, 0;, ¢z‘) =ﬁ(5 — 1) cos(ds — ¢z‘)(A1hUa + Bthb)
k2
T (05, 5,05, 8) =32 (e = 1)) ° Flai 2 sin(gs — 65)(~AnUa + BiyUy)

k2
fon(0s, ¢s,0;,9;) -——;1—?;(6 — 1) cos s sin(¢s — ¢;)(A1pUa + B1pUp) 1

k2 ko k15
Jov(8s, ¢s,0;, &) =Z‘%(€ - l)ﬁ[ i;z cos 05 cos(¢ps — ¢;)(A1yUa — B1yUp)

+ % sin 05 sin6;(A1,Ua + B1,Up)]

where Aj;, and Bjj are the amplitudes of upgoing and downgoing horizontally
polarized incident waves in the disk and, similarly, A;, and Bj, are for vertically

polarized incident waves.

Let
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2 exp(—ik,;d/2) exp(iky ,;d/2)(pp1 — 1)
(1 + pp1)2 exp(—ikyzid) — (1 — po1)? exp(iky;d) @)
L= 2 exp(—ik;;d/2) exp(—ik1,id/2)(pp1 +1)
(1 + po1)? exp(—iky4id) — (1 — po1)? exp(iky,d)

where

C = 2 2 2
klZ'l = \/kofﬂ - kZZ - kyz

Using pg1 = k1,;/1k,; to evaluating Ay and B; gives Ay and Byy, , respectively.
Likewise, Aj, and Bj, are obtained by substituting pg; = k1,;/€k,; into A; and
B;.

The other quantities appearing in the scattering matrix are defined as follows:

_xP(i(k1z; — kzs)d/2] — exp[~i(k1z; —~ k25)d/2],,

i(klzi - kzs) (3)
_exP[(ik1i + kzs)d/2] — exp[—i(kyz; + kzs)d/2],,

i(k1zi + kzs)

Ua

Up

Here V' is given by the following integral

V= [ EpexpliEy —Fps) 7
where
Em =Tky; + flkyi
Eps =i'k1;s + :l}kys

For a circular disk, the integral for V' can be carried out and is given as

V= ﬂ_azz«]l(lzpi - Epsla)
lkm “‘Eps’a




Appendix C. Kirchhoff’s Approximation

In the Kirchhoff’s Approximation, the field at a given point of the surface is
assumed to be the same as the field for the tangent plane at that point [Kong, 1990].
In this appendix, the surface height and the surface correlation function are assumed
to be Gaussian distributed. The surface has rms height o and correlation length .

It is consisted of an coherent reflection term and an incoherent scattering term and

is expressed as

R(9,4;0',¢) = Ro(6)(cos 6 — cos6')5(¢ — ¢/) + By (1)

The coherent reflection is expressed as
= = _AL2 -2 2
Ro(8) = Rop(6) - e~ ¥ 0" )

where k is the free space wavenumber. _R-go is the reflection from the flat surface

and is expressed as

| R (6)[? 0 , 0 0
5 0 R,(6 0 0
Ro@=| o 0" pmome) -mmomey| ©
0 0 Im(R(OR,®) Re(R,(6)RL0))

where Rj(0) and Ry(0) are the Fresnel reflection coefficients for horizontally and

vertically polarized waves, respectively.

The incoherent reflection is expressed as

R;(6,6:6',¢') = D1 -C(8,4;6',¢') - 5(6,6:6, &) (4)

Dy is expressed in terms of summation as

inf 2 _2\m
Dr= z : (ktdza) lze-(kgdz+k?dy)l2/4me-‘72kt2dz (5)
I A mim
m=
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where -k—td =k; — k= Tkygr + gktdy + Zksg,
The matrix C is given in terms of scattering functions from the surface as
= / /
C,¢,0,¢)=
<|fanl*> <|fnol*> Re< fhofp> —Im< o fp>
<|font?> <|fool®> Re<fuufy,> ~Im< fyu >
2Re< funfrp> 2Re<fuwwfp,> Re<fvvf}:h+fvhf}:v> —Im<fufh,—Ffonfry>
2Im<fupfrp>  2Im<funfh,> Im<foufpp+fonfr,>  Re<fuufpp—fonfiy>

(6)

where
fan==@-F)(@ - B)Ry — (h-F)(E - B)Ry
foo==(h-F)H - DRy - (@-F)( - )R
fro = (b k)@ - B)Rp— (0 k)(B - B)Ry
fon =6 k)(E - B)Ry — (h-F)(@ - B)Ry
and the Ry, ,R, are the Fresnel reflection coefficients evaluated at the stationary

(7)

phase points for the horizontal and vertical polarizations, respectively. The angular

bracket denotes ensemble average.

The shadowing effects are taken into account by introducing the shadowing func-

tion S derived by [Smith, 1967; Sancer, 1969] as

1/(1+A), forp=¢ +m,6>6
5(6, ¢, ;9,,915,) = 1/(1+ A(u,)), jorg=¢ +m,80 >0 (8)
1/ + A(p) + A(p’)), otherwise

with u =cotf, u’ = cot0' , and
1. /2s 2 /9.2
= 2[435 axp— k25" _ B
A(p) 2[\/ w5 &P erfe( ,—23)] 9

where er fc is the complementary error function.
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