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ABSTRACT

A large number of measurements at microwave frequencies have been carried
out to study the feasibility of using airborne and spaceborne sensors to measure
sea ice properties. However, in order to better interpret the electromagnetic sig-
natures from sea ice, a good understanding of the scattering mechanisms involved
is essential. In this thesis, a theoretical model is developed based on the sea ice
physical properties. The sea ice is modeled as a multilayer structure where each
layer has randomly orientated scatterers embedded in the pure ice background. The
scatterers can model both the brine inclusions and the air bubbles.

The approach is to use the radiative transfer theory to solve for the fully po-
larimetric bistatic scattering coefficients for active remote sensing and the brightness
temperatures for passive remote sensing. For two layer model, numerical method is
applied where radiative transfer equations are first expanded in Fourier series in the
azimuthal direction and the resulting equations for each harmonic are discretized
using Gaussian quadrature method. The numerical solutions are obtained by solv-
ing for the eigenvalues and eigenvector and matching the boundary conditions. The
bistatic scattering coefficients are obtained by re-introducing the azimuthal depen-
dence. Rough surface effects are incorporated into the model by modifying the
boundary conditions using the first-order solution based on the small perturbation
method. The results show that co-polarized (HH and VV) returns are higher than
cross-polarized (HV) returns in the forward and backward directions, and vise versa
in the direction of ¢ = 90°. It is also shown that cross-polarized scattering coef-
ficients in the forward and backward directions depend strongly on the shape of
scatterer. For spherical and spheroidal scatterers aligned in the vertical direction,
the cross-polarized returns arise from multiple scattering and are lower than those
of ellipsoidal scatterers.

The two layer model is then extended to multilayer case which is solved by
implementing the effective boundary condition method. The method starts by first
solving the bottom two layer problem. This is followed by applying the effective
boundary conditions obtained to the calculation of next two layer case above. This
process is repeated until the top layer is reached. The calculation of both first-year
(FY) sea ice and multi-year (MY) sea ice cases using the multilayer model shows the
significance of the air bubbles, compared to the brine inclusions, in the scattering
characteristics. The MY case shows significantly higher scattering returns.



The emissivity of the sea ice layer is obtained by integrating the bistatic scat-
tering coefficients over the upper hemisphere and relating the reflectivity to the
emissivity. By assuming uniform physical temperature for sea ice, the brightness
temperature is then computed. It is shown that the brightness temperature is sen-
sitive to the dielectric constant of the scatterers which affects the absorption and
scattering characteristics of the layer. The effect of the bottom rough interface on
the brightness temperature is larger than that of the top rough interface when the
waves can penetrate through the medium. For FY sea ice with mostly brine in-
clusions, the brightness temperature calculated is higher than that of the MY sea
ice.

Thesis Supervisor: Professor J. A. Kong
Professor of Electrical Engineering
Thesis Supervisor: Dr. Robert T. Shin
Assistant Group Leader, Lincoln Laboratory
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Chapter 1

Introduction

1.1 Background

It is known that global climate change depends on a large number of factors, among
them sea ice. Since sea ice covers roughly 13% of the world ocean surface during
some portion of the year and vigorously interacts with the atmosphere and the
ocean, any change in the thermal and geological properties of sea ice will affect
the global climate directly [1,2]. There is also a vast amount of water restored
and frozen within the sea ice area. If only a small amount of the world’s sea ice
melts because of global warming due to the greenhouse effect, it is believed that the
rise in the sea level would flood large areas of flat and highly populated land with
water. Navigation through the sea ice area also requires a better understanding of
ice drift and sea ice extent [1]. All of these factors make the study of the thermal

and mechanical properties of sea ice very important.

Over the years, many detailed measurements of sea ice properties have been

carried out by researchers. These include on-site measurement and airborne and

17



18 CHAPTER 1. INTRODUCTION

spaceborne remote sensing measurements. Spaceborne remote sensing is becoming
more popular, because large areas can be covered without direct physical access to
the hostile environment. For the remote sensing of sea ice, altimeters and optical
sensors are used in conjunction with microwave sensors. The advantages of using
microwave sensors over the other type of sensors are that microwaves can penetrate

through clouds and do not depend on the illumination of the sun.

There are two basic types of microwave sensors, active and passive. Active sen-
sors such as radars, synthetic aperture radars (SAR) and scatterometers, transmit a
microwave signal to the target area, and then receive the radar return in magnitude
and phase. The measured data is then fed into a computer for further processing.
Passive sensors do not transmit any signal, but instead measure the thermal emis-
sion from the area sensed. For active remote sensing, there are two ways of carrying
out the measurements: monostatic and bistatic. In monostatic measurements, the
sensor transmits and receives microwave signals at the same location, whereas in
bistatic measurements, the sensor transmits in one location and receives the return
signal in a different location. References [3}-[13] report on active remote sensing
measurement results, mostly in the form of backscattering coeflicients versus the
angle of incidence. Recently, there has been a great deal of interest in obtaining
additional measurements for bistatic scattering coeflicients. As is pointed out in
[14], in order to reconstruct sea ice parameters such as the dielectric constant of
ice from measurements, bistatic measurement are essential. Measurement results of
sea ice from passive sensor systems are found in references [15-22]. Normally, these

results are presented in the form of emissivity or brightness temperature versus the
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looking angle or frequency. Emissivity is defined as 1 —r, where r is the reflectivity
of the medium, and brightness temperature is the product of the emissivity and
the uniform physical temperature of the medium. Some efforts have been made to
combine the measurement results of active and passive remote sensing [23,24]. This
will provide more information about the sea ice properties, such as age (first year or
multiyear), thickness, extent, fractional volume of brine inclusions, ice extent and

surface roughness.

The need to develop an accurate theoretical model for the correct interpre-
tation of remote sensing measurement results is apparent. In order to develop the
model, a good and accurate understanding of sea ice physical properties and pa-
rameters is very important. From [25,26], it is known that a first year sea ice layer
consists of parallel pure ice platelets with brine inclusions (salted water solution)
;mbedded within them. The shape of the brine inclusions is almost ellipsoidal. Gen-
erally, the brine inclusions are more randomly distributed near the air-ice interface,
and become more vertically distributed away from the air-ice interface. During the
summer time, some of the ice melts and the brine is drained into the ocean. This
leaves the inclusions filled with air. This process repeats year after year developing a
type of ice called multiyear ice. Based on this understanding, a theoretical model of
the sea ice layer can be constructed and studied. The important parameters which
will affect the electromagnetic returns are the dielectric constants of the pure ice,
ocean water and brine inclusions, the shape, size, fractional volume and distribution
of the brine inclusions, frequency, thickness of sea ice layer, temperature, salinity

and the roughness of air-ice and ice-water interfaces [27-31].
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There are three approaches to characterize scattering and emission for active
and passive measurements using the proposed physical model of sea ice. They
are Wave Theory (WT), Radiative Transfer Theory (RT) and Modified Radiative

Transfer Theory (MRT).

In the wave theory, Maxwell’s equations are used to solve for the scattering
properties of sea ice by introducing the scattering and absorption characteristics of
the medium [32-42]. All the multiple scattering, interference and diffraction effects
can be incorporated into~ the theory. However, due to its complicated formulation,
certain approximations have to be made before numerical method can be applied

to solve practical problems.

Radiative transfer theory, on the other hand, has been used widely in the
microwave remote sensing community to calculate the scattering properties of dif-
ferent terrains such as vegetation and sea ice [43-55]. This theory is based on the
energy transport equation and was used chiefly in the study of astrophysics [56].
However, for the past twenty years, its use has been expanded to other fields. The
theory assumes no correlation between the fields and thus only considers the ad-
dition of intensities. The propagation of energy in the medium is characterised by
the phase matrix and the extinction matrix [57]. The advantage of RT theory over
wave theory is that it is simple and, more importantly, multiple scattering effects
can be handled more easily. Furthermore, rough surface effects can be included by
modifying the boundary conditions of the interfaces. For surfaces with large radius
of curvature the Kirchhoff’s approximation can be used [57]. In the case where the

wavelength is small compared to the scale of roughness, a special case of Kirch-
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hoff’s’s method called the Geometrical Optics approximation (GO) is used. If the
surface RMS height is much smaller than the wavelength, the Small Perturbation

Method (SPM) can be applied [57,58].

Modified Radiative Transfer Theory (MRT) can be derived from Maxwell’s
equations. It includes the coherent effects between the scatterers and the boundaries
[57]. These coherent effects are used to explain the oscillatory behavior of the

scattering coefficients as a function of frequency.

For this research, a theoretical model of sea ice based on the physical properties
of sea ice is constructed. Radiative transfer theory is chosen because of its simplicity
and ability to incorporate multiple scattering effects in the calculations. The extinc-
tion matrix and phase matrix of a medium with ellipsoidal scatterers is calculated.
Rough surface effects is incorporated by modifying the boundary conditions, and
the Small Perturbation Method (SPM) is used. The discrete ordinate-eigenanalysis
.method is applied to solve for the polarimetric bistatic scattering coeflicients of the
multilayer sea ice model. The emissivity (e) or brightness temperatures for such
a configuration are also calculated. The effect of different sea ice parameters on
the polarimetric bistatic scattering results and the brightness temperature for co
and cross-polarization is explored. Some comparisons with the available passive

measurement data is also carried out.



22 CHAPTER 1. INTRODUCTION

1.2 Sea Ice Physical Structure

Since sea water is not pure warter but contains dissolved material such as inor-
ganic salts and organic material, the freezing process of sea ice is very complicated
[25]. Basically, when the surface of sea water approaches the freezing point, small
platelets of pure ice parallel to the sea surface form in large numbers on top of the
sea water. Because of the effects of wind and wave movement which tend to force
the platelets toward a vertical position, the brine iﬁclusions embedded within these
platelets are randomly distributed [25,26]. As the freezing process proceeds, thicker
sea ice layers are formed. Due to the vertical temperature gradient which favors
ice growth in the vertical direction, the brine inclusions formed are more vertically
distributed. The brine inclusions are generally ellipsoidal [30,31]. The amount of
brine incorporated is also largely growth-rate dependent. In frazil ice, the brine
inclusions are located between the crystal boundaries whereas in columnar ice, the
inclusions are trapped within the ice crystals [25]. During the next warming sea-
son, draining channels are created when the brine inclusions expand. Due to the
gravity force, some of the brine will flow through the channels towards the ocean
leaving air inclusions where the brine inclusions were. In fact, brine drainage starts
immediately after ice formation, but at a very slow rate during the growth season.
As a result, multiyear sea ice layer normally contains a combination of brine and

air inclusions.



1.3. MODELING OF SEA ICE 23

1.3 Modeling of Sea Ice

Generally, the size of sea ice extent varies strongly with the season. Reports on
the sea ice coverage over the past 18 years [68] show that in the spring of each
polar region, sea ice extends to the mid-latitudes, and in late summer and early
fall, the size decreases to the region of the Artic Basin and the Antartic margins.
Even within a short period of time, the change in thickness of ice layer, its physical
temperature, and its brine distribution vary. This makes the work of getting a
correct model of sea ice pretty complicated. However, with a better understanding
of the real sea ice physical structure and the freezing process involved, a feasible
model can be obtained. For both first year (FY) and multiyear (MY) sea ice, a
multilayer structure is constructed. Each layer consists of a pure ice background
with a certain fractional volume of brine inclusions. The shape, size and distribution
of the brine inclusions can be chosen to fit in the real physical dimensions. The
difference between the two types of ice is that for multiyear ice, there are two kinds
of scatterers, brine and air ellipsoids, whereas first year ice contains only brine
ellipsoids. The configurations for both the first year and multiyear sea ice model

are shown in Figures 1.1 and 1.2.

1.4 Description of the Thesis

This thesis consists of six chapters. The first chapter gives an introduction to
microwave remote sensing, a short review of the methods available to predict theo-

retical returns from geophysical terrain and a description of ice formation process.
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Configurations of the sea ice model constructed are also included.

The Stokes vector, bistatic scattering coefficients and other parameters are
defined in Chapter 2. A description of radiative transfer theory is presented. This
is followed by the definition of the extinction and phase matrices. The boundary
conditions for the sea ice model are then discussed. A complete numerical procedure
for solving the radiative transfer equations for a two layer medium with planar
interfaces is also included. Theoretical results are plotted and the effects of various

physical parameters on the calculated bistatic scattering coefficients are illustrated.

The approach is extended to a two layer medium with rough interfaces in
Chapter 3. New boundary conditions have to be derived to incorporate the rough

interface effects and these are elaborated.

For a multilayer medium, the fully polarimetric numerical calculations become
more complicated. Thus, the layer by layer approach, which uses the concept of an

effective reflection matrix, is presented in Chapter 4.

Chapter 5 starts with a brief introduction to passive remote sensing. The
numerical method involved is elaborated. Theoretical results are obtained for all
the configurations of sea ice mentioned above. The trends are studied and compared

with the available measurement data.

Finally, summary and suggestions for future work are presented in Chapter 6.
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Chapter 2

Theoretical Model for a Two
Layer Random Medium with
Planar Interfaces

2.1 Configuration and Definition

Let us first define (E;) as the incident field, and we are interested in the scattered
field (E,) when the electromagnetic wave enters a layered medium. This scattered
field can be related to the incident field by a scattering matrix (T_’) as in the following

expression:

ikr .
E‘vs — € fvv fvh . Em (21)

Ey, r | fe fhn Eh;
where the incident field (E;) is decomposed into two polarizations, the vertically
and horizontally polarized electric fields (E,;, Ep;). The scattered field is also de-
composed into the same two polarizations. In the above equation, k = w,/pe is the

wave number, 7 is the distance between the layered medium and the receiver, and

fap 1s an element of the scattering matrix.

27
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The Stokes vector can also be used to represent the incident and scattered
specific intensities. It has four parameters, I, Iy, U and V, where I, is the vertically
polarized specific intensity, I is the horizontally polarized specific intensity, and
U and V represent the correlation between two polarizations. The incident and

scattered specific intensities are defined as [57]

Ivi EviE:i
= | m|_1 EwnEy;
L=17 174 2Re(BuiEL) (2:2)
V; QIm(EmE;z)
and
Iv.s <E17-’E:;a>
= || 1. r? (En, E3},)
L= u, | i %{’IE Acosb, | 2Re(E,E;,) (2:3)
V, 2Im (E,, E;,)

where 7 is the characteristic impedance, A is the illuminated area, 0, is the scattered

angle and () denotes ensemble average.

The unit of specific intensity is watts m~2Sr~'Hz~!. The radiation field is
homogeneous if the intensity is the same at all points and is considered isotropic if
the intensity in all directions is the same. It is also invariant along the ray path in

free space [57].

The scattering effects of geophysical terrain can be studied through the Mueller
matrix (ﬁ), which relates the incident and scattered Stokes vectors. The relation-

ship is shown below:
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My My My Mg
- = - My, My, M,y M. -
L, +m)=M -T(r-6,¢)=| 3/ 35 35 . | Tm=6.¢) (24)

M41 M42 M43 M44

where

My = lim Acosﬂ<lfw| ) (2.5)
M, = lim Aco O(lfvhl ) (2-6)
My = lim oy Re (fon fn) (2.7)
My = = lim o Im (fu, f33) (2.8)
My = lim Acosﬂ(lfhvl ) (2-9)
My = L{{;ACO 5 ([ Funl) (2.10)
My = Ah—»ooAco oRe(fhvf}:h> (2-11)
My = = lim —— Im (f fis) (2.12)
My = lim ———2Re (fufp,) (2.13)
My = Jim A;S S2Re (funfi) (2.14)
Ms; = lim Re (foufan + forfio) (2.15)

A—oo A cos @

) 1 . .
My = - Ah—{{.lo A cos @ Im (fvvfhh - fvhfhu> (2'16)
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My = Jlim o 2Tm(fufi) (217)
My = lim ———2TIm(fon fn) (2.18)
My = 1}1_{1; A cos 0 Im (foo frn + forfhu) (2.19)
My = lim Re (fou fan — forfro) (2-20)

A—oo A cosf

where A is the illuminated area, r is the observation distance from the receiver, 4 is
the scattered and incident angles and f,5 are the elements of the scattering matrix.
It can also be seen that the elements of Mueller matrix are closely related to the

elements of scattering matrix.

The bistatic scattering coefficients yga(8os, Pos; 0oi, Poi) are defined as

COS 90_, Io 5(005’ ¢03)

cosO,; [,0:

’Yﬁa(gos; ¢os; Ooi) ¢oi) =4n (2.21)

where a,8 = v (vertical polarization) or h (horizontal polarization), Iz, is the
scattered power of polarization 3, and I,,; is the incident power of polarization
. In the backscattering direction, 6,, = 0, and ¢,, = ™ — ¢,;, and thus the

backscattering cross sections per unit area are defined to be

O'ﬁa(aoi) = COs 001' "Yﬂcx(goi)ﬂ- + d)m:; 001'1 ¢oi) (222)

For passive remote sensing, the emissivity is given by [57]

27

1 r3
i) — 1 — - os i os 0s @ 003, 03 00:’7 ot 2.23
callot) =1~ Tp= [* dbossinbon [ dbou Voalbors boniboir ) (2:28)
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where Yga(0os, Pos; 00i, Poi) is the bistatic scattering coeflicient. By finding the
bistatic scattering coefficients for different scattered angles and polarizations and
then summing them up for a particular incident polarized wave () at an incident

angle (0,;), the emissivity of the medium can be calculated.

The definition of the absorptivity of a body is the ratio of the total thermal
energy absorbed to the total incident thermal energy [57]. For a black body, the
absorptivity a@ is equal to 1, which means the emissivity is also equal to 1. For
most of the real materials, the emissivity is less than unity and depends on the
angle of observation and the polarization. Let I,(0,¢) be the specific intensity
received by a radiometer from the observed object where a is the polarization and
(6,4) denotes the angular dependence. A new parameter called the brightness

temperature T,p(0,¢) can be defined as follows:
32
TaB(ov ¢) = Ia(0’ ¢)—IE (224)

where ) is the wavelength and K is Boltzmann’s constant. The brightness temper-
ature can be further related to the real physical temperature T by the following

expression:
T.5(6,4) = ea(6::)T (2.25)

where again e,(0,:) is the emissivity.

The physical configuration of the problem is shown in Figure 2.1. This two-

layer structure with flat interfaces is the basic structure of the problem. Later,



32 CHAPTER 2. THEORETICAL MODEL ... WITH PLANAR INTERFACES

-~

i (1-6,0) ;
0
€0, Mo a Region 0
z=0
€1 Ho O o 0 6) < Regionl

Figure 2.1: Configuration for two layer medium with planar interfaces with different

types of scatterers.

rough surfaces can be added in and multilayer structures can be cénstructed based
on this simple configuration. Region 0 is the free space halfspace with ¢ and p,.
Region 1 is a dielectric slab (e, o) with N types of discrete scatterers embedded
in it. These scatterers can be either vertically distributed or randomly distributed.
The shape, size and permittivities (€1, €52, ..., €,n) of the scatterers can be chosen
to fit the realistic sea ice configurations. The thickness of the slab is d. Region
2 is a homogeneous dielectric halfspace characterized by €; and po. The interfaces
between regions (z = 0,z = —d) are flat. The incident specific intensity I.;(7 — 0, $)

is also shown.

In Figure 2.2, the polarization vectors for upward (6;) and downward (6.)

propagation are shown. The angle (8) is measured from the Z axis and the angle



2.1. CONFIGURATION AND DEFINITION 33

)
)

E(GIJLbl)
0,
9, -
Lo h(62.92)
>y - — Y
7
— _0x > _~ -
',( k(62.0)
x 3 .
V(61.91) v(62.02)

Figure 2.2: The polarization vectors for upward () and downward (6,) propaga-

tion.

(¢) extends from the # axis. The ©, A and k vectors are orthogonal to each other

and can be expressed in the cartesian coordinates as follows:

k = sinfcos¢ T +sinfsing g+ cosb z (2.26)

cosfcosd £ + cosfsing g —sinf z (2.27)

<N
Il

h = —singz+cose gy (2.28)
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2.2 Radiative Transfer Theory

The radiative transfer equation is based on the energy transport equation, which
deals with the propagation of intensities in the medium. It has been widely used
in the microwave remote sensing community to model the returns from geophysical
media [43-55]. In general, there are two scattering effects which affect the measured
brightness temperature and radar scattering coefficients: volume scattering and
rough surface scattering. Volume scattering is due to the inhomogeneities in the
medium. There are two theoretical models which deal with volume scattering: (1) In
discrete scatterer model, the medium is treated as a homogeneous dielectric medium
embedded with scatterers of different sizes, shapes, orientations and permittivities.
Among the different shapes of the scatterers, spheres, spheroids, ellipsoids, discs and
cylinders are widely used. (2) In random medium model, the bermittivity of the
medium consists of two parts, a mean part and a fluctuating part. The fluctuating
part is characterized by its variance and spatial correlation. In this thesis, the
first model is chosen because the physical geometry of the scatterers can be better

related to the numerical solutions in this model.

The Stokes vector mentioned in Section 2.1 is used in the radiative transfer
equation. The Mueller matrix can be obtained from the solution of the radiative

transfer equation. The radiative transfer equation in region 1 is shown below:
. d - _ - — - '
c0s6=T(8,$,2) = —Re(6,4) - 1(6, $,2) + f d' P(6,4;0,4) 16,4, z) (2.29)
4

where ?(0, $;0',¢') is a 4 x 4 phase matrix, which relates scattered intensities (¢, ¢)
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to the incident intensities (¢, ¢’) and %, is the extinction matrix which includes the
absorption loss in the background medium and scatterers as well as scattering loss

due to the scatterers.

2.3 Phase and Extinction Matrix

2.3.1 Single Species of Scatterer
As defined in Section 2.1, the scattered field (E,) is related to the incident field (E;)
by the scattering function matrix ?(0,, &s;0;,¢;). The relation is shown below:

eikr .

F(ou¢:§0ia QS:) - €;Eq (2.30)

E, =

T

Both E, and E; can be decomposed into vertically and horizontally polarized com-

ponents; the relation is:

Eh, r Ehi

[ Eu" ] = al fuv(087¢:;0i7¢i) fvh(g"’qs';ai,(ﬁi) ] : [ L. ] (2 31)
r | fuo(0ss 030 85)  frn(s, bs; 0iy 85) '

with
fab(g.n ¢-l; 02') ¢t) = a's ‘ ?(0,, ¢J; 0.;, ¢t) * I;i (2'32)

and a,b = v, h.

The incident Stokes vector and the scattered Stokes vector can be related by
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the following expression:
- 1= -
I.s = ﬁL(oulﬁa;oi)(ﬁi)'Ii (2-33)

where T is the Stokes matrix.

By using
| E|®
I, = 2.34
. (2.34)
2
I, = | B (2.35)
n .
2
U = ;Re(EVE;) (2.36)
V::%M&ﬂ) (2.37)

and the scattering function matrix ?(0,, &s; 0;, d:), the Stokes matrix rf(ﬂ,, &3 0:, 6:)

can be derived and has the final form of:

5o
L(a.n &, 0;, ¢t) = 2 Re (h;uvf’:u) 2 Re (h;uhf}th)
2 Im (fo f1,) 2 Im (fon fin)
Re (fuvf;h) - Im(fvvf:h)
Re (fro fiin) ~ Im (fno fin) (2.38)

Re(fuuf}:h + fvhfI:v) _Im(fw-f}:h - fv’tfl:u)
Im(fuvf}:h + fvhfl:u) Re (fvvf}th - fuhf}:u)

The phase matrix ?(0,,(]5,; 0:, ;) is obtained by incoherent averaging of the

Stokes matrix over the type, size, shape and spatial orientation of the scatterers.
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Z

——  Yb

Figure 2.3: Ellipsoidal scatterer in its primary coordinate system Z,, 7, and z,.

The phase matrix for a mixture of one species of ellipsoids (Figure 2.3) is given by:

PO, 8.:0:, ;) = no/da/db/dc/*da/dﬁ/d—y

'p(aa b,c,a,B,7) ‘f(on ¢, 0;, ¢:) (2.39)

where n, is the number of scatterers per unit volume; a, b, ¢ are the length of the
ellipsoid semi-major axis; a,3,v are the Eulerian angles which describe the orien-
tation of the ellipsoid and p(a,b,c,a,B,7) is the joint probability density function

for the quantities a,d,¢,a, 3,7

Phase matrices for single species of ellipsoidal scatterers with vertical and

random orientation distributions are given in the Appendix B.2.
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The extinction matrix in the radiative transfer equation actually represents

the attenuation rate in the coherent wave propagation [46,57]. It is given by:

—2Re (Mvu) 0
_ B 0 —2Re (M)
K’et(”’ ¢) - -2 Re(Mh‘u) -2 Re(Mvh)
2Im (My,) —2Im (M)
— Re (M) —Im (M)
— Re (Mp,) Im (M ) (2.40)
—Re (M + Mpn)  Im (Mo, — Mpp) .
—Im (M, — Min) — Re(Myy + Mi)
where
127N,
Mpq = —_7]:;1(]‘1"1(0') #; 0, ¢)) p,g=v,h (241)

and () is the ensemble average over the size and orientation distribution of the scat-
terers. In order to use this definition, the real and imaginary part of the scattering

functions must be calculated to a sufficient accuracy [45].

The total extinction matrix is actually a summation of the scattering loss
due to the scatterers and also the absorption losses due to the scatterers and the

background medium [46].
Re(0,9) = Kap + Kas(8, d) + Fus(8, ¢) (2.42)
Rab 1s given by:

R = 2Im (k) (1 — £,) - 1 (2.43)
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where T is the identity matrix, k; is the complex wave number in the background

medium and f, is the fractional volume occupied by the scatterers.

The approach to obtain the scattering loss matrix is straightforward. By sum-
ming up all the components scattered from direction (6;, ;) into other directions,

the scattering loss matrix can be readily calculated from the phase matrix as follows:

K'.w(aiy ¢z) 0 0 0
= 0 rc,;,(B,- (f),) 0 0
Es:(oh ¢1) = 0 0 ) wav(0:,0:) 4500 (0:,8:) 0 (244)
0 0 (2) ""(ain‘ﬁi);".h(ai.tﬁi)

where:

maollird) = [ dy [ 5in0,d8.pua(0,, 13 05s6:) + o (0, 030 )] (2:45)

kn(Bir i) = /0""445_, | 50 0,d8,[p12(6,, 643 6:, ) + Pra(61, 64361, 1)) (2:46)

A more detailed description of the extinction matrix for vertically and randomly

distributed ellipsoidal scatterers can be found in the Appendix B.3.
2.3.2 Multiple Species of Scatterer

The calculation of extinction matrix can be easily extended to a layer containing
N different types of scatterers. Each type of scatterer will have its own size, shape
and orientation. This combination is very useful in the modelling of realistic sea ice
structures, especially for multilayer sea ice. The phase matrix for multiple species

of scatterers can be computed by averaging the phase matrix for a single species of
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the scatterers incoherently. The expression is shown below:

— N _—
Proa(8,¢;6',¢') = Y Pi(6,4;6',¢') (2.47)

i=1
where P; is the phase matrix for scatterers of type 1.

The same practice can be applied to the calculation of the extinction matrix,

which gives

N
ﬁa’tatal(o’ d’) = Zﬁas;(oi ) (2'48)
=1
N —
ﬁumd(a’ ¢) = Z:—"—"ui(ev ¢) (2'49)
N =
ﬁabmmz = 2Im (kb)(l - Z fvi) I (2'50)

2.4 Boundary Conditions

Boundary conditions at interfaces z = 0 and z = —d are needed to completely solve
the radiative transfer equation. Based on the principle of conservation of energy,

the boundary conditions for planar surfaces are shown below [46]:

Let the incident source in region 0 be
To{(oo, QSo) = To;ﬁ(cos 00 — COS 00,')6(-¢o - ¢o,‘) (2.51)

then the boundary conditions are:
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Interface 1 (z = 0):

I(r — 0,6,z = 0) = Ty (6o) - Toi(m — 0o, bo) + Rao(6) - 1(6,6,2 =0)  (2.52)

Interface 2 (z = —d):
1(6,¢,z = —d) = R1a(6) - I(r — 6,6,z = —d) (2.53)

where ﬁm(ﬂ) is the reflection matrix which relates the upward going intensities in
region 1 to the reflected downward going intensities in the same region at interface 1
(z=0), 7‘2——12(0) is the reflection matrix which relates the downward going intensities
in region 1 to the reflected upward going intensities in the same region at interface 2
(z = —d). Similarly, ?01(0) is the transmission matrix which relates the downward
going intensities in region 0 to the transmitted downward going intensities in region

1 at interface 1 (z = 0).

The solution of radiative transfer equation inside region 1 is then matched

with the following boundary condition to obtain the scattered Stokes vector:
Tou(80, $o, 2 = 0) = Ro1(60) - Toi(m — 8o, o) + T10(6) - (8, 6,z = 0) (2.54)

where ¢ and ¢, are the same, and Snell’s law can be used to find the relation

between 8 and 6,.
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2.5 Numerical Solution

The radiative transfer equation is again shown below:

cos 9:;127(9, $,2) = —K.(0,8) - 1(0,¢,2) + AW aQ’ ?(0, $;0',8")-1(0',4',2) (2.55)
There are two ways of solving this equation, the iterative and numerical methods.
Generally, if the scattering is small compared to the absorption (small albedo), a
closed form solution can be obtained through an iterative approach. This is carried
out by transforming the radiative transfer equation and the boundary conditions
into an integral equation form and then solving for the first and second Ordef so-
lutions. However, when the albedo is not small, a numerical method is preferred
[45]. The illustration of this method will be presented in the following parts of this

section.
2.5.1 Fouries Series Expansion

First of all, the radiative transfer equation can be expanded into Fourier series in

the azimuthal direction (¢). Let

== - 1
POSO) = X T s

[P™(8,6')cosm(¢ — &)+ P (6,0')sinm(¢ — ¢)] (2.56)

o0

1(6,6,2) = > [Tmc(ﬂ, z)cosm(p — @)+ 1 (8,2)sinm(¢ — qS')] (2.57)

m=0
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and for the incident Stokes vector:

Toi(ﬂ' - 00, gbo) = To{ (5(005 00 - COSs 001') S(d)() - ¢0i)

= To; 6§(cosy — cos ;) Z

1
T Gy o8P0 — 40:)(2:58)

where P and P are respectively m—th cosine and sine term of Fourier expansion
of the phase matrix in the azimuthal direction, and §;;,the Kronecker delta function,

is defined as:

1 i=j
6,-,-_{0 it (2.59)

Substituting (2.56) and (2.57) into (2.55), then carrying out the integration
with respect to ¢, and finally collecting terms with the same sine or cosine depen-

dence, we obtain the following set of equations:

coso:id_f'"‘(o,z) = R(0) T™(6,2) + [ dO'sine
¥4 (1]

[P™(6,60) - T™(¢',2) - P (6,6)-T™(¢',2)] (2:60)

d—ms = Fms * 7 . /
cos8=T™(6,2) = —R(6)-T™(8,2) + fo d6' sin 8

[P™(0,0)-17(0',2) + P(6,6)-T™(8',2)] (2.61)

These equations do not have a ¢ dependence, which will save a large amount of

computation time.

For azimuthally isotropic media, it is shown that the phase matrices ?mc(G, 8")
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and P (8,8') can be written as [46]:

77,6

==ms

P (6,6)

(i Py 00
Py Py O 0
0 0 p3 Py
0 0 piy pPig |

0 0 pi5 piy

0 0 p3 poy
p5 ps; 00
L psy’ pPiy 0O

(2.62)

(2.63)

By taking advantage of the symmetry of (2.62,2.63), we can decouple equations

(2.60,2.61) by first defining

17(0,2) =

1™°(0,2) = h

(2.64)

(2.65)

(2.66)

where superscripts € and o represent the even and odd modes of the Stokes vector.

Then, the decoupled equations can be written as

d —=mo -_ Fmo
cosﬂa——I (6,z) = —Fe(0)-1 (9,z2)
z

+ " 46 sin 0P (6,0') - T (', 2)
0

(2.67)
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where a = e or o (even and odd modes) and

[ PTY Py P —PIY
=me ol 22 —D2s —DPzs
2 0.6 _ P21 DPao p23 1:'3: 2.68
(6,6) Py Py ph P34 ( )
L P’ P P Py
o o o
F6,0) = | Ph, PR PE P (2.69)
—p5  —P3 P35 Pag
| —p5i’ —Pi P Paf

Following the same procedure, we can arrive at the new form of the boundary

conditions as shown below (0 < 8 < 7/2):

Tma(ﬂ' - 0,2 = 0) = —_To1(00) 'Toi(ﬂ —- 00) +§10(0) -Tm(G, zZ = 0) (270)

T™(0,z=—d) = Ry(8)-T"%(rx — 0,z = —d) (2.71)

where 1=2,3., and Tﬁ_, are the coherent reflection and transmission matrices for planar

surface. A more detailed description of ﬁp., and Tﬁ., is given in the Appendix A.l.
The incident Stokes vectors for the even and odd modes are, respectively,

v01

Tos(r—b0) = | 1 (2.72)

I (= 6) = _ (2.73)
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Thus, the scattered Stokes vector in region 0 can be calculated using
To.(60) = T10(8) - T™(8, 2z = 0) + Rox(60) - T (7 — 6o) (2.74)

where y(incident angle in region 0) is related to 6 by Snell’s law.

~

For both the even and odd modes in (2.67), we can further divide the Stokes v

vector into I,(6,z) and I,(6, z) as follows:

7.(0,2) = %3 (2.75)
T,(8,7) = %33 (2.76)

Then, (2.67) can be rearranged to take the form shown below:

d- _ _ x
cos@a—fl(ﬂ,z) = —Kel(0)-1:(6,2) +/ df' sin 6’
z 0
[P11(6,6) - Ta(8',2) + Pra(6,0) - To(¢',2)]  (2.77)
d_ = T ™ ! Y
cos d—Ig(O, z) = —Re(0)-I(0,2) + / df@' sin 6
z 0

[P2(6,0') - To(0,2) + Pra(6,6) - Tn(8',2)]  (2.78)

where

Ra(f) = [’Cel(ll(") nezgw)] (2.79)
Ralt) = |7l w) 230)
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Pae) = [ 05 wales) e
Pan) = 100 1) e
Pae) = [2G0) e o
Pae) = [200) Tule 259

Breaking up I, (y = 1,2) into upward (Z,(6, z)) and downward (I,(7 — 6, z))

propagating intensities, we can rewrite (2.77 and 2.78) as:

cos 6 ifl(ﬂ, z)
dz

—cosf Zdz—jl(w —0,z)

d -
cosd Ezfz(G, z)

4
Lol Q [P
y, A

— — x/2 9 15 A : .
~Ra(0) - T1(6,2) + / 6’ sin 6" froporfces cz/.}
’ 788

[Pu(6,6) - Tu(0',2) + Pra(6,w — 0) - To(w — 0',2)

+Ps(6,8) - To(0',2) + Pra(6,m — 8) - To(m — €, 2)]

(2.85)
— — w/2
—Fr(8) -To(r — 0,2) + ] d' sin '
0
[Pu(d,7—8)-Tu(8',2) + Prs(6,0) - To(m - 0, 2)
— P38, — 0') - To(6',2) — Prz(6,6') - To(m — ¢, 2)]
(2.86)

. _ w[2
—Rea(8) - T(8,2) + /0 df' sin 6’
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[Pu(6,6) - Ti(6',2) + Pua(6,m — 8') - Ty(w — 6, 2)
+ P22(0,68) - T5(8',2) + Pas(8,m — 0') - T(m — 6, 2))
(2.87)

d - _ - w/2
—cos ¥ E—Iz(‘n' —0,2) = —Kez(0)-Ia(m—6,2) -I—/ d@' sin 8’
z 0

[=Pau(8,7 — 0') - To(0',2) — Pru(6,8) - To(m — 0, 2)
+ Poa(0,m — 0) - T5(0',2) + Pz(6,6') - To(m — 0/, 2)]

(2.88)

2.5.2 Gaussian Quadrature Method

The integrals in the radiative transfer theory can be replaced with a weighted sum
over n intervals between n zeroes of the even-order Legendre polynomial. Thus, the
discretized elevation angles are chosen so that the cosine of the angles correspond to
the zeroes (p) of the Legendre polynomial. Letting f(cos @) be a function of cos ¥,

the Gaussian quadrature integration method is given by [46]:

n

w2
/0 d0 sin6 f(cos8) ~ 3 aif(us) (2.89)

=1

where a; are known as the associated Christoffel weighting functions. The Gaussian
quadrature method is used to discretize equations (2.85)-(2.88) into 4n first order

ordinary differential equations where n is the number of discretized elevation angles.
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The equations are shown below:

where Tli and T.f

—Re1 1, +B11':5"T:r+F11 .

are 2n X 1 vectors
[ I‘U(:tll'hz) ]

7 Iv(:tlf'mz)
Ih(iﬂ'l: Z)

L Ih(i/"'n, z) j

~Rer - 17 +Fy -3 Tj + By -

—KRe2 —I—; +:F:21 @ TIL +§21 :

[ U(£p,2) ]

U(tpn, z)
V(if"h Z)

V(tpn, 2) |

al

=/

T; +ﬁ12 .

'7: +:F=22

49

sl
~l|
[ V]

(2.90)

=/ T
-a -1,

(2.93)

(2.94)
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and -—Faﬁ and faﬂ are 2n X 2n matrices

[ Paﬁu(p‘lvl-l'l)

? 5 = Paﬁu(”“?l"'l)
Paﬂn (/”'1’/1'1)

L Paﬁzl (ﬂ'na /1'1)

[ Paﬁu(/‘l’h “/‘Ll)

ﬁ Paﬁu(“n’ _/'l‘l)
Paﬁzl (F‘l? _/1‘1)

| Paﬁzl(/‘n’ _/1'1)

Paﬁu(:u'h:un) Paﬁlz (/1‘17/‘1'1)

Paﬁu(”ﬂ? /J'n) Paﬁu (:“‘nv /1’1)
Paﬁzx (/J’Iaiun) Paﬁzz(/"lap’l)

Paﬁzx (/“’m ﬂ,ﬂ) Paﬂzz(p'n’ /1“1)

Paﬁu (/J‘h —'/J'n)

Paﬂu(/"'n’ "':u'n)
Paﬁzl (:u'l, _/1‘")

Paﬁzl (urn —/Ln)

and 7' and @ are 2n x 2n diagonal matrices

dla‘g [/1’17 oty Has M

Paﬁlz (/‘1’1’ —/‘l'l)

Paﬁn(f"m _ﬂ'l)
Potﬁzz (lj'la _Nl)

Paﬂzz (/‘Ln, '“,“'1)

1,"'7/1‘71]

diag[al,"',a'naa'l)”'7a’n]

Paﬁn (/J'l ) P’ﬂ) ]

Pogp,, (IJ'n) /J'n)
Paﬁzz (/J'l ’ /-"ﬂ)

Paﬁzz (,U,n, P‘n) R
(2.95)

Paﬂlz(/j‘lv "/"’ﬂ) ]

Paﬁu (/"n) _:un)
Pop,, (/-‘la —I"*n)

Paﬁn(/‘rn _IJ'n) R
(2.96)

(2.97)

(2.98)

where +u; are the zeroes of the Legendre polynomial P,,(¢) and a; are the corre-

sponding Christoffel weighting functions. Note that a; = a_; and p; = —p_;.

The system of 8n first-order differential equations, (2.90)-(2.93), can be further

simplified by defining

(2.99)
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and rearranging the equations. The simplified equations are shown below:

_ d- —_
T-—1I, = I, .
e w (2.100)
z. 27, = A1 2.101)
s dz"°® ¢ (2
where W and A are the 4n x 4n matrices
W - _ i‘_i(;l =0 n (£11 —211) (£12 +£12) 3 (2.102)
| Kez | | (F21 — B21) (F23 + B2,) |
= (Rer 0 ] [ (?11 +§11) (?12 —_ﬁlz) 1 =
A = - Rel — + =] = — = -a 2.103
| 0 Re | | (F21 + B21) (F32 — B2,) | ( )
and Z and @ are 4n X 4n diagonal matrices
ﬁ = dia'g[ﬂ'ls'")I‘naﬂl)"'7Il'n7ll'l,"'al"na/-‘17"'uu'n] (2104)
a = diagla;, - *,8n,81, " ,n,81," ", 8ny A1, 8y (2.105)

2.5.3 Eigenanalysis Solution

The homogeneous solution for equations (2.100) and (2.101) are of the form

I, = I,.e™ (2.106)

I, = T, (2.107)
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Substituting these two equations into (2.100) and (2.101), we have

calge® = W -I,e* (2.108)

=

ol ,,e® = AT, (2.109)

=

The 4n eigenvalue equations can be obtained by rearranging the above two equa-

tions:

(ﬁ_l 7 Ty o azf) T =0 (2.110)

To=a'- 7" 4T, (2.111)

where I is an identity matrix. This is an eigenvalue problem with eigenvalues
+a;. The corresponding eigenvectors I,; can be obtained to form the eigenmatrix

F (4n x 4n matrix). The solutions will be

7, = 'E.ﬁ(z)-§+ﬁ-‘_rf(z+d)-g (2.112)
where
D(z) = diagle®?,---,e*? (2.114)

U(z) = diag [e’“‘z, fe ,e'“"‘z} (2.115)



2.5. NUMERICAL SOLUTION 53

ol
Il

N
kil
QI‘I

(2.116)

Qll
il

dia.g [al, ey 04"] (2.117)
and 7 and ¥ are 4n X 1 unknown vectors which can be solved by matching the
boundary conditions.

We can write these equations in term of Stokes vector by using equation (2.99),

and the final form of the solutions will be:

T'(z) = ("E+5)f(z).z+(E~5).ﬁ(z+d)-y (2.118)
T() = (E+Q) D) z+(E-Q)-U(z+d)-7 (2.119)

where
E = 3''W.q.-3° (2.120)
Q0 =@F'.4.E-5° (2.121)

and

v - -[% B E) EE]E em
T[T R EE ] e
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The unknowns T and 3 of the upward and downward propagating intensities
can be obtained by matching the solutions with the boundary conditions shown

below:

T'(z==d) = Ryp-T (z =—d) (2.124)

T(z=0) = Ry -I'(z2=0)+Te -I; (2.125)

where ﬁlz and ——ém are the 4n x 4n reflection matrices and Tm is the 4n x 4n

transmission matrix at n discrete quadrature angles.

Since Iy; is a delta function, the discretization of it will be in the form of [55]

;1 €0 cos Gy,

[T(_)-i]j = [To;]j W (2.126)

Substituting equations (2.118),(2.119),(2.126) into the boundary conditions

(2.124),(2.125), we obtain the following system of 8n x 8n equations

@ +Q)-Fu E+Q  {F-T)-Tao- E-0)}D(-9) |

(B+9-Fu-E+Q)}D(-)  E-Q-Fu-(F-T)

AR

(2.127)
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Z and ¥ can be calculated by solving the linear algebra equation above and
then substituted into (2.118) to obtain I'(z = 0). The scattered Stokes vector in

region 0 is given by the equation below (from (2.74)):

To, = Ti0-1'(z=0)+Rn-Iy (2.128)

The above calculation process is repeated for each harmonic, and the total
scattered intensities in region 0 can be obtained by reconstructing the Fourier series

for the even and odd modes as follows:

Li(¢) = {For+Too- [[~Foo Rz copl-7 " -Ked] " -Ton}
'70"6(‘1’0 - ¢o:) + mffa {?10 . [Tm':+(z — 0)

m=0

= = _— _ B -1 = —me
—ﬁ—Rm-erezp[—’ﬁ I'Ked]] .TOI'Ioi}

-cosm(Po — Poi) +T1o -Tm'+(z = 0) sin m(¢, — ¢m)} (2.129)
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2.6 Theoretical Results and Discussion

THe sensitivity of the theoretical results to the change in the model parameters
is examined in this section. Figure 2.4 shows the numerical solution for a two
layer medium with embedded spherical scatterers. The fractional volume of the
randomly orientated scatterers is 5 % and the dimension is 0.05 cm for the a, b and
c axes. The permittivity of the scatterers is (404110.0)¢, and the permittivity of the
background medium is (3.15+1%0.0017)e,. The frequency is 5 GHz and the thickness
of region 1 is assumed to be infinite. For parts (a) and (b) of Figure 2.4, the bistatic
coefficients for VV, HV, VH and HH are plotted against the incident angle (6;). The
scattered angle (6,) is the same as the incident angle (6;) and the scattered direction
is the same as the incident ¢ direction. For this case, the co-polarized scattering
coefficients (VV and HH) are the same and the difference between the co-polarized
returns (VV and HH) and cross-polarized returns (VH and HV) is about 20 dB.
For comparison, the plots for scattered direction where ¢ = 180° are also included

in parts (c) and (d) of Figure 2.4. Generally, they show the same trend.

Parts (e) and (f) of Figure 2.4 are for (¢ = 90°). The interesting part is that
the co-polarized scattering coefficients (HH and VV) now behave differently. In
order to better understand the theoretical results, we consider the scattering pattern
from a single spherical scatterer. When the size of the scatterer (0.05 cm) is small
compared to the wavelength (6 cm), the Rayleigh scattering can be used to describe
the scattering mechanism involved. When an electromagnetic wave is incident upon
a single spherical scatterer, it will induce surface current on the scatterer, and then

the sphere will act as a dipole and re-radiate the scattered field. The pattern of the
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radiated power is of a donut shape. For the HH case, the scattered electric field is
always perpendicular to the dipole of a HH receiver at ¢ = 90° for all §. Thus, for
a two layer medium with randomly distributed spherical scatterers, the scattered
HH should be almost the same level for different §. This can be shown in part (e)
of Figure 2.4. On the other hand, for the VV case, the scattered electric field is
perpendicular to the dipole of the VV receiver at § = 0° and gradually aligns to
it as the looking angle (6,) increases. This explains why the bistatic coefficient for
VV in the direction of ¢ = 909 increases with the observing angle (8,). For a more
complete derivation and explanation of the scattering from a single dipole, please

refer to Appendix C.

Next, the calculated bistatic scattering coeflicients for both co-polarized and
cross-polarized returns (VV, HV, VH and HH) are plotted against the azimuthal
angle (¢) for different scattered angles (6,). The incident angle (6;) is the same
as the scattered angle (6,). When the observing angle (6,) is close to the surface
normal, we expect the co-polarized returns (VV and HH) to be higher than the
cross-polarized returns (VH and HV) at ¢ = 0°. This is because the scattered field
for VV and HH will be parallel to the axis of the dipole of the respective receiving
antenna. As we move the direction of observation from ¢ = 0° to ¢ = 90°, the co-
polarized receiver (VV and HH) will gradually lose its alignment with the scattered
field of the induced dipole (See Appendix C). This will decrease the received level of
co-polarized returns and increase the cross-polarized returns. The trend is clearly

shown in parts (a) and (b) of Figure 2.5.

As we increase the observing angle (6,), we notice that the symmetry of the
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Figure 2.4: Bistatic scattering coefficients are plotted against scattered angle 6, for

different azimuthal angles. The incident angle 6; is the same as the scattered angle

0,.
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Figure 2.5: Bistatic scattering coefficients are plotted against scattered angle ¢, for

different elevation angles (6). The incident angle 6; is the same as the scattered

angle 4,.
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VYV curve no longer exists but the HH curve continues to show symmetry about the
center of the plot. Parts (c), (d), (e) and (f) of Figure 2.5 clearly demonstrate this
trend. The minimum of VV apparently shifts to the left hand side of the graph (to
smaller ¢ angle). Referring to Appendix C, it can be shown that because of the
geometrical shape of the dipole radiation pattern, the scattered electric field pattern
from a spherical scatterer will be perpendicular to the dipole axis of the VV receiver
at different azimuthal angles (¢,) for different incident angles (6). However, this
does not happen in the HH scattered returns as the axis of the induced dipole on the
scatterer is always perpendicular to the plane of the incidence for different incident
angles (8;) and the dipole axis of the HH receiver will always be perpendicular to
the scattered E field at ¢ = 90°. Thus, moving the HH receiver in the azimuthal
direction to observe the horizontally polarized scattered field will give us the same

curve form for different elevation angles.

The numerical calculations are repeated for different values of imaginary part
of the permittivity of the scatterers (Case 1 to Case 4, ¢,,=[0.0] €o, [10.0]€o, [20.0]€o
and [30.0]¢p) as shown in Figures 2.6 and 2.7. This corresponds to the albedo (x,/x.)
of 0.09021, 0.00758, 0.00474 and 0.00409. Generally, the bistatic coeflicients for all
angles (,) increase as we decrease ¢;,. From the definition of albedo, we know that
high albedo means that the ratio of scattering extinction over the overall extinction
is high and thus the higher scattered returns. Therefore, as we add an imaginary
part (e,;,) to the permittivity of the scatters in region 1, they become lossy which
decreases the bistatic coefficients as well as the albedo. However, as we increase €;,

further, the returns decrease only by a small amount. This is due to the fact that
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Figure 2.6: Bistatic scattering coeflicients are plotted against scattered angle ¢, for
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0.00409. (a), (b) and (c) are for VV and (d), (¢) and (f) are for HH.
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the scattering loss of the scatterers is also dependent on the difference between the
background permittivity (€;) and the permittivity of the scatterers. The higher the
difference is, the stronger the scattered field is. This effect can be shown in the
local Fresnel reflection coefficient. As we increases €,, further, the attenuation due
to the absorption loss will be compensated by the increase of the scattering loss.
This effect can be shown clearly by the leveling off of the albedo. Parts (a), (b) and
(c) of Figure 2.6 show this trend for the VV case, whereas similar plots are drawn
for the HH case in parts (d), (¢) and (f) of Figure 2.6. The HV case is demonstrated
in parts (a), (b) and (c) of Figure 2.7. For each case, the graphs for ¢ = 0°, ¢ = 90°

and ¢ = 180° are plotted.

Next we investigate the effect of different scatterer shapes on the calculated
bistatic coefficients. A halfspace medium is again considered. The frequency used
is 5 GHz and the background medium has a permittivity of [3.15 4 :0.002]¢, and 5%
fractional volume of vertically orientated scatterers. The various scatterer shapes
selected are spheres (@ = 0.02 cm, b = 0.02 cm, c¢= 0.02 cm), prolate spheroids (a =
0.01 cm, b = 0.01 cm, ¢ = 0.08 cm), prolate ellipsoids (@ = 0.02 cm, b = 0.005 cm, ¢
= 0.08 cm), oblate spheroids (@ = 0.04 cm , b = 0.04 cm, ¢ = 0.005 cm) and oblate
ellipsoids (@ = 0.08cm, b = 0.02 cm, ¢ = 0.005 cm). Figure 2.8 shows the different
shapes of the scatterers chosen. The permittivity of the scatterers is [40.0 +:30.0]¢o.
The dimensions of the scatterers are chosen so that the volume occupied by them
is the same regardless of their different shapes. In each case, the numerical solution

is calculated for each of the shape of the scatterers mentioned above.

A first glance at parts (a) and (b) of Figure 2.9 and parts (a) and (b) of
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Figure 2.8: Different shapes of scatterers.
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Figure 2.9: Bistatic scattering coeflicients are plotted against scattered angle 6, for
different shapes of scatterers. The looking angle is at ¢ = 0°.
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coefficients are plotted against scattered angle 0,

for different shapes of scatterers. The looking angle is at ¢ = 180°.
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Figure 2.10 shows that the VV and HH returns at ¢ = 0° (forward direction)
and ¢ = 180° (backscattering direction) do not depend greatly on the shape of
the scatterers. For the HV case, because the returns for spheres and spheroidal
scatterers only come from the multiple scattering effects, their returns are lower
than those of ellipsoidal scatterers. Now, if we look at the plots (Figure 2.11) for
the case when the incident wave comes in at ¢ = 0° and the receiver is looking at
¢ = 90°, the VV and HH returns for ellipsoidal scatterers are higher than those of
the spherical and spheroidal scatterers at low angle . For the VV case, because
of the geometrical effect described in Figure 2.4, the bistatic coefficients for the
spherical and spheroidal scatterers will gradually rise as shown in part (a) of Figure
2.11. Note that the effect is larger for prolate spheroids than for oblate spheroids
due to their shapes. Also, as expected, at ¢ = 90°, the HV returns for all shapes of

the scatterers are almost the same.

2.7 Summary

In this chapter, the configuration of the two layer medium with ellipsoid inclusions
was presented. The formulation of the numerical method involved was explained
in detail. laid out step by step. Definitions of the parameters used were properly
inserted where they are necessary. The brief introduction to the radiative transfer
theory, the extinction matrix and the phase matrix, was followed by the elaboration
of the numerical techniques based on ice. Finally, the theoretical calculations were
carried out for different sets of input parameters and the trends for each case were

studied. It was found that generally the co-polarized bistatic scattering coeflicients
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are higher than the cross-polarized bistatic scattering coefficients when the observ-
ing angle is close to either ¢ = 0° or ¢ = 180°, whereas the opposite is true when
the receiver is looking at ¢ = 90°. It is shown that HH returns will always start
high at ¢ = 0° and reach a minimum point at ¢ = 90° and then rise again to a
maximum at ¢ = 180° for different elevation angles. On the other hand, though the
VV returns show a rather similar trend, the curve will reach its minimum sooner
(smaller ¢) as we increase the elevation angle 6,. This can be easily explained by
considering the scattering from a single scatterer. The multiple scattering effects
are also important and account for the cross-polarized returns observed. Numeri-
cal solutions were then calculated for different values of the imaginary part of the
permittivity of the scatterers. The results show that the actual scattering and ab-
sorption phenomena are more complicated. Increasing the imaginary part of the
permittivity of the scatterers on one hand make the scatterers more lossy and on
the other hand increase the scattering loss. Finally, a study of the effects of different
shapes of the scatterers on the bistatic scattering coeflicients was carried out. From
the various plots presented, it is clear that the bistatic returns for different shapes-

of scatterers show a slightly different curve form from the spherical scatterers.
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Chapter 3

Theoretical Model for a Two
Layer Random Medium with
Rough Interfaces

3.1 Configuration and Definition

The theoretical model for a two layer random medium discussed in Chapter 2 is
modified to incorporate rough interfaces. In this case, two scattering mechanisms
are involved: volume scattering and rough surface scattering. The effects of rough

surface scattering is investigated in this chapter.

Rough surfaces can generally be classified by two surface parameters, the root
mean square (RMS) height of the surface and the correlation length. Let h(7) be
the height of a point on the rough surface relative to a planar reference surface and
7 is the position vector for points on the reference surface. Then, the root mean

square (RMS) height of the surface is given by
Grms = VJ{(RF))P), (3.1)

71
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where (---), means spatial average. The other important parameter is correlation
length, which indicates the rate of change of surface height with distance along the
surface. A surface correlation function can be defined by

(M(T)A(T + R)),

o2

C(R) =

(3.2)

and the correlation length is the distance over which the correlation function falls

by 1/e.

Over the years, several methods have been developed to calculate scattering
from rough surfaces. Depending on the surface parameters (roughness, correlation
length), different methods are used, though so far no exact solution for a general
case is available. When the radius of curvature of the surface is large, the Kirchhoff’s
approximation can be used [57]. In the case where the wavelength is small compared
to the scale of roughness, the Geometrical Optics approximation (GO) is used. If the
surface RMS height is much smaller than the wavelength, the Small Perturbation
Method (SPM) is applied [57,58]. Scattering from randomly perturbed periodic and

quasiperiodic surfaces has also been studied [59].

In this thesis, the small perturbation method (SPM) is used. The Extended
Boundary Condition (EBC) formulation is applied to obtain the SPM solutions [57].
First, the scattered and transmitted fields are expressed as a function of the surface
tangential fields using the extinction theorem and Huygens’ principle. Since the
surface height and derivatives are small, the tangential fields can then be expanded

in a perturbation series and solved for each order, using the previous order solutions.
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Figure 3.1: Configuration for two layer medium with rough interfaces with different

types of scatterers.

The configuration for the two-layer random medium with rough interfaces
is shown in Figure 3.1. The planar interfaces in two-layer model in Chapter 2
are replaced with rough interfaces. The surface profile function and the spatial
correlation of this function are assumed to be Gaussian. As shown in the same figure,
the top and bottom interfaces may have different roughness parameters. Scatterers
with different sizes, shapes, orientations and dielectric constants are embedded in
region 1 (thickness = d). The dielectric constant of the background medium in

region 1 is denoted as €;; and those of region 0 and region 2 are respectively ¢, and

€3.
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3.2 Boundary Condition

The reflection and transmission matrices for a rough surface consist of two parts:
coherent and incoherent. The coherent part, which accounts for the specular term,
obeys Snell’s law of reflection and transmission, whereas the incoherent part includes
the diffuse reflection and transmission due to rough surface scattering. Therefore,
the boundary conditions in Chapter 2 must be modified to take care of this extra

term. The boundary conditions at the top and bottom rough interfaces are shown

below:

Interface 0:

I(r—0,,2=0) = Ry(6,¢) -1(6,4,z =0)

2w z — 1 —_
d¢' /o * d0'sin @' Rp(0,6:;6',¢') -1(8',¢', 2z = 0)

+
S~

0

01(60, %0) - Toi(m — bo, o)

+
N

I

+
N

011(07 #; 00i, bo:) - Toi (3.3)
Interface 1:

7(07 ¢,z = ’_d) = ﬁ1‘7;(0) ¢) : T(W —0,4,z= _d)
+ fo ' /0 P 10 sin 0 Bi(6,6;0, ')

I(r— 6,4,z = —d) (3.4)
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where

ﬁaﬁ(o, $;0',¢") = Léa;(g,d)) 5(d — ¢') §(cos 0 — cosb')

+ Ros(6,4:0,4) (3.5)
?aﬁ(a»@ 0,¢) = Ta;(ﬁ,g{)) 6(¢ — @') 8(cos 8 — cosb')
+ Tag(0,8:6,4") (3.6)

Thus, the scattered intensities in region 0 will be

02(90,%) 'TOi(Tf - 00,450)

oy

703(90, $o,2 = 0) =

1

01(90, 4’0; 90i7 ¢oi) . Toi

I

+
=y

+ Tyo(6,9)-1(8,4,z = 0)

27 z — 4 —
+ /o d¢' /0 * 40’ sin 6 Tpo(00, ¢ 0', ') - 1(6', 4", 2 = 0)(3.7)

where the coherent components (ﬁc, ?C) couple the incident intensity into the
specular reflection and transmission directions while the incoherent components

(:ﬁ, ?t) couple to all reflection and transmission directions.

The elements of the bistatic scattering matrix 5 can then be calculated by

cos 0, L0s(0s, &)

(> 63) 5;91:7 i) =
Yap(0ss @53 i, pi) = 4w <05 6.1

o, =1,2,3,4 (3.8)

where I, I,, I3 and I4 are respectively I,,I;,U and V of the Stokes vector.
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3.3 Numerical Solution

3.3.1 Fourier Series Expansion and Even and Odd Modes

Following the same approach presented in Chapter 2, we apply the Fourier series
expansion to the radiative transfer equation to eliminate the ¢-dependence of the

equation. We let

Toi( = 003 bo) = Ti6(cos 8, — cos 0,:) é m cosm(do— do)  (3.9)
and, for &, 3=0,1,2,

Rop0,610,8) = Rop(0)8(cos 0 — cos b') ,f/%(l S5 cosmle =) (310

Rif(6,4:0,4") = ém

[Rrc(6,8) cos m(¢ — ¢') + R3(8,6') sinm(¢p — )] (3.11)

Tou(6,6;6,,8,) = Toy(6,)8(cos b, — cosO’)Z e 6,.,) cosm(¢ — ¢') (3.12)

. kot 1
T0:(9,9:6,,¢,) = 20 AT om)m
[Tt;rlm(o’ 0;) cos m(P, — ¢;) + T&“(O, 0::) sin m(¢o - 45,0)]

(3.13)

where 0, and 0 are related by the Snell’s law.

Equations (3.9)-(3.13) can then be substituted into equations (3.3),(3.4) and
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(3.7). The d¢' and d¢) integrations are carried out. After that, the boundary

conditions are restructured into the even and odd modes following the definitions

in Chapter 2. The decoupled boundary conditions can be expressed as

T™(r—0,2=0) = R,(0)-T"%(8,z=0)
; =sma Fma
+ / d8'sin @' Ry (6,6')-T™(¢', 2 = 0)
0
+ Toy(bo) - To(m — bo)
+ Tqy (8,60:) - Tos
10,z =—-d) = R,(6)-I(x -0,z = —d)

+ fﬁ do'sind R,y (8,0') -I(r — 0,2 = —d)
0
and the scattered field in region 0 is expressed as

T3 (80,2 =0) = Ryy(6o) - Toi (m — 6o)
+ Ry (00,00:) - Toi"

+ Tyo(8) -T™(8,2 = 0)

ol

+ [ do'sin6 T, (60,0)-T7°(8',z = 0)

0

(3.14)

(3.15)

(3.16)



78 CHAPTER 3. THEORETICAL MODEL ...

where for A= Ror T, and o, =0,1,2,

WITH ROUGH INTERFACES

aﬂu ﬁz Z:; aﬁlzgz z:g aﬂmgz zg - aﬁugz z:; ]
jame 6,0y = aﬁzx . :xnen , afas y T “tafae " 3.17
ﬁ ( ) aﬂ;u(o 8/) ACI 32(0 0[) aBss(a 0) . Otﬂ;u(o 0) )
L aﬁu(o 0) Aztan(o 0) A;"E"(e 0,) &ﬁu(a 9’) .
1 AZ‘[',“U(B,G’) A;",;lz(o,ﬂ’) AZ‘EN(O, g) A;",;“(G,O’) ]
= mo . AT (0,6) (0 0" A’"" (60,60') Azs . (6,6)
A.°(0,6) = aﬂn ) / abas . B4 A~ [3.18
. ( ) aﬂsx (0 6) - aﬁsz(0 0) aﬁn (0 0) aﬂu(e 0) )
Olﬁu (0 0,) - dﬁn(o 0l) Aaﬂu(o 0’) Otﬂ«(o 0')

The expression for the coherent and incoherent matrices for both reflection and
transmission matrices can be found in Appendix A.2. The incident intensity in

region 0 is then

I (7 — 80) = Ty, - 6(cos 8 — cos ) (3.19)

3.3.2 Discretization and Eigenanalysis Solution

Breaking up the intensities into upward (+) and downward (-) propagating intensi-
ties, and applying the Gaussian quadrature method, the boundary conditions can

now be expressed as

I'(z=-d) = (Ry+R,; -3)-T(z=-d) (3.20)
I (2=0) = (Byo+Ry -3)-T(z2=0)+ (T -5+To, ) -Toi" (3.21)
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where @ is 4n X 4n a diagonal matrix containing the Christoffel weighting functions

a;
@ =diag[a1,...,8ny 1,y ,ny @1y ety Ony @1y ...y 0] (3.22)
and
= . €g cos g, €0 cos by, €g cos by, €o cos by,
6 = dla'g i R ] / b ¥} b R | 1 ?
€) cos b, €} cosb, ’ € cosb, €; cos b,
€o cos 0, €0 cos by, € cos by, €0 cos Op,,
, ey = - (3.23)
€} cos 6, € cosf, € cost €} cos b,

which are the constants from the discretization of the delta function.

Following the same procedure in the previous chapter, we come to a system

of 8n x 8n equations:

_EF+0)-Eut R D) E4Q
{E+9-F:+E:"-9-F +Q)} D(-9)

(3.24)

Once these equations are solved, we can insert the obtained Z and ¥ into
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Figure 3.2: Bistatic scattering coefficients are plotted against scattered angle ¢, for

different elevation angles (8). The incident angle 6; is the same as the scattered

angle 4,.

(2.118). The scattered Stokes vector in region 0 is then

To, = (Tyo + Ty

@) T (z2=0)+(Ry -8+ Ryy )-Toi - (3.25)

The final solution can be obtained by reconstructing the Fourier series for the

odd and even modes.
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3.4 Theoretical Results and Discussion

The contribution of rough surface scattering effects to the total bistatic scatter-
ing returns is examined in this section. Numerical calculations are carried out for
a two layer medium with varying scales of roughness. The background permit-
tivity is again chosen to be (3.15 + i0.0017)e; and the permittivity in region 2 is
(63.4 + 239.1)¢o. Randomly orientated ellipsoid scatterers with dimensions a=0.1
cm, b=0.015 cm, ¢=0.05 cm are embedded in region 1. The permittivity of the
scatterers is (46.4 + 145.5)¢p and their fractional volume is 4.5%. The thickness of
region 1 is 7.5 cm and the frequency is 5.0 GHz. Interfaces with different scales
of roughness (0= 0.01 cm, 0.03 ¢cm, 0.05 cm and 0.07 cm, [=0.8 cm) are chosen
and the numerical results of these cases are then compared with that of the planar

interface.

The co-polarized (VV and HH) and cross-polarized (HV) returns are plotted as
a function of the elevation angle (6) in Figures 3.2, 3.3 and 3.4 for ¢ = 0°,90°,180°.
The incident elevation angle (0,) is kept the same as the scattered elevation angle
(85). Generally, as we can see from parts (a) and (d) of Figures 3.2 and 3.4, the
co-polarized returns (VV and HH) are higher for the rough surface case due to the
rough surface scattering. On the other hand, the cross-polarized returns are not
affected by the change in the roughness of the surface. This is partly due to the fact
that only the first-order SPM solution is implemented and the second-order SPM
solution which gives cross-polarized returns in the backscattering direction is not

implemented. This is clearly shown in parts (c) of Figures 3.2 and 3.4.
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Figure 3.3: Bistatic scattering coefficients are plotted against scattered angle ¢, for

different elevation angles (6). The looking azimuthal angle is 90°.
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Figure 3.4: Bistatic scattering coefficients are plotted against scattered angle ¢, for
different elevation angles (). The looking azimuthal angle is 180°.
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If the observing angle is changed to ¢ = 90°, the curve forms for co-polarized
and cross-polarized returns are interchanged (Figure 3.3). For the VV and HH case,
when 0 is large, the effective propagation path for returns in region 1 is longer.
Therefore, the attenuation is higher for large 6, which means that the scattered
return is lower for large §. The curves for HH with different roughness are almost
the same because the rough surface effects are not seen when the dipole axis of the
receiver is perpendicular to the scattered field at all . However, for the VV case, as
we increase the angle 8, the dipole axis of the receiver becomes more aligned with
the scattered E field, and brings the returns up. For the flat surface case, this effect
will bring up the curve at large 8 and thus show a rather flat line. At the same time,
we see the effect of rough surface scattering because the increase in the roughness of
the interfaces will make the transmitted incoherent part of the intensity dominant
and thus enhance the multiple scattering effects. This will increase the scattered

returns proportional to the scale of the roughness.

The effects of rough surface scattering are also demonstrated in Figure 3.5
where the bistatic coeflicient is plotted against the azimuthal angle ¢ for § = 7.5°.
It is clear that when the receiver dipole is perpendicular to the scattered field (for
VV, HH, ¢ = 90° for HV, VH, ¢ = 0°,180°), the returns are not affected by
the scale of the roughness of the interfaces. However, when there is an alignment
between the receiver dipole and the scattered field (for VV, HH, ¢ = 0°,180°; for

HV, VH, ¢ = 90°), the rough surface scattering effects are not to be neglected.
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3.5 Summary

In this chapter, rough interfaces were incorporated into the two layer random
medium model. The rough surface scattering effects were taken into account by
modifying the boundary conditions. The small perturbation method (SPM) was
used to calculate the rough surface reflection and transmission matrices. The same
numerical procedures presented in Chapter 2 were applied with slight differences as
elaborated in the formulation section of this chapter. Basically, adding the rough
interfaces into the model will makes it more similar to the actual physical sea ice
layer. The study of this new configuration of the model enables us to examine the
scattering effects that the rough surfaces add to the bistatic scattered returns. The
numerical results presented showed that the additional scattered returns due to the
rough surface scattering are generally proportional to the scale of roughness of the
interfaces. This demonstrates the fact that for a real physical sea ice layer, the

actual scattered polarimetric returns are dependent on a large number of factors.



Chapter 4

Theoretical Model for a
Multilayer Random Medium

4.1 Configuration

In this chapter, the theoretical model in Chapter 3 is extended to a multilayer
structure with rough interfaces. The background permittivity for each region is
assumed to be the same and each region contains ellipsoidal scatterers with different
sizes, shapes, orientations, permittivities and fractional volume. This configuration
can be used to model sea ice more accurately since real sea ice has a layered structure
and the fractional volume and orientation of the brine inclusions and air bubbles
depends greatly on the type of ice and their distance from the air-ice interface.

Figure 4.1 shows the configuration for the multilayer random medium.

87
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Figure 4.1: Configuration for the multilayer random medium with random rough

interfaces and discrete ellipsoidal scatterers.
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4.2 Radiative Transfer Equations and Boundary
Conditions

Radiative transfer equations are again used and the generalized form for multilayer

model (region 1 to M-1) is:

cos § 527"(0, $,2) = —Foen(6,8)-Tn(6,6,2)

i /4 A P,(0,4:0,4") T8, ¢',2) (4.1)

where I, P, and %K., are the Stokes vector, phase matrix and extinction matrix

inside layer n, respectively.
The boundary conditions are also generalized and have the following form

Interface n:

T.(x— 6,2 = —du1) = Rpn 1(6,6)-Tn(8,0,2 = —dn_1)
+ ‘/:1r d¢’ ‘/f df' sin @' ﬁ,:n_l(o,d’; 0',¢")
T.(0,¢',z = —dn_1)
+ Tolin(Bne1ybne1) - Taca (7 = bnct, Gy 2 = —dna)
+ ‘/:1r dél _, ‘/f de. _,sind! _, ?:_1,,,(0, $:6_1,Pn-1)

'—I-n—l('"' - 0:._” ¢’:;—17 z == n—l) (4'2)
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Interface n+1 :

T"(6’¢’z = _d") = ﬁnc,n-*-l(G, (}S) 'Tn(ﬂ. - 0: QS,Z = _dn)
27 z — 3
+ [Tdg [T a0 sing R, (6,66,
0 0 '
7"(7r - 017 ¢I: z = —dn)

+ ?n+1’n(6n+17¢n+1) ’Tn+1(0n+1,¢n+17z = —d,)

== 1

m % 7 M / /
+ /0 d¢;+1/0 d0n+1 sin 0n+1 Tn+1,n(9’ ¢’;6n+1,¢;+1)

'Tn+1(9;+17¢:z+1’z - _dn) (43)

where n = 2,3,...,M-2 and 6,,_; and 6,,; are the elevation angles in the local
coordinate system of layers n-1 and n+1, respectively, and are related to 6 by

Snell’s law.

If the background permittivities of regions 1 to M — 1 are the same, then we

can simplify the above boundary conditions to

Interface n:

In(ﬂ" - 9,¢,Z = _d‘n——l) - Tn—d(ﬂ- - 0n-17¢n——1)z = _dn—l) (4.4)

Interface n+1 :

Tn(O,qS,z = —dn) = In+1(0n+1)¢n+1)z = —-dn) ) (4:5)
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For interface 1, we have to take into account the incident wave I,;. Thus, the

boundary condition has the form:
Ti(r—0,6,2=0) = R,;(8,¢) -1:(6,4,z = 0)
+ /0 " 44 /o } 10 sind Bo(8,6:6',4)
T:.(6',4',z2 =0)
+ ?02(00,%) 'Toi(7r — 6o, o)
+ To(0, 63 00i, 60s) - T (4.6)

and for interface M, the boundary condition is:

TM—1(07 ¢’z = _dM—l) = ﬁ11‘;—1,M(03 ¢) 'TIM—?-(?r - 6) ¢7z = '—dM—l)
2 3 =i
+ [T ¢ [7dt sin Ry el0, 636, )

~TM__1(7T - 0’, ¢I,Z = _dM—l) (47)

where again 0, is related to 6 by Snell’s law.

The incident wave in region 0 is

Toi(m — 6o, ¢p0) = Ioi - §(cos by — cos bp;) - 5(do — dos) (4.8)

Finally, the following boundary condition can be applied to solve for the scat-



92 CHAPTER 4. THEORETICAL MODEL ... MULTILAYER MEDIUM

tered waves in region 0:

Tou(60,40) = Roy(80, o) - Toi(m — o, o)
+ ﬁoil(go, do; 90i,¢oi) To;
+ ?1;(07(;5) '71(9, ¢,Z = 0)

v [Ty | P a8 sin ' (60, 4og;0,8) - To(0',6',2 = 0) (4.9)
4.3 Numerical Solution

Using the same numerical method described in Chapters 2 and 3, we can solve
for the upgoing and downgoing intensities for each bounded layer by matching the
boundary conditions at M interfaces simultaneously. However, this involves too
many unknowns, and a large memory size is required for numerical calculations.
However, the concept of effective boundary conditions can be used to simplify the
whole computation process. Consider only regions M, M — 1 and M — 2, we
can apply the numerical techniques for two-layer medium case to calculate for the
upgoing intensities in region M — 2. Then the effective boundary condition at

interface M — 1 can be expressed as

—4 —eff —_—
Iy sy = RM—z(M—l) Ty (4.10)

. . . =eff . . .
where the eflective reflection matrix Rps_,p_;) contains all the information for

regions M — 1 and M. Next, we will consider regions M — 1, M —2 and M — 3 as



4.4. THEORETICAL RESULTS AND DISCUSSION 93

the new two layer medium problem and ﬁ;’;{_z( m—1) Will be the reflection matrix at
interface M — 1. A new effective reflection matrix can then be computed, and the
whole process can be repeated until we reach the top two layers. This procedure
is carried out for each harmonic (m=0,1,2,...) and each mode (even e and odd o).
The final scattered Stokes vector can be found from equation (4.9). This approach
simplifies the computation process by enabling us to deal with two layer problem

at a time. Note that, at interface M, -_E;;f_l(M) = IZZM_I(M).
4.4 Theoretical Results and Discussion

Numerical calculations are carried out for a multilayer structure in this section. The
parameters were chosen to represent a real physical ice layer. The temperature pro-
file of a grown ice sheet was from the measurement data taken during CRRELEX93
[72]. Since the permittivity of brine inclusions is temperature dependent, we can
obtain the corresponding permittivity of brine inclusions for each layer using the
Debye type relaxation equation [27],[28]:

€ — €xo o

1—2nfr +z27reof

€brine = €oo T+ (4-11)

where ¢, and €, are the limiting static and high frequency values of the real part
of €yrine, f is the frequency, 7 the relaxation time, o the ionic conductivity of
the dissolved salts and €, the permittivity of free space. ¢,, €x, T and o are all
related to the temperature [27]. A five layer medium is constructed with different

thickness and permittivity of brine inclusions. From top to bottom, the parameters
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Figure 4.2: Bistatic scattering coeflicients are plotted against different angle 6
(6; = 6,) for ¢p= 0°.

are (thickness = 1 cm, €prine = 50.28 + 144.80), (2 cm, 52.52 + 144.04), (2 cm,
54.98 + 142.98), (3 cm, 57.70 + i41.57), (7 cm, 60.76 + i39.79). The background
permittivity for each layer is kept the same (& = 3.15+:0.0017) and the permittivity
of sea water is (63.4 + 139.1). The dimensions of the ellipsoids embedded in the
background medium are a=0.1 cm, $=0.015 cm and ¢=0.050 cm. Fractional volume
of scatterers for each layer is 4.5%. For the top layer, the ellipsoidal scatterers are
chosen to be randomly oriented, whereas for all the other layers, the-scatterers
are vertically oriented. This is to model the orientation of the scatterers correctly
as described in Chapter 2. A slightly rough air-ice interface (0=0.048 cm, [=0.669
cm) and ice-seawater interface (0=0.048 cm, [=1.600 cm) are chosen. The frequency

used is 5 GHz. This case will be referred as Case 1.
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Figure 4.3: Bistatic scattering coeflicients are plotted against different angle 6
(6: = 6,) for = 90°.

As mentioned in Chapter 1, brine drainage occurs in multiyear sea ice, which
leaves air bubbles where the brine inclusions were. Normally, close to the ice-
seawater interface, there are still brine inclusions left. Therefore, for Case 2, instead
of having brine inclusions for the top three layers, we substitute them with air
bubbles of the same size, dimension, orientation and fractional volume. The purpose
is to investigate the difference in the bistatic scattering coefficients for Case 1 and

Case 2. T

Figures 4.2, 4.3 and 4.4 show the comparison of the numerical results for both
cases. Generally, for all ¢, scattering returns for Case 2 (air bubbles) are higher
than those of Case 1 (brine inclusions). This is because brine inclusions are very

lossy due to their large imaginary part of permittivity, whereas the air bubbles
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Figure 4.4: Bistatic scattering coefficients are plotted against different angle 6
(6;: = 8,) for ¢= 180°.

merely act as scatterers without any energy absorption. As a result, waves scatter

more in Case 2 than Case 1.
4.5 Summary

In this chapter, the theoretical model for a two layer medium with rough interfaces
in Chapter 3 has been extended to a multilayer structure. The discrete eigenanal-
ysis method was again used to perform the computation. The effective boundary
condition concept was introduced and implemented, thus enabling us to solve the
linear algebra equations one layer at a time. Two cases of multilayer structure have
been constructed. The comparison of the numerical results reveals that the model

which has mostly air bubbles embedded within the layers generally shows higher
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bistatic scattering coefficients than the one which has brine inclusions instead.
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Chapter 5

Passive Microwave Remote
Sensing of Sea Ice

5.1 Introduction

Passive remote sensing of sea ice has been investigated for more than two decades
and a great amount of measurement data has been collected. By carefully studying
the radiometric signatures, researchers have been able to identify the three dominant
surfaces in the Arctic, which are open water, first-year ice and multiyear ice [68].
Although the collection of measured scattering data from sea ice provides great
information about the scattering mechanisms and physical properties of sea ice, this
knowledge can be further enhanced by studying the passive radiometric signatures

of sea ice.

In general, the sensors can be characterized into three classes. For small spatial
scales, surface-based sensors are used. This enables the study of local variability
of electromagnetic returns. The advantages of this method are that ground truth

can be easily collected on the spot and measurements can be repeated for different
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looking angles and different weather conditions. Measuring on a small spatial scale
will also reduce the heterogeneity of the electromagnetic returns. As a result, correct

interpretation of the measured data is much easier.

Features such as ridges, hummocks, melt ponds and floes can be captured
by using the aircraft-based sensors which provides images with resolution of 10 to
100 m. Regional variability in the electromagnetic returns can be applied to the
classification of wide areas of sea ice. Different frequencies are also used to reveal

more of the texture of various surfaces.

The capability to monitor the entire polar ice region on a daily basis makes
the satellite-based sensors popular. Measurements can be carried out regardless of
the time or the cloudiness. A spatial resolution of 15 to 30 km gives a éood estimate
of the change and total size of ice extent. The measured data can also be fed into

global climate prediction models.

5.2 Configuration and Formulation

The theoretical model shown in Figure 2.1 is used to calculate the emissivity. Sub-
sequently, rough interfaces is added and followed by extension of this model to a
multilayer sea ice model. There are generally two approaches to solve the passive
problem. The first one is by directly solving the radiative transfer equation shown

below:

cos Odiz—f(ﬂ, $,2) = —K(0,8)-1(0,9,2)+E.C: T} +L a0’ —_P(G, $;0',4")-1(¢',¢',2)
(5:1)



5.3. THEORETICAL RESULTS AND DISCUSSION 101

where «, denotes the emission coefficient, C; = Ke,/e)A?, K is the Boltzmann’s
constant and T3 is the physical temperature in Region 1. The second term on the
right hand side of equation (5.1) is not omitted as in the case for active calculations
because the contribution of this term in the absence of incident waves is no longer

negligible.

On the other hand, a second approach is to make use of the solution to the
active calculations done in the previous chapters. The bistatic scattering coefhi-
cients Yga(los, Pos; Ooi, Poi) for different scattered angles and polarizations are first
calculated and then added up for a particular incident polarized wave (a) at an

incident angle (0,;), and the emissivity is given by [57]

. 1 /3 , 2
ea(ooi) =1- 7‘01(0&) - zﬁg ‘/0 daos sin 005/0 d¢oa 7ﬁa(aon ¢oa; 001', ¢o:) (5-2)

where 7¢,(60,;) is the coherent reflected term in the specular direction. The computed

emissivity is further related to the brightness temperature T,5(0, ¢) by:

Tap(0,¢) = ea(6:)T (5.3)

where T is the physical temperature of the medium, and it is assumed that there is

no radiation from the sky.

5.3 Theoretical Results and Discussion

Figure 5.1 (a) shows the numerical results for two layer medium with flat inter-

faces. The brightness temperature is plotted as a function of looking angle 6.
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The background permittivity of the bounded region is (1.5 + ¢0.0015)¢; and the
bottom half space has a permittivity of (6.0)ep. The dimensions of the vertically
distributed spherical scatterers are @ = b = ¢ = 0.05 cm and their permittivity is
(3.2410.0005)¢,. A fractional volume of 5% is chosen for the scatterers. The thick-
ness of the bounded layer is 20.0 cm and frequency used is 5 GHz. The medium
has a uniform physical temperature of 265.0 K. At normal incidence, the brightness
temperatures for both V and H polarized waves are the same. As we increase the
angle, brightness temperature for H will fall whereas that of V will first increase
before falling at angle 6,. In fact, the pattern of these two curves are very similar to
a up side down of the plot for reflectivity for TE and TM waves, with the Brewster
angle effect for the TM case. The contribution of volume scattering by the scat-
terers to the brightness temperature can be demonstrated by comparing Figure 5.1
(a) and Figure 5.1 (b) where Figure 5.1 (b) is the same plot for two lé,yer medium

without the volume scattering effect (no scatterers).

The following section investigates the effect of the change in the permittivity
of the scatterers on the brightness temperature. The background permittivity is
(3.15 + 20.0030)¢p and the permittivity of the bottom halfspace is (40.0 + 230.0)¢o.
The vertically aligned scatterers have dimensions of @ = b = ¢ = 0.05 cm and
occupy 5% of unit volume.The imaginary p;art of the scatterers (e, ) is kept constant
at 20.0¢p for all the six cases and the real part (e;) is varied from 5.0¢y to 50.0¢o.
The thickness of the bounded layer is 5 cm. The frequency is chosen as 5 GHz
and the uniform physical temperature is 265.0 K. Figure 5.2 shows the numerical

results. This figure shows that increasing the real part of the permittivity of the
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Figure 5.1: Brightness temperatures are plotted as a function of looking angle 0.

(a) is with scatterers. (b) is without scatterers.
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scatterers lowers the brightness temperature. Higher real part of permittivity of the
scatterers results in more scattering and less penetration of waves into the medium.
This means less power will be absorbed. As a result, we have a higher albedo and
thus a lower brightness temperature. This is true for both the V and H polarization

cases.

The above calculations are repeated with the same set of parameters except
for the permittivity of the scatterers. This time, the real part of ¢, is kept constant
at 10.0¢; and e: is varied from 5.0¢q to 50.0¢o. The numerical results are shown in
Figure 5.3. As we increase the imaginary part of the permittivity of the scatterers,
more power will be absorbed and thus the ratio of the scattering loss to the total
extinction loss (low albedo) decreases. This results in the increase of brightness
temperature. However, as we increase €, further, the brightness temperature starts
to drop. This is due to the fact that scattering coeflicients of Rayleigh scattering
for small particles (compared to the wavelength) are proportional to the dielectric
constant of the scatterers, both the real and imaginary part. Therefore, as we
increase e'; to a value comparable to e,, the scattering effect contributed by e:
dominates over its absorption effect and the albedo increases. This then lowers the

brightness temperature. Again, this is true for both the V and H polarization cases.

The effects of rough interfaces on the brightness temperature are examined by
calculating the following cases for a two layer medium sea ice structure. A 4.5%
fractional volume of vertically aligned ellipsoidal scatterers with dimension a=0.1
cm, 5=0.015 cm and ¢=0.050 cm are embedded within the pure ice background

(6 = [3.15 + 20.0017]eo) with the thickness of 5.0 cm. The scatterers are brine
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Figure 5.4: Brightness temperature as a function of looking angle for rough surface

at top boundary.

inclusions with permittivity ¢, = [46.4 + i45.5)¢o. The frequency is 5 GHz and the
physical temperature is assumed to be uniform (265 K). The permittivity of the sea
water in the bottom half space is [63.4 + 239.1]¢ at this frequency. The three cases
run are (1) only the top boundary is rough, (2) only the bottom boundary is rough
and (3) both the top and bottom boundaries are rough. The roughness parameters

chosen are o = 0.120 cm and correlation length = 0.800 cm.

Figures 5.4, 5.5 and 5.6 present the numerical results computed for the three

cases compared with those of the flat boundary case. The effect of the rough bound-
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Figure 5.5: Brightness temperature as a function of looking angle for rough surface

at bottom boundary.

aries is shown by plotting the brightness temperature as a function of observation
angle for the vertical and horizontal polarizations. Figures 5.4 (a), (b) and (c) cor-
responds to Cases 1, 2 and 3 mentioned above where (v,V) representing the vertical
polarization and (h,H) representing the horizontal polarization. Generally, there is
an increase of brightness temperature due to the rough surface effects. Comparison
of results show that the increase in the brightness temperature (T5,,7}%) is mostly
due to the reflection of the bottom rough boundary which enhances the absorption

effects of the scatterers and background medium.
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Three Layer Configuration
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Figure 5.7: A Three Layer Configuration.
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A three layer configuration is shown in Figure 5.7. The orientation, shape,
dimension and fractional volume of the scatterers for regions 1 and 2 are the same
as those in the previous case. The rough surface parameters are 0;=0.048 cm,
[;=0.669 cm, 03=0.048 cm, /3=1.600 cm. Since the background media in regions 1
and 2 are the same, o, and [; can be left out as there will be total transmission and
no reflection across the region 1 - region 2 interface. For Case 1, brine inclusions
are assumed to be embedded in regions 1 and 2, whereas for Case 2, air bubbles
will replace brine inclusions in region 1. Case 1 is modelled to represent the first
year sea ice, and Case 2 represents multiyear ice. The dielectric constant of the air
bubbles is the same as that of the free space and €, = [46.4 +145.5]¢; is assumed for
the brine inclusions at 5 GHz. The thickness of regions 1 and 2 is chosen as 10 cm.
The results are illustrated in Figures 5.8 and 5.9. Since the air bubbles in Case 2
are not lossy and contribute only to the volume scattering effect, albedo for Case 2
should be higher than that of Case 1. Thus, brightness temperatures calculated for
Case 2 should be lower than those of Case 1. This trend is clearly shown in Figures

5.8 and 5.9.

Numerical calculations for a multilayer sea ice structure were carried out to
simulate the change in the brightness temperature as a function of the sea ice
thickness for the frequency of 1 GHz. The fractional volume of the vertically aligned
brine inclusions for each layer is obtained by assuming a parabolic salinity profile
and a linear temperature profile [71]. The size of the ellipsoidal brine inclusions was
kept the same for each layer. The permittivity of the brine inclusions for each layer

was calculated from Debye equations [27]. The number of the layers was chosen
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Figure 5.8: Brightness temperature as a function of looking angle for vertical po-

larization. Case 1: regions 1 and 2 contain brine inclusions, Case 2: region 1: air

bubbles; region 2: brine inclusions
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Figure 5.10: Brightness temperature as a function of sea ice thickness.

to be 20. The brightness temperatures for the vertical and horizontal polarizations
are plotted in Figure 5.10 for § = 52°. The results illustrate the increase in the
brightness temperature with the increase in the sea ice thickness. The rate of

increase depends on the thickness of sea ice as well as the absorption and scattering

characteristics of sea ice.
5.4 Summary

This chapter focused on the modeling for passive remote sensing of sea ice. A brief
introduction to different passive sensor systems was followed by a discussion. on

the solution methods available to compute numerical results for brightness tem-
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peratures of a sea ice structure. The bistatic scattering coefficients calculated in
previous chapters are related to the emissivity through the principles of conserva-
tion of energy (e = 1 - r, where e is emissivity and r is reflectivity) and reciprocity.
The theoretical results for different configurations were presented and the effects
of different sea ice physical parameters on the brightness temperature were investi-
gated. For a two layer sea ice structure with planar interfaces, the contribution of
volume scattering for lossy scatterers to the brightness temperature was illustrated.
The effects of different permittivity of scatterers on brightness temperature were
also presented. The increase of the real part of the permittivity of the scatterers
led to the decrease in the brightness temperature, whereas the trend of brightness
temperature for increasing ¢, is dependent on the ratio of (e, /e,). The effects of
bottom rough interface on brightness temperature were larger than that of the top
rough interface. The two layer configuration was later extended to a multilayer
structure when the effect of different types of scatterers on the brightness tempera-
ture was examined. Generally, bounded regions with air pockets embedded within
showed lower brightness temperature than the regions which contained brine inclu-
sions. Therefore, multiyear sea ice which has more air pockets than first year sea

ice should give lower brightness temperatures.
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Chapter 6

Summary

In this chapter, material covered in the previous chapters are briefly reviewed, and
the results which are important will be pointed out. This is then followed by some

suggestions for future works.

In Chapter 1, a brief discussion of the background research for this thesis was
presented. A survey of the available theoretical methods to solve the problem was
also included. This was then followed by a study of sea ice physical structure. A
multilayer sea ice configuration was later proposed to imitate real sea ice structure.

A concise description of the thesis was also included.

Chapter 2 started with the definition of Stokes vector, Mueller matrix, bistatic
scattering coeflicients and brightness temperatures. The configuration of a two layer
sea ice model with flat interfaces was also included. The chapter then proceeded to
the elaboration of the radiative transfer theory. The phase matrix and extinction
matrix were defined and briefly discussed. The boundary condition issue was then
highlighted before a step by step derivation of the numerical method used was pre-

sented. The calculated bistatic scattering coeflicients for different cases were shown.

117
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It was found that generally, the co-polarized scattering returns are higher than the
cross-polarized ones in the forward and backward direction. However, due to the
orientation of scattering pattern of the scatterers in the medium, cross-polarized
terms become dominant over the co-polarized returns at ¢ = 90°. Later in the
chapter, several cases were run for different ¢, (imaginary part of the permittivity
of the scatterers). It was shown that though there is an inverse relation between the
lossy property of the scatterers and the bistatic returns, a more appropriate indica-
tor is the albedo which is the ratio of scattering loss over the total extinction loss.
A study on the effects of different shape of the scatterer was also performed. In the
forward and backward directions, generally, there is little difference in co-polarized
scattering returns for different shapes. For cross-polarized returns, the returns of
spherical scatterers and spheroids are only due to multiple scattering, and thus are

lower than those of ellipsoids.

The theoretical model in Chapter 2 was then extended to a two layer random
medium with rough interfaces in Chapter 3. The surface profile function and the
spatial correlation of this function were assumed to be Gaussian distributed and
the rough surface could be characterized by the surface rms height and correlation
length. The rough surface effect was incorporated by modifying the boundary con-
ditions which were elaborated in the chapter. For rough interfaces, the reflection
and transmission matrices have both the coherent and incoherent components. The
appropriate modification in the numerical calculation process was also presented.
The theoretical results showed that the rough surface effect will add on to the

co-polarized scattering returns in both forward and backward directions and the
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increase in the returns is proportional to the scale of roughness. Since the SPM
method applied takes into account only the zeroth and first order solution, there
is no change in the cross-polarized returns for different scale of roughness of the

interfaces.

Chapter 4 focused on the further extension of the two layer model to multi-
layer model. A generalized configuration for the multilayer random medium was
illustrated. The effective boundary condition concept was implemented. This ap-
proach not only simplifies the computation process but also reduces the complexity
of the problem by dealing with two layer problem at a time. For theoretical results,
a comparison between two cases which imitate the first year and multilayer sea ice
was carried out. It was found out that the case which has air bubbles embedded
within the background medium (first year sea ice) has higher scattering returns
than the other case which contains only brine inclusions. This was due to the fact

that air bubbles are not lossy and mainly contribute to the scattering effect.

In Chapter 5, a general introduction to passive remote sensing was presented.
This was followed by the description of different passive measurement methods.
Numerical methods available to solve radiative transfer equations for passive case
were examined, and the active approach one was selected because numerical pro-
cedures and data structure implemented in previous chapters can be applied too.
The plots for brightness temperature for the vertical polarization (TM) and the
horizontal polarization (TE) resemble the up side down plots of the reflectivity for
both polarizations. The contribution of volume scattering by the scatterers was

shown to be important. The analysis on the effects of permittivity of the scatterers
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on brightness temperature showed that lossless scatterers which have higher per-
mittivity generally scatter more and thus give lower brightness temperature. On
the other hand, for lossy scatterers, scattering effects will be dominant over the
attenuation effects when the imaginary part of the permittivity is comparable or
larger than the real part. It was also shown that the brightness temperature for a
rough interface will be higher than that of planar interface. Lastly, a three layer
case was run to show that for a layered medium with air pockets, the brightness
temperature will be lower than the one which has brine inclusions embedded within
it. This means that for thermal radiation, multilayer sea ice will be colder than first

year sea ice.

In this thesis, a multilayer theoretical model has been developed to enhance
our understanding of the sea ice scattering problem for both the active and passive
cases. This model can be further improved to represent more accurately the real
sea ice physical structure. One of the modifications which can be implemented is
the combination of the multilayer sea ice structure and a top layer of snow using
the dense medium radiative transfer equations. The addition of the second-order
SPM solution to the rough surface scattering effects is also suggested. This forward
model can also be applied to the sea ice inversion problem to reconstruct sea ice
physical parameters. The bistatic scattering coefficients and brightness tempera-
tures calculated are particularly important in the attempt to solve for the inversion
problem. More detailed ground truth such as the scatterer type, orientation, shape,
permittivity and the distribution as a function of depth and a more accurate surface

profile should be obtained. This will eventually make full use of the multilayer model
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developed and the results from data comparison can further suggest improvements

to the existing model.
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Appendix A

Reflection and Transmission
Matrices

A.1 Planar Surface

For a planar surface, the coherent reflection matrix at the interface a — 3 is given

below [57]:

|Sapl? 0 0 0

Fcoayv_| 0 [|Rapl 0 0
Re®a)=| o 0 Re(SwR) —Im(Swkiy) | A1

0 0 Im(saﬂR;g) Re (Sa.BR;ﬁ)
The coherent transmission matrix is
[Yaﬁlz 0 0 0
? ¢ 0 eb 0 IXaﬁlz 0 0 (A 2)
asll) =20 g 0 g;:-gae(ya,,)(;ﬁ) ——-;25 Im (YapX34) '
0 0 SBIm(YaeXl) % Re(YepXis)
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where
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kazi —k z1
R,z = E—ﬁ =Xop—1 (A.3)
k;kazi - kikﬁzi
kgkazi + kgkﬁzi

Sup — Y51 (A.4)

Sap and Y, g are reflection and transmission coeflicients for vertically polarized waves

respectively and R, and X,g are reflection and transmission coefficients for hori-

zontally polarized waves respectively. For planar surface, the incoherent reflection

and transmission matrices are zero.

A.2 Slightly Rough Surface

A.2.1 Coherent Reflection and Transmission Matrices

This section is adapted from [45]. The coherent matrix is again given by equation

(A.1) and (A.2) where R,g, Sag, Xop and Yug are [57]:

Rop

Rho + kazi

Ruo_

(k5 — k2)

oo 1
272 _dn2 o p2g2
T kazi)za ) /; k, dk, exp [ 4(k,, + kj;)l ]

. {[ (kf —k2)  kasks. N k,az,-] Iz)

(kaz + kﬁz) kazkﬂz + kﬁ

kg —ki K ( Io(z) — II_S”_))} (A.5)

: B kaz + kﬂz kazkﬁz + k,z,

(k3 — k2) 2122 [k dk Los s o
" (k2hpes + Bkar)? = ° /o p dkp exp | =2 (k, + k)

kok,; k3 — k2 k2,
'{k"“ (I"(“’) " ks + k?,I‘(m)) " s R B3 07
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SR K B (L k)
koz + kﬁz ké kazkﬁz -+ kg T

k% — k2 k2k2. 1
B a ppi o
R+ g ok, + K2 R2 I"(m)} (49

(kg — ka)

oo 1
mﬂzlzfn kp dkp exXp [_Z(kz + ki)lz]

Xaﬂ = 1+ Rho + kazi

{10 (80) = 225 - ke = o) )} (4

s = Kap) oo 170 Lk 1 k2
(k2kgoi + k2kos:)? BT L [, e @Fp €XP “‘4( » T ko)

Yaﬂ = 1+ Rvo + koezi

koky:
(k2kg, + kZka,)

1
{3 Whas — Kb o) — (0~ ) Io(e)

(kg B k2) kzkazikﬂzi .[1(113)
8 T e g il k2 — k2)——t Io(z) — )
(kaz + kﬁz) B8 O(x) +( B a)(kgkﬁz + k[zikaz) 0(.’21) 7
kaz + k,Bz
R B, s~ ke .

where z = %kpkpilz, and Iy and I; are the zeroth- and first-order modified Bessel
functions, respectively. RMS height of the surface is denoted as o and [ is the

correlation length for a Gaussian correlation function

A.2.2 Incoherent Reflection and Transmission Matrices

The incoherent matrices for the first order SPM solution [45,57] are given by:

(152,17 (1)
=i (172, (1£2P)
¢ = |2 Re((f5,017) 2 Re((Fiufia")

2 Im ({5, f7")) 2 Im ((F5n f77))
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((f:;v o .)) _Im(( :;vf‘:h‘))
R’e((fhv i) ~Im (£, fin"))
Re((f:;v +fh hv )) Im((f:;v e — f:h I:v*>)
Im((-f;v 'r ‘+ :;h }:'u*)) ((f;v h . fh hv ))

(| foul®) (I fonl®)
_ (I fanl? ) (I fenl?)
@ = | 2Re((fLf07) 2 Re((fiufhn?)

2 Im((f{, fi,) 2 Im({finfin™))

Re((ffm . *)) —Im ((f%, fin"))
Re ((fh f17) “Im((f )
Re ((fi,fin" +f.fh ) —Im (o fin” = fonfro')
Im ((fi, fin" + FinfhT))  Re((fofin” — Finfia™))

(A.9)

-,

Ll

(A.10)

where

(fz;yqflw‘> = (g;q) : (gzw)‘ v=r,t and p,q,u,w = h,v (A'll)

and

£, (k3 — k2) 2,3 . )
" = m" . k A 0;
a5, (6:,0:) {(kikﬁjz n kzkaz‘)(kﬁ,kgf n kf;kazi) [ka 3 5in 6, sin

—k2kgskpsi cos(4, — :)] } (A.12)

, (B} — B2)kaks, o |
g = ¢ (B 8) {(kgk,g,+kgk,,,)(ka,;+kp,;)}sm(¢’_¢‘) (A-13)

. ) (k2 — 2)kokps: o
9w = C-m (99 6;) {(kgkpzi B Ret) (b kﬂz)} sin(¢; — ¢;) (A.14)

(d r 4 (k; _ ki)

} cos(p, — ¢:) (A.15)
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and
9o = ™ (6:,6:) {(kgkﬁz + S;i;)]?:;);;ff*F k3kosi) [kakgs sin 0, sin 6;
—kazkpzi cos(¢ — i)} (A.16)
g = —C-mi(6,0) { e kﬂ(f’k;kk))("’,fk o } sin(ge—¢) (A7)
gho = C-m'(6,6;) {(kgk&% k_f;/]:i)jz:f:i+ o) } sin(¢; — &) (A.18)
ot = mi000) { G cos(s— g (A.19)
with

2 k*o°l* cos 8, cos® 0; ) C29.\.2 J2
l T(es,ei)[ a e 1/4(sin® 6, +sin® 6;)kZ |

.61/2(sin9, sin 8;)k2 1® cos(d,—oi) (A20)

212,272 2.
Nakaokgo?l® cos 6; cos 616—1/4(kzsin29¢+k§sin20;)12

|mt(8.,6:)]" =
) e T

_el/Z(Sineg'sinﬂg)kakﬁ 12 cos(de—:) (AZI)

where 7 is the medium impedance and ( = 1 when the incident wave propagates
in the downward direction (I=201, ?01, ;élz, ---) and { = —1 when the incident wave

propagates in the upward direction (ﬁw, T1o, -+ )).

Finally, the Fourier series for these expressions can easily be obtained by using



128 APPENDIX A. REFLECTION AND TRANSMISSION MATRICES

the following relations:

© 1
cos(mz) - "7 = Z1+5no

n=0

[men(R) + Inyn(R)] - cos(nz) (A.22)

sin(mz) - ef** = i [Im-n(R) — Inyn(R)] - sin(nz) (A.23)

n=0

where I,1,(R) is the (m £ n)-th order modified Bessel function of argument R.



Appendix B

Phase and Extinction Matrices

B.1 Scattering Matrix for a Single Ellipsoid

Appendix B is adapted from [45]. The scattering matrix for a single ellipsoidal
scatterer with prescribed orientation e, §, v and characterized by a permittivity e,
and semi-major axis lengths a, b and c, is given by [45,57]: The scattering matrix

for a single ellipsoidal scatterer can be described as [45,57)

= fm; fvh
F = B.1
[ fro  fn (B-1)
where
£ _I_cf_v €& —€ ((Bo-2p)(E-G:) | (Bs Do) -G) | (Bs-2)(%- ) (B.2)
PL 4% € 14 v4A4, 1+ v44, 14 vq4A, )

with p, ¢ = h or v, ¢, is the permittivity of the scatterer, a,8 and 7 are the Eulerian

angles of the scatterer and a,b and c are the semi-ma jor axis lengths of an ellipsoid.

The propagation (k) and polarization (v,h) vectors are shown below:
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k, = sin#b, cos ¢, + sin b, sin ¢,§ + cos 8,2 (B.3)
v, = cosb,cos @,z + cosb,sin @,y _ sin 8,2 (B4)
hy, = —sing,&+ cos¢,j (B.5)
k; = sin®,cos ¢i& + sin 6; sin ¢;§ + cos 6;2 ' (B.6)
¥; = cosb;cosd;z + cos;sin ¢;§ — sin ;2 (B.7)
h; = —sin¢;& + cosii (B.8)
e = = obe (B.9)
3
va = ‘-’-;f & — c (B.10)
A = /0 ~ ds (B.11)

(s + 8)y/(s + a?)(s + B?)(s + )
witht=a, bor c.

The coordinate system of the ellipsoid (&5, ¥, 25) can be related to the global

coordinate system (Z, §, 2) in the following way [45,57]:

a1 Q12 Qi3 Zp
=|an aa a3 |-| B (B.12)
a3y as2 Gass Zy

oe——1
N QD
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with

a;; = cosycosfcosa—sinysina (B.13)
a;2 = cosycosfBsina +sinycosa (B.14)
a;3 = —cosysinf (B.15)
a;; = —sinycosfcosa — cosysina (B.16)
a3 = —sinycosfsina + cosycosa (B.17)
a3 = sinysinf (B.18)
az; = sinfcosa (B.19)
a3z = sinfsina (B.20)
azgs = cosf (B.21)

B.2 Phase Matrix

B.2.1 Vertically Aligned Ellipsoids

In this subsection the phase matrix for a set of ellipsoids of dimension a = a,, b = b,
and ¢ = c,, with their semi-major axis c, parallel to the Z-axis and uniformly dis-

tributed in the azimuthal direction, is given. The joint probability density function
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is given by

p(arb,c,a,8,7) = 8(a - a,)6(b — b)s(c — )6(B)6(r)-  (B22)

Then the phase matrix can be calculated from (B.2) and is given by

1

=TTe. i (P™ cos(m(g, — ¢:)) + P sin(m(g, — ¢:))) (B.23)

m=0

?(037¢a;0i, ¢l)

and

oo

(B.24)

S

(o)
oo oo

S

Oc
Psa

0
=1lc 0 0
P c c B.25

0 P:is P;4 ( )

0 0 pg3 Pcltft

pii i O
p2_ | P P O

S (B.26)

oo oo

Pis i

==1s

P 0
P:;l
Psi

(B.27)
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where

Oc
P11y

Oc
P12
Oc
Y231
Oc
P22

Oc
Pyq

1c
P11
1lc
P33
1c
P34

1c
Pas

1lc
P4y

2c
P11

0 0 ng 0
=2s 0 0 P S |
P = 23

pii P 0 0

0 0 0 O

(1
lg|®n,m i(TAZ + Tgs) cos® 8, cos® 8; + 2 T sin’ 0, sin? 6;

r1
)q]znaw §(TA2 + Tg2) cos? 0,}

1
L2

‘QIZ”O"T

(TA?. + TBz) COS2 GI:I

Nl
lg/’nom §(TA2 + TBZ)}

lq|*nom [Tappa cos 8, cos 0]

1
|q|2no7r ['é(TBCCB + TCAAC) COSs 0, sin 0, Cos 9.; sin 61}
1
lg|*nom [5 Re(Tca + Tcp)sin 6, sin 6,]
1
~|q|*rom {5 Im(Tca + Tcp)sin b, sin 9,-]

1
}q|2n07r [5 Im (Tca + Teop) sin 8, sin 01-]

1
lg|*n,m [5 Re(Tca + Tcp)sin b, sin 01]

1
lq|*nom {g(TAz + Tz + TapBa) cos® 6, cos’ 01']
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(B.28)

(B.29)

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

(B.37)

(B.38)

(B.39)
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with

2¢
Pys

2¢
P2
2c
P22

2¢
P33

1s
P13
1s
P14
1s
P33

1s
Py

23
P13
23
P23
2s
P33

2s
P3,
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1
lqPngr [g(TAz + Tsa + Tappa) cos® o,J
1
““Jizno"" [‘8‘(TA2 + Ty + TABBA) cos? 0,}
1
lqlzno"r (g(TAZ + TBz + TABBA)}

1
lq*n,m [Z(TAZ + T2 + Tappa) cos b, cos 9iJ

1
lq|*n,m [5 Re(Tca + Tcp) cos 8, sin 8, sin Gi]
2 1 . .
~lq[*n,m [5 Im (Tca + Teop) cos 8, sin 0, sin Hi]
—lg/*nom [Re(Toa + Tcp)sin b, cos §; sin 6;]

~lq*n,m [(Im(Tcs + Tcp)sin 8, cos 6; sin 6;]

1
|q{2no7r [g(TAz + TB2 + TABBA) (:OS2 0_, CcOs 9,]
1
_’qlzno"r [’8“(TA2 + TBz + TABEA) cos 0;}
1
_IQIzTLaﬂ' [Z(TM + TBz -+ TABBA) CcOs 9, COSZ 01]

1
lg’nom [Z(TAZ + TBs + Tappa) cos 9:]

k? (€5 —€)
=& e

(B.40)
(B.41)
(B.42)

(B.43)

(B.44)

(B.45)

(B.46)

(B.47)

(B.48)
(B.49)
(B.50)

(B.51)

(B.52)
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and

1 2
Tpy = |77—r
Az 1+ v44,
1 2
Tgy = |——r
B2 1+ vgAs
1 2
Tor = |——f
cz 1 —{— vdAc
T = . 1 b 1
ABBA = (14 vada) (1 +vads)* (1 + vads) (1 + vgd,)*
T = . o :
BCCB — (1 +UdAb) (1 +vdAc)* (]_ +vdAc) (1 +UdAb)t
T, = : 1 t :
casc = Ay vaAc) (14 vgda)* (14 vada) (1 + vgA.)*
T = ! :
T (1 Hvad) (1 + vada)
1 1
Tecp =

(1 +vaA) (1 + vadp)*

where v,, v4 and A, are given by (B.9), (B.10) and (B.11), respectively.

B.2.2 Randomly Oriented Ellipsoids

135

(B.53)

(B.54)

(B.55)

(B.56)

(B.57)

(B.58)

(B.59)

(B.60)

In this subsection the phase matrix for a set of ellipsoids of dimension a,, b, and

Co, with random orientation distribution is given. The joint probability density

function is given by

isinﬂwl_
2r 2 2w

p(a,, b) C, Q, ﬁa7) = 5(0' - ao)é(b - 60)6(C - CO)

(B.61)
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The phase matrix can be calculated from (B.2) and is given by

1

?(Gud’s;eia(ﬁi) = 1+6

io (?mc cos(m(d, — ¢:)) +P sin(m(¢, — ¢1))) (B.62)

and

Oc Oc
P11 P12
Oc Oc
=—0c¢ p p
P 21 22

[ )

(B.63)

=]
o

[l e B eo B e}
(==

Oc
Paq

(B.64)

I
-
o
o
[~ e R e R an]
o
[ e I e ]

Pz‘{ pis 0
¢ 2
fzc _{ P2 P O

(B.65)

(e R e R o B e

(B.66)

0 0 pl
=2s 0 0 pz"
P 23
pii p3 O

0 0 0

(B.67)

[ R e i cun i o)
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where
¥ = |q|Pn.m iT - lT ) cos? 8, cos® 8; + (ET + —2—T )sin® 8, sin® 6;
P11 q o 15 1 30 2 s ) 5 1 15 2 s b
2 1 . 2 2 29 22
+(1—5T1 - —1——5—T2)(sm 8, cos® 8; 4+ cos* 8§, sin 0,-)] (B.68)
2 = |q|*n.m [ iT -+ —1—T )0052 0, + (~2—T - iTg)sin2 0 ] (B.69)
Prz T \157t T30 TR ’ '
% = |q|’n,m - iT + iT ) cos® 8; + (ET - —1——T2)sin2 0-] (B.70)
= S TR T T : '
Oc 2 [ 4 1
P2 = lal'nor ~‘1“5’T1 + §6T2 (B.71)
1
Py = |q|’n.m §T2 cos b, cos(),-] (B.72)
lc 2 [ 4 1 . .
i = lg)’norm (—1—5T1 + ETZ) cos 8, sin 8, cos 6; sin 0; (B.73)
pis = lqf’n.m '(le + lTz)sin 8, sin Hi] (B.74)
33 " 1'15 10
1
P = |g/*n.m ng sin 6, sinﬂ,] (B.75)
p¥ = |q|’n.m [ iT1 + ~1—T2)cosz 8, cos® 6,} (B.76)
11 ° 15 20
2¢ 2 1 1 2
pis = —lql°nem i—ng + EBTZ) cos” @, (B.77)
2c 2 1 1 2 B 78
Py = —lg*now (1—5T1 +2—0T2)cos 0; (B.78)

. 1 1
P%z = Mznoﬂ' [ 'ngl + %Tz)] (B.79)
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2 1

i = |q/*n.w [(E 1+ ETz)cos 0, cos Gi]
o= lal® [(2T+1T) a'esio]

= —_— = n .
Pi3 q| Nom 1571 T 1012 cos B, sin @, ;
1s 2 4 1 . .
p3si = —|q|*nom {(-=T1 + -T3)sin b, cos §; sin 0;

15 5
s = lg’nem [(*}—T + iT ) cos® 8 cose-]
Pis (4 15 1 20 2 ] 1
2s 2 ]- 1
P = —lgl'nom ETI +'2'6T2)0050i
Py = —l‘1|2n T [ —2-T + -1——T2)c059 cos? 0~]
* M AR T : :
2s 2 2 ].
Py = lglnom (1_5T1 +E‘T2)C050,
with
k* (e;—¢€)
7= 47rv° €
and

Ty = Tap+Tps+Te2

T, = Tappa+ Tcc + Tcaac

(B.80)

(B.81)

(B.82)

(B.83)
(B.84)
(B.85)

(B.86)

(B.87)

(B.88)

(B.89)

where Tua, T2, To2, TuBpa, TBocs and Toaac are respectively given by (B.53)-

(B.55) and (B.56)-(B.58).
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B.3 Extinction Matrix

B.3.1 Vetically Aligned Ellipsoids

In this section, the absorbtion and scattering loss matrices due to vertically aligned
ellipsoidal scatterers are presented. The joint probability density function for ori-

entation and size distribution is given by (B.22).

The absorption matrix due to the scatterers is calculated using the extinction

theorem and is given by:

Kasyy, O 0 0
= 0 Kooy O 0

Kas = 0 0 Kooy Kasss (B.90)
0 0 Kasyy Kases
where
4mtn.g 1 .2
Koy = Im { : [5 cos? 8 (Ty + Ts) +sin® 0 TC]} (B.91)
4rn,qg 1
Kasyy = Im{ s (TA+TB)} (B.92)
Kasyy = fi“_l;jﬂﬁ (B.93)
Kasyy = HRasyy (B94)
4mn,g . , . [1
Kasyy — Re { A sin“ @ [5 (TA + TB) - Tc}} (B95)

K'aa“ = —Kggy, (B.96)
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and

1
Ty = m (B.97)
Tg = ! (B 98)
B = 1+ vgA4, e
Ty = — (B.99)
c - 1 + 'UdAc '

where n, is the scatterer density and ¢, vq and A; are given by equations (B.52),

(B.10) and (B.11), respectively.

The scattering loss matrix is

4 n,m|q|? )

Ky = __3|q|_ {cos2 0 (Taz + Tps) + 2sin* 0 Tcz} (B.100)
4 n,m|ql?

Ksph = -—3—Iq-L (TAg +T32) (B.].O].)

where T4, T2 and T¢, are given by equations (B.53- B.55).
B.3.2 Randomly Oriented Ellipsoids

In this section, the absorbtion and scattering loss matrices due to randomly orien-
tated ellipsoidal scatterers are obtained. The joint probability density function for

orientation and size distribution is given by (B.61).

The absorption matrix due to the scatterers is calculated using the extinction
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theorem and is given by

K'asu 0 0 0
=’ 0 Kasypz O 0

e P (B.102)
0 0 0 Kases
where
ks, = Im {4”:” % (T + Ts + Tc)} (B.103)
Kasy, = Kasy (B.104)
Kassy = Kaspy (B.105)
Kasyy = Kasyy | (B.106)

T4, Tg and T are given by equations (B.97-B.99), n, is the scatterer density and

¢, vq and A; are given by equations (B.52), (B.10) and (B.11), respectively.

The scattering loss matrix is

Kew = mnorlq® = T (B.107)

Ksh = Ko (B.108)

where T is given by equation (B.88).
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Appendix C

Single Dipole Scattering

C.1 Radiation Pattern of a Dipole

The electromagnetic scattering from a scatterer which is much smaller than a wave-
length is characterized as Rayleigh scattering. A plane wave polarized in the 2
direction is incident upon a spherical scatterer with permittivity ¢, and permeabil-

ity p,, and radius a. The scattered electric and magnetic fields are given by

€, — €
€, + 2¢

Hy = \/EE, (C.2)

The radiation pattern has the same pattern as that of the Hertzian dipole. Figure

Es = —( )k2a? Eg—e™*" sin 0 (C.1)
T

C.1 shows the radiation field pattern.
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Figure C.1: Radiation field pattern for a scatterer (ka << 1).



C.2. BISTATIC SCATTERING PATTERN 145

The scattering cross section is

P, _ivz €, — €

1B T 3 V¢, + 2¢
2 9

T, = )2k4a® (C.3)

C.2 Bistatic Scattering Pattern

If we move around the scatterer, the received E field will vary depending on the
observation angle and the polarization of the receiver. Imagine that the induced
dipole axis of a scatterer will be parallel to the incident E field; for an incident angle
of §; = 0°, the dipole will be orientated horizontally and for 8; = 30°, the dipole
will make a 60° degree elevation angle with the z axis. By transforming the local
coordinates to the global coordinates and also taking into account the orientation
of the scatterer, we can plot the normalized scattering returns as a function of

azimuthal angle ¢ as shown in Figure C.2.

As we can see, the HH, VH and HV returns are symmetrical about ¢ = 90°,
but is not true for the VV case. We observed the same trend in the numerical

calculations in Chapter 2.
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Figure C.2: Scattering for a single scatterer (ka << 1).
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