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ABSTRACT

Forest ecosystems represent a significant portion of Earth's vegetation cover.
While playing an important role in the global carbon cycle, the areal extent of forests,
the rate of global deforestation and the amount of forest biomass remain key
unknown parameters in understanding atmospheric carbon dioxide flux from these
biomes. Spaceborne microwave imaging systems have been proposed as a means of
assessing biophysical parameters of vegetation canopies. Such systems can monitor
regions of the globe where environmental conditions render optical techniques
ineffective. Scattering models that accurately simulate forest canopy backscatter
allow measured radar data to be coupled to canopy parameters and significantly aid in
applying remotely sensed data to understanding canopy physiological state.

The goal of this work is to develop a robust microwave scattering model for
forested areas. A tree canopy is characterized as an inhomogeneous medium
comprised of discrete scatterers that represent the trunks, branches, stems, needles
and leaves. Radiative transfer theory is applied to derive a first-order fully-
polarimetric solution for backscatter. The fundamental contribution of this thesis is
the development of a model that accounts for backscatter from forest canopies that
have discontinuous crown layer geometries. By treating parameters describing the
size, shape and location of individual tree crowns as random variables, a statistical
approach is taken that defines the expected value of canopy backscatter.

Application of the radiative transfer equations to the discontinuous canopy
geometry is reviewed. The application of random variables defining the crown
geometry and the incorporation of these variables into the radiative transfer solution is
discussed. The resulting model is valid for microwave frequencies over a wide range

of radar incidence angles. Model simulations are compared to results derived with the
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continuous canopy model. The effect of the open crown geometry is found to be
most significant at shallow incidence angles and at high frequencies for trees with
well-developed crowns. The model successfully couples canopy biophysical
parameters to radar backscatter measurements. When compared to measured radar
data, variations in backscatter that occur because of changing environmental

conditions that cause changes in canopy water status are accurately predicted.
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CHAPTERI

INTRODUCTION

Microwave radar has been used in remote sensing applications since the early
1960s and is becoming a major tool for observing Earth’s biosphere (Ulaby et al.,[70];
Ulaby and Elachi, [62]). By exploiting their ability to provide an independent source
of illumination and their capability to penetrate clouds, space-borne microwave imag-
ing systems can provide long and short term terrain monitoring in areas of the globe
where environmental conditions render optical techniques ineffective. Microwave re-
mote sensing has proven useful in studying properties of the ocean surface, polar ice,
land cover, and in some cases subsurface terrain features.

Another advantageous property of microwaves is their ability to penetrate more
deeply into vegetation canopies than optical waves. The extent of this penetration
depends on several factors, including canopy moisture content, radar frequency and
radar incidence angle. In general, many canopy characteristics strongly influence
the radar signature. Along with the moisture content of the vegetation itself, these
include such properties as soil moisture content, total vegetation biomass, physical
location and structure of the ;/egetation constituents, ground surface state (bare soil,
snow cover, vegetation cover, flooded) and canopy phenological and biophysical state.

Forest ecosystems represent a significant portion of Earth’s vegetation cover.
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While playing an important role in the global carbon cycle, the areal extent of forests,
the rate of global deforestation and the amount of biomass in existing forests remain
key unknown parameters in understanding atmospheric carbon dioxide flux from
these biomes. Because of their aforementioned capabilities, microwave imaging sys-
tems have been proposed as a means of assessing these parameters. The development
of scattering models that accurately simulate backscatter from such canopies allows
measured data to be mathematically coupled to canopy parameters and significantly
aids in understanding the physiological state of the canopy.

The goal of this work is to develop a robust microwave scattering model for
forested areas. A tree canopy may be characterized as an inhomogeneous medium
comprised of discrete scatterers that represent the trunks, branches, stems, needles
and leaves. Most models for radar scattering from vegetation treat the canopy as a
uniform layer of some specified height containing a random distribution of scatterers
(Attema and Ulaby,[2]; Eom and Fung,[19]; Fung and Ulaby, [22]; Karam and Fung,
[31]; Lang and Sidhu, [35]; Richards et al., [48]; Tsang and Kong, [59]). Models
based on the field approach (Fung and Ulaby,[22]; Tsang and Kong,[59]) account for
the inhomogeneity of the medium through the correlation function characterizing the
fluctuating component of the dielectric constant of the medium whereas models based
on the radiative transfer intensity approach (Durden et al.,[17]; Eom and Fung,[19];
Tsang et al.,[60]; Ulaby et al.,[70]) account for the inhomogeneity by averaging the
Stokes matrix over the statistical distributions characterizing the sizes, shapes, and
orientations of the canopy elements. In general, the field approach is appropriate
for weakly scattering media in which the ratio of the fluctuating component of the
dielectric constant to the mean value for the medium is small (Lee and Kong, [36];

Ulaby et al.,[70]). For a medium such as vegetation in which the individual scatterers



have discrete configurations and have dielectric constants that are much larger than
that of the background (air), the radiative transfer approach is more appropriate.

A first-order radiative transfer model for simulating backscatter from tree canopies
has been under development at The University of Michigan Radiation Laboratory
for some time (Ulaby et al., [67], [68],(69]). This model, known as the Michigan Mi-
crowave Canopy Scattering (MIMICS) model, is fully polarimetric and is designed to
function for a frequency range extending from 0.5 to 10 GHz and over a wide range
of incidence angles. Several variations of MIMICS have been under development.
The first-generation model, MIMICS I, models tree canopies that have continuous
or closed crown layer geometries. The second generation model, MIMICS II, models
canopies with discontinuous or open crown layer geometries.

The fundamental contribution of this thesis is the introduction of MIMICS II. To
this end, Chapter II begins with a presentation of the definitions used in describing
tree canopy parameters. Sizes and orientations of the canopy elements are defined in
terms of random variables with specified probability density functions (PDFs). Brief
reviews of the fundamentals of radiative transfer theory and radar polarimetry are
also presented.

Chapter III presents the development of the closed-crown canopy model. The
radiative transfer equations are applied to the continuous canopy geometry and an
iterative technique is used to find for the first-order solution. A technique is then
introduced by which ground vegetation or snow cover may be modeled.

Chapter IV presents the development of the open-crown canopy model. In de-
veloping MIMICS 11, the same radiative transfer approach that was applied in de-
veloping MIMICS 1 is used except that now the scattering and extinction properties

of the crown layer are specified in a statistical fashion, in terms of random variables



that depend on the location, size and shape of individual tree crowns. The result-
ing expression is then in terms of the expected value of the Canopy Backscattering
Transformation matrix. Statistical parameters that define the structure of the crown
layer are introduced and polarimetric and scalar expressions for canopy backscatter
are derived.

Chapter V presents the derivation of the crown layer shape statistics for several
types of canopy architectures. Parameters are considered on the individual crown
level as well as for collections of crowns. It is necessary to introduce these statistics
into the MIMICS II radiative transfer solution in order to compute backscatter for
a particular canopy geometry.

Chapter VI then presents several modeling analyses and applications of both
the closed-crown and open-crown canopy models. These analyses include sets of
measured radar data obta.ined with truck-mounted scatterometer systems and with

aircraft-mounted synthetic aperture radars (SAR).



CHAPTER 11

BACKGROUND

2.1 Tree Canopy Parameters

For modeling purposes, a tree canopy may be characterized by two layers of
vegetation distributed over a ground surface. Figure 2.1(a) shows the geometry of
a tree canopy with a continuous or closed crown layer, and Figure 2.1(b) shows the
geometry of a canopy with a discontinuous or open crown layer. In both cases, the
canopy vegetation is distributed between two regions. The upper region has vertical
extent d and contains the foliage that comprises the tree crowns. The lower region
contains the tree trunks and has a height equivalent to the average trunk height H;.
The closed canopy geometry is characterized by a crown layer whose elements are
distributed within a layer of uniform thickness d whereas the open canopy geometry
has a crown layer of total vertical extent d whose constituents are contained within
individual tree crown volumes. In general, the crown and trunk layers may overlap
such that the total canopy height is H < H, + d.

Two classes of parameters are relevant for model development. These are: (1)
the dielectric parameters that specify the electrical properties of canopy constituents
and (2) the geometric parameters that specify the shapes, sizes and spatial distribu-

tions of the canopy constituents. The dielectric parameters, which are summarized



(a) Continuous Crown Layer

(b) Discontinuous Crown Layer

Figure 2.1: Geometry of a tree canopy with (a) a continuous (closed) crown layer
and (b) a discontinuous (open) crown layer.

in Table 2.1, may be used as direct inputs to the model or may be inferred from
the appropriate constituent parameters listed in the table. These parameters include
moisture content, constituent temperature, vegetation bulk density, and soil textu-
ral composition. Models that link these parameters to the dielectric constants are

reviewed in Appendix A.

Table 2.2 summarizes the canopy geometric parameters. Two types of random

variables are used to define the statistical properties of the canopy geometry. The

tree-level random variables define geometrical parameters within individual trees



Table 2.1:

Canopy dielectric parameters.

Constituent Dielectric

Relevant Constituent Parameters

Vegetation Dielectrics:
Trunk e,
Branch ¢,

Needle ¢,
Leaf ¢,

Moisture content
Temperature (freeze/thaw state)
Bulk density p

Surface Dielectric

Surface composition (soil,snow,standing water)
Moisture content

Temperature (freeze/thaw state)

Soil textural components (sand, silt, clay)

Table 2.2:

Canopy geometric parameters.

Tree-level Random Variables | Canopy-level Random Variables

Branches and Needles:

Number Density: N,
(cylinders per unit

Cylinder PDF: f.(l..d.; 0., ¢.) Trunk layer height: H,

Leaves: Crown shape factor
Disk PDF: f;(dq,t4; 84, dq) Crown size PDTF: f., (---)
Number Density: Ny Area density: N,
(disks per unit volume) (trees per unit area)
Trunks: Ground Surface Roughness:

Cylindef PDF: ft (lt,dt;et,qbt) 151 m

Canopy height parameters:

Crown layer height: d
volume) | Crown parameters:

and allow for determination of the microwave scattering characteristics of individ-

ual canopy components. Canopy-level random variables, on the other hand, define

parameters on the scale of the total canopy and thus describe the gross canopy struc-

ture. Both sets of random variables are assumed to be statistically homogeneous over

the region of interest. In addition, the tree-level random variables are assumed to

have identical distributions throughout all tree crown volumes and are therefore in-

dependent of the canopy-level random variables. This property will be referred to as

local statistical homogeneity.

The size and orientation of each class of vegetation constituent is defined in terms

of a probability density function (PDF). In general, the crown layer consists of I



constituent classes such as primary and secondary branches, leaves, and needles,
each with a corresponding number density of Nj particles per unit volume. The
joint probability density function fi(sk; 8%, ¢x) describes the distribution in size and
orientation of constituent class k. The vector s, consists of the size parameters
that are relevant to class k. Branches and needles are described in terms of the
length 1. and diameter d. of an equivalent cylinder so that (I, d.) € s.. Leaves are
described in terms of the diameter d; and thickness t4 of an equivalent circular disk
so that (dg,t4) € sq. The parameters (0, ¢x) describe the orientation of class k in
inclination and azimuth. Trunk size and orientation are defined in terms of similar
random variables (l;,d;; 0, #;). Each of these classes may be divided further into
sub-classes as appropriate for the canopy being considered. A given canopy may, for
example, include two or three classes of branches representing primary, secondary
and tertiary branching structures.

Canopy-level random variables include the crown shape factor and PDF describ-
ing the size distribution of crowns. These shape parameters are relevant only for
canopies with open crown layer geofnetries. Equations (2.1) and (2.2) conveniently
describe a wide variety of crown shape factors in Cartesian coordinates with the

z-axis directed in the zenith direction:

CEOMOR 2
2z\ 2 z
() +(F) -(1-%)=0 (

Equation (2.1) describes crowns with ellipsoidal shapes while (2.2) describes those

o
B
N

with conical shapes. By choosing appropriate values for the shape factor constants
a, b, ¢, a, f and v, it is possible to simulate many different crown shapes. Table

2.3 lists values of the constants for a few of the simple shapes. The constants a or b



and the constant c represent the maximum diameter and height of the crown. More
complex shapes may be simulated by allowing values for these constants to vary with
quadrant or by combining the two equations (Horn, [26]). The crown shape PDF,
fer (a,b,¢; @, B,7), is defined over the domain of the shape factor constants, allowing
for a convenient statistical description of the shape and size of tree crowns within a

canopy.

Table 2.3: Values of Shape Factor Constants for Simple Crown Shapes.

Crown Shape Shape Factor Constants
Equation 2.1:
Spherical a=b=g a=F=7=2
Oblate Spheroid a=bec<a; a=F=v9=2
Prolate Spheroid a=bc>a a=f=7=2
Square a=b=c¢ a=f8=9- 0
Oblate Square Column |{a=b,c<a; a=f=7—>
Prolate Square Column | a=b,c>a; a=f8=7—
Equation 2.2:
Circular Cone a=1b a=0=2

2.2 Radiative Transfer Theory

Radiative transfer theory deals with the transport of energy through a medium
containing particles that absorb, emit and scatter radiation (Chandrasekhar [4]; Ishi-
maru [27]; Tsang et al., [60]; Ulaby and Elachi, [62]; Ulaby et al., [70]). At microwave
frequencies, the intensity that propagates through a vegetation medium will in gen-
eral exhibit some degree of polarization. Therefore, this discussion defines quantities
that are applicable to the solution of the vector radiative transfer equation, which
accounts for the polarization state of the intensity.

The vector radiative transfer equation is formulated in terms of the vector specific

intensity I(r,p) where r is a position vector and p denotes the direction of prop-
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agation. The electric field of an elliptically polarized monochromatic plane wave
propagating in the direction k in a medium with intrinsic impedance  may be de-
scribed as

E = (B, + Ey h) e*7, (2.3)

where ¥ and h are the unit vertical and horizontal polarization vectors. The corre-
sponding vector specific intensity I is defined in terms of the modified Stokes vector

F,. by the relation:

I, | E, |2
Iy | Ep |?
I=F, /n= /n= ' /n (2.4)
U 2 Re(E, E})
1% 2 Im(E, E})

The specific intensity I* scattered by a single particle is related to the incident
specific intensity I' by

P (06u) = 5 L0060 6305,65) T (6,60, (2:5)

where (,, ¢,) defines the scattered direction in inclination and azimuth, (0;, ¢;) de-
fines the incident direction, (0;, ¢;) defines the particle orientation, and

iSvu|2 ISvh|2 Re( ;thv) _Im(S;thv)
|Shol? |Shnl? Re(S},Sho) —Im(SnoSip)
MRe(SuSi.) 2Re(SurSt) Re(SunSiy + SunSt,) —Im(SuuSiy — SunSi,)

2Im(S,,Sr,) 2Im{(SurSy,) Im(SuShy + SunSh,)  Re(SwShp — SunSh,)

L, = (2.6)

is the modified Mueller matrix, defined in terms of the elements of the particle
scattering matrix S that relate the incident and scattered electric fields E* and E*

as follows:

Fs ekt | Suu Sun Ei 27
. e (2.7)
Shv Shh E;l

<

E

o

For a distributed target, the scattered specific intensity must be defined in terms

of the net electric field E°, representing the vector sum of all fields scattered from
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an illuminated area A subtending a solid angle df2 = A cos0,/r? at the range r from
the surface. The angle ; is the angle between the outward normal to A and the

scattering direction. In this case,

r - ~ -

I | E |*

\ I | E; I*

rrdo = dQ /n = /0 . (2.8)
Us 2Re(EES)
Ve 2Im(E: ER)

The integral form of the vector radiative transfer equation for a medium in a free

space background is (Chandrasekhar [4]):
(g, ¢,2) = e"'{z/“I(;L, $,0) + /Z e_n(z_z’)/“F(u, ¢,2')dZ, (2.9)
0

where & is the 4 x 4 extinction matrix of the medium, F is the source function,
p = cosf and z > 0. The first term accounts for extinction of the intensity as it

propagates through the distance z/p in the direction (g, ¢). The source function
F(,6,2) = [P (006500, 6) T (1 65) A (210)

with dQ; = dp;d¢; = sin 0;d0;d¢; accounts for the scattering of energy propagating in
the direction (0;, ¢;) into the direction (0, ¢s) via the phase matrix P (6,, @s; 0;, é;).
The effect of self emission has been ignored here because in radar remote sensing its
contribution is negligibly small in comparison to the other terms in the equation.
One of the fundamental assumptions of radiative transfer theory is that in a
medium containing a random distribution of particles, the waves scattered from the
particles are random in phase, thereby allowing the addition of the waves to be
performed incoherently. That is, the Stokes parameters of the mixture are the sum

of the respective Stokes parameters of the separate waves (Tsang et al., [60]; p. 127).
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4

If the medium contains N particles per unit volume that are distributed over the

size and orientation parameters s; and (6, ¢x), then

Pr (0s,0s:0i,0:) = Ni ( Lk (05, s;0i, bi58k; 0, D1))

= N, /// fr (ks Ok, H1)

L (05, $s; 05, i 5k; Ok, Gic) dsdOid gy (2.11)

where fi (sk; Ok, ¢&) is the joint probability density function over the shape, size, and
orientation parameters (sy; 0y, ¢x) of the particles. If the medium contains K classes

of particles, the total phase matrix is

K
P (037 ¢s; 01} ¢1) = ZPL (0.9’ ¢s; 01') ¢1) (212)
k=1

where the summation over k represents an addition over all of the K constituent

classes.

For a medium containing arbitrary particles, the extinction matrix is given by

(Ishimaru and Cheung [28]):

—9Re(M,,) 0 —Re(M.4) —Im(M,4)

0 —2Re( My, —Re(My, Im(M,,
. (Mpn) (Mhy) (M) (213

—QRG(A"[;W) —2Re(/\/ uh) ——Re(Mm, + Mhh) Im(Mw - Mhh)

2Im(My,)  =2Im(My,) —Im(M,, — Mu,) —Re(My, + M)

L

where

R 9Ny
an = Z ko : <bmnk(0i» ¢i;0ia¢i;0ja ¢])>L, m,n =v, h. (214)

k=1

The summation over k represents an addition over the K particle classes, Ny is the
number density per unit volume of each class, { )i represents statistical averages
over the size and orientation distributions of class k, and S,k is the scattering

amplitude for forward scattering corresponding to polarization mn for class k.
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The quantity e=*?/# is defined by
efel/t = E(u, $)D(p, $; —2/p)E

with the 4 x 4 eigenmatrix €(u, @) given by

1 b by

| by |7 b b3

Il

£(0,9)

L

where
QA/[Iw
bl = 9
My, — Mpp + 7
2M,
b2 = i )

—M,, + My, —1

N, 4),

' ]
| b2 |*

1

2Re(b,)

—9Im(b)) —i(1 = bib3) i(1—biby) 2Im(by)

ro= {(My, — Myup)? + &My, My }'72

D(u, ¢; —z/p) is a diagonal matrix with elements:

(D1, 65 —2/ )]s = e~ Filkd)e/n

(2.15)

(2.20)

where f;(, ¢) represents the ith eigenvalue of £(y, ¢). The eigenvalues are given by

- ﬂ1(0a¢) -
R ﬂ2(03¢)
B(8) = = —Re(My, + M) +
/33(0’ ¢)

| 5:(0,9) |

2ImK,
15—k

(T — 1K

| 2Im K,

o —
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where

](1 = ko - %[Muv + Mhh + 7'] (223)

Ky = ko= 5[My + My ). (2.24)

For particles that do not depolarize, My, = M,, = 0 and € becomes

1 0 00
0 0 01
E = . (2.25)
01 10
0 —2 2 0

In solving (2.9) in a vegetation canopy, an expression is sought that relates the
vector specific intensity I' incident on the canopy to that which is scattered from
the canopy I°*. As will be seen in Chapter IIl, this is achieved through a 4 x 4
transformation matrix 7" such that I* = 7 I'. 7 may be used to compute the

linearly polarized canopy backscattering coeflicients:

oy, = 4mcosly [T, (2.26)
op, = 4mcosby[T],, (2.27)
oy, = 4mcosby[T],, (2.28)
oy, = 4dmcosto[T],, (2.29)

or, by applying wave synthesis techniques, the matrix may be used to compute the
backscattering coefficient for any transmitting and receiving polarization combina-

tion. The techniques involved in doing this are discussed in Section 2.3.
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2.3 Radar Polarimetry

The specific intensity scattered by a medium may be related to the intensity

incident upon the medium by

=TT (2.30)

where 7 is a 4 x 4 transformation matrix. Given 7, the received powér may be com-
puted for any possible combination of transmitting and receiving polarizations. The
process is called polarization synthesis (van Zyl et al.,[75]; Zebker et al., [85]; Ulaby
and Elachi [62]). This section reviews some of the principles of radar polarimetry as
they apply to polarization synthesis and to the radiative transfer problem.

The polarization state of an electromagnetic wave propagating in the k direction
may be defined in terms of the ellipse shown in Figure 2.2. The electric field for such

a wave is described by

E = (E9+ Ey h) ™" (2.31)

where the electric field components E, and F), are complex quantities, v and h are
the polarization basis vectors and the wave travels in the k direction (out of the
page). The unit vectors ¥ and h have been defined such that they are oriented
in a direction consistent with scattering in a standard spherical coordinate system.
The polarization ellipse represents the locus of points that the tip of the electric
field vector traces out as a function of time. In the general case, the ellipse axes £
and ( are rotated with respect to the polarization basis vectors through a rotation
angle 1 measured clockwise from the v axis. The degree of ellipticity is defined
by the ellipticity angle x measured clockwise from the ¢ axis. The limits of ¥ are
—90° > 1 < 90° and the limits of xy are —45° > x < 45°. The sense of rotation of

the electric field vector around the ellipse corresponds to the handedness of the wave.
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Major
Axis

Polarization
Ellipse

Minor
Axis

Figure 2.2: Polarization ellipse illustrating the polarization state of an electromag-
netic wave traveling in the k direction (out of the page). The angles x
and @ are measured clockwise.

The wave is left-handed if x > 0 and right-handed if y < 0. The wave is linearly

polarized for y = 0 and circularly polarized for y = 45°.

The polarization state of the wave may be expressed in terms of the modified

Stokes vector

I,
Iy
U

V

J

| E, 2
| En [?
2 Re(E, E})

2Im(E, Ey)

2 (1 + cos 2 cos 2y)
%(1 — cos 2y cos 2x)
sin 21 cos 2y

sin 2

where Iy = |E,|* + |Ex|? is proportional to the total intensity of the wave. For a

completely polarized wave, the elements of the Stokes vector are related by I? =
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(I, = L) + U + V2
Given the polarization angles (i, x;) of a particular transmitted wave and (¥, xr)

for a received wave, the scattering cross section of the target is given by

Urt(d)ra X'ra"pt, Xt) = 4r A:n('l/)H XT) ¢ MmA:n(¢t’ Xi) (2'33)

where Al (i, x¢) = FL (%1, x:)/lo and AT (¢r, xr) = F7 (¥r, x-)/Io are the normal-
ized modified Stokes vectors for the transmit and receive waves and M,, is the

modified Stokes scattering operator of the target. For a point target
M, =QL, (2.34)

where L£,, is the modified Mueller matrix given by Equation (2.6) and

1 00 0
0 1 0 0

Q= . (2.35)
0 0 L o0
0 0 0 -1

The modified Stokes scattering operator M., for a distributed medium illumi-

nated over an area A is

M, = A cos 0,97 (2.36)

where 7 is the transformation matrix of the medium and 6, is the angle between the
surface normal and the scattered direction. For a distributed target, the scattering

cross section is

0% =4m cosf,AT -Q T Al . (2.37)

The polarization signature or polarization response (Agrawal, A. P., and W. M.
Boerner, [1]; Ulaby and Elachi, [62]; van Zyl,[74]; van Zyl et al., [75]; Zebker et

al., [85]) of a point or distributed target is a convenient graphical representation of
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(2.33) or (2.37) that consists of a plot of the synthesized scattering cross section as
a function of the polarization angles (1, x;) of the transmitted wave. Three types
of responses will be presented in this study. The co-polarized response represents
the scattering cross section synthesized for receive and transmit antennas having
identical polarization (¥, = v, x» = Xx¢)- The cross-polarized response corresponds
to the case in which the receive antenna is polarized orthogonal to the transmit
antenna (¥, = ¥, +90°, x» = —X¢). The linear-polarized response corresponds to the
synthesized scattering cross section for all combinations of linear polarization. This
response is synthesized by setting x, = x; = 0 and ¥, = ¢, + 6 where 0 < 6 < 90°
is defined as the linear polarization angle. The condition é = 0 represents like-
polarized cross section and § = 90° represents cross-polarized cross section. All
polarization responses presented here for a given target will be normalized to the
maximum scattering cross section synthesized for that target.

As an example, the modified Stokes scattering operator of a short, thin conduct-

ing cylinder of radius @ and length [ oriented parallel to the v axis is (Ulaby and

Elachi,[62]):
1 0 0 O
416 0 0 0 ©
Mn = 9(In (411(}2) -1 o 0 0 o (2.38)
0O 0 0 O

The polarization response may be synthesized from (2.33) and is presented in Figure
2.3. The co-polarized response sho_ws a maximum value at o, (¥ = 0,x = 0) and
a minimum at op, (¥ = £90°, x = 0). The cross-polarized response shows minima
at 0y, and o4,. The linear-polarized response illustrates the behavior of o,; as a

function of the linear polarization angle 6.
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Normalized o

Normalized o

(b) Cross-polarized response.

Normalized o
7 S S S w w ma aa
Y ¥ VYV VY YV

N 9//,
D\ y )
A

4 254
vz Y,
S 9,,'

(c) Linear-polarized response.

Figure 2.3: Polarization response of a short, thin conducting cylinder oriented verti-
cally.



CHAPTER III

RADAR BACKSCATTER MODEL FOR A
CLOSED-CROWN TREE CANOPY

A first-order solution for the radiative transfer equation useful in simulating mi-
crowave backscatter from tree canopies with continuous (closed) crown layer geome-
tries has been developed at The University of Michigan and is presented by Ulaby
et al., [67),(68], [69], Ulaby and Elachi, [62] and Sarabandi [50]. This model, which
represents the first version of the Michigan Microwave Canopy Scattering model
(MIMICS I) has been developed specifically for modeling microwave backscatter
from tree canopies but is also useful for a variety of other applications in studying
remote sensing of vegetation. MIMICS I is a fully polarimetric model and is valid
over a wide range of incidence angles. The first section of this chapter presents the
derivation of MIMICS I. Then, Section 3.2 introduces a technique that is useful in
accounting for various types of ground surface states, including the case of a snow-
covered ground surface or a foliar canopy understory. Section 3.3 briefly discusses
some applications of this model. Detailed modeling analysis and applications will be

presented in Chapter V1.



3.1 MIMICS I Solution for the Radiative Transfer Equa-
tions

For purposes of solving the radiative transfer equations, a forest canopy is mod-
eled as shown in Figure 3.1. The canopy consists of two distinct horizontal vegeta-
tion layers over a dielectric ground surface. The top (crown) layer consists of the
tree crowns and is comprised of an appropriate combination of leaves, needles, and
branches. This layer has height d, is statistically homogeneous, and is continuous in
the horizontal direction. The bottom (trunk) layer has height H; and consists of the

tree trunks.

Io (—tt0, ¢0) I3 (o, do + ) =
Tt (”03 ¢0 + 71') IO (_ﬂOa ¢0)
%
z=0
Crown Layer
=-d
Trunk Layer

z=-(d+H) Ground Surface

Figure 3.1: Forest Canopy Model.

The total backscattered intensity I} (o, ¢o + 7) may be related to the intensity



(O]
Q)

I, incident upon the canopy through the transformation matrix T ¢(to, $o + ™) by

I (po, do + 7) = T +(po, do + ) Lo(— o, do)- (3.1)

The 4 x 4 matrix T (po, do + ) will be called the total canopy backscattering trans-
formation matrix.

To solve for T 4(uo, do + ), the problem is divided into two parts. First, a
solution is found with the ground surface treated as a specular dielectric interface.
This assumption is reasonable as long as the intensity scattered by this surface is
dominated by its coherent component in the specular direction. If the surface is very
rough or its mean slope is not zero relative to the vertical direction, this assumption
will not hold. The scattered intensity for a vegetation layer over a specular surface

18
Is(/‘Oa ¢0 + 7I') = ’Z:([.to, ¢0 + W)IO(—#()) ¢0)a (32)

where 7 (o, $o) is the canopy transformation matrix relating the incident and scat-
tered intensities in the absence of direct backscatter from the ground surface.
In the second part of the problem, direct backscatter from the ground surface is

accounted for by expressing the backscattered intensity as

L (1o, do + m) = Ty (4o, do + m)Io(—pto0, $0), (3.3)

where 7 (po, ¢o + 7) is the transformation matrix that accounts for propagation
through the canopy down to the ground surface, backscatter by the ground surface,
and propagation again through the canopy back to the radar. Combining (3.2) and
(3.3) yields the total backscattered intensity in terms of the total canopy backscat-

tering transformation matrix 7 ;:

If(ﬂo, o+ m) = [72(#0, do + W) + 7;(#0’ do + W)]Io(-ﬂo, $o) (3-4)
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= Tz(HO’ éo + 77)10(—/10, <150)- (3-5)

Consider first the problem of two homogeneous layers over a specular surface.
To solve for T (o, $o), the integral form of the radiative transfer equation is set up
separately in the crown and trunk layers. Boundary conditions are applied at the
layer interfaces and the equations are solved iteratively to obtain the zero- and first-
order solutions. This technique is applicable for weakly scattering media in which
the scattering albedo is small.

The geometry of this problem is illustrated in Figure 3.2. The specific inten-
sity in each layer is separated into upward-going I*(y,d,z) and downward-going
I-(—u, ¢, 2z) components, noting that 4 = cos § and 6 varies between 0 and 7/2. The
radiative transfer equation will then be expressed as a set of coupled equations in

each layer.

o Ho o %/ rwo

2=0 Diffuse Boundary
W

i 0
LG9 Crown Layer (1K)
0
7= Diffuse Boundary
T iy Layer °
0 I(,0)
z=-(d+H) Specular Surface

Figure 3.2: Problem Geometry showing the positive- and negative-going intensities
in the crown and trunk layers.
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In the crown layer, the coupled radiative transfer equations are

It(p,¢,2) = e_nt(”d)/“lj(u, ¢, —d) +/2de-n:(z_zl)/”.7-'j(u, $,2')dz
(3.6)

I (—p,d,2) = I (—p, 4,0 +/ RE(=Mu = (—p, ¢,7) d2'

(3.7)

where the subscript ¢ has been used to denote quantities specific to the crown layer.

Similarly, the equations:

I} (1, ¢,2) = e SEHBHILTH o —(d+ H,))

+ /2 e‘“?(z—z')/“jf:‘(ﬂ, é,2')dz’ (3.8)
—(d+H.)
L (—p,¢,2) = eI (—p, ¢, -d)

-d - ! / !
+ [T E (6,2 d (3.9)

apply in the trunk layer.

In the trunk layer, for cylindrical trunks oriented near-vertical with length greater
than the propagating wavelength (H, > A), only two types of scattering will be
considered. These are forward scattering from the trunks that gives rise to extinction
of the forward propagating field and specular scattering from the trunks that gives
rise to a ground-trunk interaction contribution to the field backscattered from the
canopy. This means that the phase matrix in the trunk layer is significant only in the
forward and specular scatter directions and that direct backscatter form the trunk

layer may be neglected. The source functions in the crown and trunk layers are then

2
w6, 2) [/ /P (2 65 1/, VI (', 8, 2) Y
2
+/0 /o'Pc(xw;—;t’,¢')12(—;t’,¢',2)d9' (3.10)
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_ 1 rorl Y] o ’
Fc (_ﬂvd)’z):_ [/ / Pc(—#7¢1#a¢)1j(ﬂ7¢3z)d9’
u o Jo
I 1 / li - 1 / /
+A /0- ’Pc(—/‘ta¢; —K ’¢)Ic (—,u,¢,z)dQ (311)
and
1 2 1 li / 1 / 1 /
Fi’(u,¢,z)=;/0 /0 Polp, & ', ) (W', 8, 2)bk (p — p') dQ (3.12)
1 2 1 1 i - ! / ! I
F;(_ﬂa(bvz):—/ / 'Pt(—ﬂwé; —#a(b)lt (Tﬂ’¢’z)5k (,u—u) dQ (313)
wlo Jo
where & (u — ) is the Kronecker delta function defined by

L p=y
Se(pp— ') = (3.14)
0; otherwise.
The air-crown interface (z = 0) and the crown-trunk interface (z = —d) may

be treated as diffuse boundaries, in which case the intensities across these interfaces

become continuous. This assumption yields the boundary conditions:

I (—4#,6,0) = To(~po,¢0)6(p — o) 6 (¢~ ¢o) (3.15)
I (1 6—d) = I (1,9, ~d) (3.16)
(-1 ¢,-d) = I7(—p,¢,—d) (3.17)
() = If (1,6,0). (3.18)
At the trunk-ground interface where z = — (d + H,), we have
I (¢, = (d+ H) = R(W I [-p, 6, — (d+ H)], (3.19)

where R (p) is the reflectivity matrix of the specular surface:
[r, ]2 0 0 0
0 |rl? 0 0

0 0  Re(r,r) —Im(r,r})

0 0 Im(r,r;) Re(r,r}) ]
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where 7, and rj, are the Fresnel reflectivity coefficients for the specular surface at
vertical and horizontal polarizations, respectively.
To solve for the specific intensities in each layer, these boundary conditions are

applied to (3.6) through (3.9) yielding:

L (-p¢,2) = en:z/uIO (—Ho, $0) 6 (1 — po) 6 (¢ — ¢o)

0 - ’
+/ elic (2-z )/”’FC_(_#, ¢’ zl) dz’ (3.21)

- - .,
It—(—ﬂ" ¢, Z) = ent (Z+d)/u1;(_ﬂ) ¢a “d) + / eK" (e=2 )/#f;’(_”’ ¢, 2,) dz’
= enk—(z"’d)/#e—nc-d/#lo (_u03 ¢0) § (” _ ﬂo) Py (¢ _ ¢0)
+ eli;'(z+d)/u /0 eK,C—(—d—z')/u:’:_(—ﬂ ¢ Zl) dzl
—d c 1 ¥,

—d - ' / '
+ / eK'z (z—2 )/“ft_(_ﬂ, ¢, z )dz (322)

I (p,¢,2) = e RIEHEHNAR ()T [—p, 6, — (d+ H)|

+ /_(d+H ) e Rt (1,6, 2') de!

— e KilH(@+H) upp (1) e K Hi/uo—KZd/u

Xo (—po, $0) 6 (1 — po) 6 (¢ — o)

+ e KA+ /up () e e He/n
0 - ]
[ EIE (s ,) a2
—d

+ e IR ()
—d
K/:(—(d-f-H;)—z')/uf—- _ / d !
e , 0,2 )dz
/—(_d+H,) t ( By )

+ /-(d+H ) R EY (4, ¢, 2') 2!

(3.23)
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(n6,2) = e It (g, —d) +[ S CVnFY (6, ) df

= e KiG+d/ug-KiH/upy (1) e~ K He/ug—KZd/u

To (—Ho, $0) & (1 = 1) 6 (¢ — o)

+ e~ Ki(+d)/ug-KtH/up (1) e— K Helu

0 - ’
[ (i, 8,) 4
—-d

+ e-n:(z+d)/u e—n,‘f H/np ( L )

-d
K (=(d+H)=-2")p - ! /
et F, (- z')dz
~/—(d+H¢) t( /‘7¢a )

+ e~ K () u /_(d+H)e"5f(d+z')/u.’Ff(/l,¢, Z')d7

+ (e R E (6, ) d (3.24)
-d
In the bistatic case, the intensity scattered from the canopy is:

I(p,¢) = If(n,¢,0) (3.25)

— e Kld/ug-KH/upy (p) e~ K Helng=Ked/u

To (= po, ¢0) 6 (1 — po) 6 (6 — o)

+ e Kld/ug=—KiHi/up () e~ Helu

0 - ’
/ effc(-d-z )/u;c—(_,u’ ®, z') dz’
-d
+ e~ Kidug-KlHupy (n)

-d _ ,
gy IS (o, ,2) 47

et [ O (g, 2 de
—(d+H:)
0 +.,1
+/ T ER (1, ¢, 2") d2! (3.26)
—d

Solving (3.21) through (3.24) with Ff = F* = 0 gives the zero-order solution

at any depth z:

IO (u, ¢2) = e/ CHMe RTHIR (1)) o= Ri Helu =Kz d]n



I‘(:O)—(___'u, ¢7 Z)

1% (1,6, 2)

IEO)_(_/‘a ¢a Z)
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To (—po, $o) 8(1 — 10)6(¢ — o) (3.27)
= eI,y (—pro, bo) 8(1 — 10)8(¢ — o) (3.28)
= e—nf(2+(d+Hz))/u'R (ll) e~ K Hi/ug—KZd/u

Lo (—po, o) 6(p — 110)6(6 — o) (3.29)

= R (eHdue=Radlu (_ 1o $0)8(1 — po)8(d — o). (3.30)

These zero-order intensities are now substituted into (3.10) through (3.13), yielding

the zero-order source functions:

FO+(u,¢,2) =

F£0)—(—/" ¢, z) =

FO%u,¢,2) =

FO (=, ¢,2) =

1 2r rl
[T [Pt MO 8, 2)
p Lo Jo

2r 1
+./0 L ’Pc(/l’¢§ —ﬂ,’ ¢l)I£0)—(_ﬂ,7 (15’,2) dQ,]
L P11 5 i, o)™ 5t Mo KT il () o= il
7
-e™fe o P, 5 —po, ¢0)en°-z/”°] Lo (—po, d0) (3.31)
1 27l
il _ ot NT(0) 4, 1 P
U P MO 6,200

27 rl
4 [ [ Pt SOt 8, 2)
l [’Pc(_ﬂv é; po, ¢o)€_n:(z+d)/”°e—K':rH‘/“"'R (o) e~ Kr Hi/uo
I
_e-’ic_d/uo + ’PC(_p" ¢1 —Ho, ¢0)enc_2/u0] IO (—NOa ¢0) (332)
1 2r o o / /
ﬁ/o /o Pal, & 1, )L (1, ¢, 2)6k (1 — 1) dQ
l'Pt(ﬂ, ¢’ Lo, ¢0)e-—ﬁ"?(z+(d+Ht))/u0R (”0) e-K't_H'/“o
U

eR< 4Ty (~puo, $o) 6k (1 — o) (3.33)

1 gt - Y ’
= [ [ Pl b= O (=16, )60 (1 = ) 4O
plo Jo
'::Pt(—ﬂa ¢a ;/‘03 ¢0)ef6.-(z+d)/uo

e~ 40Ty (—puo, do) 6k (1 — po) (3.34)

where /i1 = k(s )/ and K% [jio = K(pio, 9o)/Ho.
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Substituting these source functions into (3.21) through (3.24) and separating

terms gives the first-order solution for the specific intensities:

Igl)—(*ﬂv ¢, z) = {eRZZ/Mé (/“ - I‘O) 6 (¢ - ¢0)

+1|

0 - ] !
p / el =P (—p, b o, do)e™ o (/+) o dZ']

z

.e—anz/uoR (Ilo) e~ K He/uog—Kcd/uo
|

+ -
7
Lo (— 0, ¢0) (3.35)

0 - , -
/ &R C=VP (—p, 5 — po, do)e’e * ko dZ'] }

z

I

107 (—p1, 4, 2) {e'°7<z+d>/ue~“c'd/“5 (1 = 10) 8 (6 — o)

1 RleHd)/u

I,L -

.e-'ﬁ*”c/ﬂofR' (NO) e-'C,'Hc/uoe—'ic'd/no
+ el (z+d)/u
1

0o _ , -
; [/ deﬁc (—=d-2 )/wpc(_”’ é; — ko, ¢0)e'€c 2'[uo dz']

1 -d - , -0
+ - [/ en' (z-2 )/u'Pt(._l"a ¢1 —Ho, ¢0)CK:, (" +d) o dzl]
12

z

eRZdlhag, (#—ﬂo)}lo(—no, o) (3.36)

-K}z t -K; H: -Kc
I () = SN )oK o — 1) 56— o)
+ e—fc;‘“[z+(d+H,)]/uR ( %) e~ K7 Helu

;l [/Od en:(—d_Zl)/”'Pc("#, é; po, ¢0)e~nj(21+d)/u° dz’
/l -

.e-"‘":'Ht/uoR (o) e~ Ki He/moo—Kcd/no

+ e-n;“[z+(d+Hz)]/u»R(ﬂ)e—n,“H./u :
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0 _ , -
‘1' [/ eK,c (-d-z )/MPC(_ﬂ’ ¢a —Ho, ¢0)en° 'm0 dzl
HlJ/—d

+ e-""‘f [z+(d+H))/np (”)

A
I

.e""':(z'-i-d)/#o dz’] e—nc—d/#o(gk (/‘ _ llo)

—d _ ,
./-(d+H ) e GNP (—p, ¢ — o, o)

+ _1_ [/z e_nf(z—z')/u'pt(”’ : Lo, ¢o)e-K't+(zl+(d+Ht))/uo dz']
ﬂ —(d+Ht)

-’R(uo)e—n‘—H‘/“°e"K°-d/“°6k (1 — ,uo)}Io (= o, $o)
(3.37)

I£1)+(#’ ¢,2) = {e-“3(2+d)/ue—ﬂ?Hc/uR (1) e~ KiHilug-Kcd/u

O (g — o) 6 (¢ — ¢o)

+ e—ni(#d)/ue—nfﬂt/un(u)e—"i:'”c/u

—1- [/(; enz("d'z')/“'Pc(“ﬂ, ®; o, ¢0)e_n°+(zl+d)/“° dz'}
l[ -

e KT Hi/wop (110) e~ 0 He/uo o =K d/uo

n o= K (4d) ug= K} Hfup () =57 Hiolw

110 .- , -
= [/ enc (-d-2 )/”'Pc("ﬂ, ¢7 — Mo, ¢0)enc #fuo dZ,:|
pJ-d
+ %[/Zd e—KaZ*(Z-Z')/ufpc(u’ : o, ¢O)e—"5§(2’+d)/uo dz']

.e—ﬁ?ch/uoR (o) e~ K He/nwog=Kd/uo

+ e-ﬁi(z+d)/ue—'°¢+”z/u73 (1)

—d _ ,
- [ [ T (o, )
K|/ -(d+H:)

e (@' +d) o dz’} g fcdlmg, (1 — po)

+ e~KiG+d)/u

1 —d '
-[/ eK,:'(d-l-z )/ﬂpt(ﬂ7¢1 ”0’¢0)
g | J-(+H0)
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e~ K (2 H(d+H)) o dz,]
‘R (o) ™R Hilmog=Redluogy (1 — po)
+ .,1; [/jd e‘Kai(z—z')/#‘Pc(p, é; — pio, ¢0)en°—zl/“° dz'] }
o (=0, ¢o) - .39

The first-order solution for the bistatically scattered intensity emerging from the
canopy is

I () = IV (4,4,0) (3.39)

T (1 8) Lo(—po, éo) (3.40)

where

To(p,¢) = e RilnemKIMInR (1) i Hilue=REdlug (14— 10) 6 (¢ — do)

1 _ .+ K -K;
+ —e ficd/ue K] H‘/“R(u)e K, Ht/“Al (,U., ¢;,U(),¢0)

' e~ KiH/mopR (o) €™ Helwo g =K d/mo
* %e_nid/“e—m'/ R () e H Ay (1, 65 po, do)
* %A3(I‘,¢; fto, $o) e_n:Ht/uoR(/lo)e_n‘—m/uoe_nc_d/uo
+ %e"‘”’“e"‘f”‘/“ﬂ(ﬂ) As (1, 8 pto, do) €< /H08 (1 — pio)
¥ %e"“' U5 A (1, ¢ o, do) R (o) €7 Holboe= KMo g, (4 — o)
+ -;;-Ae(lhd’;ﬂo,d?o) (3.41)

with

A (1, 65 o, o)

0 - , '
/de—ﬁc (d+2 )/u'pc(__ﬂ’ : o, ¢O)e—f€§(z +d)/uo 4, (3.42)
0 - , -
Ay (B0, o) = [ &TREEHIP (s gy — o, go)e T A (3.49)

0 , , .
A (10, 80) = [ XTI (1, 6 o, do)e R (o d (3.44)
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Ay, 6 0, do) =

-d

e~ (@HHA) up (_y be — pig, ¢0)e'97(2'+d)/uo dz' (3.45)
—(d+H)

/
As (1, 8; o, $o)
/

SR, 6 o, do)e I 4 (3.46)
—(d+H:)
0 ' =2 / -
AG (ﬂv ¢; Ho, ¢0) = ./d entz /“Pc(ﬂ’ ¢; —Ho, ‘lSO)eK'c #'/uo dz" . (347)

T .(p,¢) is the canopy bistatic transformation matrix and relates the incident
and scattered intensities for the bistatic scattering case. Each of the seven terms in
(3.41) corresponds to one of the scattering processes illustrated in Figure 3.3. These

mechanisms are now examined in order of their appearance in (3.41):

ss 1 2a 2b 3a 3b 4

\3\5‘\?*\ SRR

Figure 3.3: First-order contributions to bistatic scatter.

Term ss This term represents propagation of the incident intensity down through
the crown and trunk layers to the ground surface, specular scatter by the ground
surface at the angle 6y, and propagation back up through the trunk and crown

layers. This terms exists only in the specular direction (6, ¢) = (6o, ¢o).
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Term 1 This term represents propagation of the incident intensity down through
the crown and trunk layers to the ground surface, specular scatter by the ground
surface at an angle 6y, propagation up through the trunk layer, scatter by the
crown layer back down to the ground in a direction (7 — 8, ¢), specular scatter
again by the ground layer at an angle 6 and propagation back up through the

trunk and crown layers in a direction (6, ¢).

Term 2a This term represents propagation of the incident intensity down into the
crown layer, scatter by the crown layer into the direction (7 —6, ¢) such that, af-
ter specular scatter by the ground surface at an angle 6, the scattered intensity

propagates in a direction (6, ¢) up through the trunk and crown layers.

Term 2b This term in the compliment of term 2a. It represents propagation down
through the crown and trunk layers in a direction (7 — 6o, ¢o), specular scatter
by the ground surface at an angle 6, propagation in a direction (6o, o) up into

the crown layer and scatter by the crown layer into the direction (6, ¢).

Term 3a This is a trunk-ground interaction mechanism that represents propaga-
tion of the incident intensity into the trunk layer, scatter by the trunk layer
into the direction (r — g, ¢), specular scatter by the ground layer at the an-
gle 6y followed by propagation up through the trunk and crown layers in the

direction (o, @).

Term 3b This is the complement of term 3a. It represents propagation down
through the crown and trunk layers in a direction (7 — 6, ¢o), specular scatter
by the ground surface at an angle 0, scatter by the trunk layer into the direction

(0, ¢), followed by propagation crown layer in the direction (8, ¢).

Term 4 This term represents direct scatter by the crown layer of the incident
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intensity into the direction (6, §).

Note that the only contribution to 7. (1, #) from direct ground scatter comes from
a term that is specularly scattered by the ground surface (term ss). Taking u = pq
and ¢ = ¢o+ 7 in T, (i, ¢) yields the canopy backscatter in the absence of direct
ground backscatter.

To obtain the .contribution from direct ground backscatter, the second part of the
canopy scattering problem is now considered. Direct backscatter from the ground is
described by propagation down through the crown and trunk layers in a direction
(—pio, ¢o), backscatter by the ground surface, and propagation back up through the

trunk and crown layers in the direction (xo, o + 7). Then in (3.3),
T, (o, do + 7) = e~ K d/mog-Ki Hiluog (6o) e~ i Hiluog =Kz d/uo (3.48)

where G (f) is the ground backscattering matrix that accounts for direct backscatter
by a rough surface at an angle 6,. The form chosen for this matrix depends on the
roughness parameters of the ground surface. Techniques used to model G (6) for
different surface roughness states are presented in Appendix B.

The total canopy backscattering transformation matrix is obtained by adding

7;(”0) ¢0 + 7T) to Tc (ﬂOv ¢0 + 7()2

1 gty ot o
Ti(po,po+7) = ﬂ—e i oK HiMoR (o) e e Hilio A, (19, $o + 75 pi0, o)
0

_e—f‘:ff”z/uoR (”0) et Hefuo g—Kc d/uo

1 e+ et K-
+ ﬂ—e K dlmog=Ki HilmoR (o) e Helbo A, (1o, do + 75 o, $o)
0

1 4 e
+ ;‘AS (ﬂOa ¢0 + 5 Ko, ¢0) e'K’t H‘/“O'R, (uo) e K; Hl/l‘oe KZd/uo
0
1 —
+ ;_e—njd/uoe—Nth/#oR(ﬂo) A4 (ﬂO, ¢0 + T o, ¢0) e—l‘ic d/po
0
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1 et o
+ ﬂ—e ~ d/#oAﬁ(ﬂo,%+7f;ﬂo,¢o)'R(l‘0)e Koo Hilnog=Ke dlmo
0

1
+ ;I_O-Ae (o0, o + m; o, ¢o)

+ e~ Kld/uog-KfHi/uog (8) e~ Helmg=Kcd/uo (3.49)

Figure 3.4 shows the seven contributions to the backscattered specific intensity.

Combining term 2a with its complement 2b and term 3a with 3b Iyields an effec-

Figure 3.4: First-order contributions to canopy backscatter.

tive number of 5 contributions. These terms will be referred to by the mechanism

names listed in Table 3.1.

The integrals defined by (3.42) through (3.47) may be computed by applying

(2.15). In the backscatter case:

A (pto, do + ; po, do)
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Table 3.1: Terms contributing to canopy backscatter.

Mechanism Mechanism Relationship to
Number ' Name Listed Term
1 Ground-Crown-Ground multiple bounce | Term 1
2 Crown-Ground interaction Terms 2a + 2b
3 Trunk-Ground interaction Terms 3a + 3b
4 Direct Crown backscatter Term 4
5 Direct Ground backscatter Term 5

[ et o+ WD, o+ 73 ~(d + ) o) (s o + )
“Pe(—to, Bo + ; pro, $0)E(fto, b0) De(pto, do; —(d + 2')/110) € (120, do) d2’
(3.50)
Az (10, $o + 7 pro, $o) =
[ (=0, 60+ YD o, b 4 75 ~(d+ ) )2 (= o )

‘Pc(—llo, ¢o + m; —Ho, ¢o)£c(—ﬂo, ¢o)'Dc(“#0, do; Z//#o)gc_l(—llo, ¢o) dz'

(3.51)
As (1o, ¢o + 75 o, §o) =
/_Od E.(1o, o + ) De(pro, o + 7; 2" 10)E (1o, $o + 7)
“Pe(to; bo + ;5 o, do) E (0, $0) De( o, $o; —(2' + d)/ o) €7 (o, po) d2’
(3.52)

Ay(po, do + m; o, o) =
/——(:+H:) Ei(—to, b0 + 1) D —po, do + 15 —(d + Hy + 2') [ 10) €7 (— pro, bo + 7)
“Pi(—to, $o + 75 —f0, $0)E 1= po, 90) De(—pto, bo; (2’ + d)/ o) € (= pro, do) d2'
(3.53)

As(po, do + T; po, do) =

-d
/ E(1os b0 + T)Di(t, 6 (d + 2')/ o) € (0, o + 7)
—(d+H:)
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“Pi(Ho, b0 + T; Ho, $0)€ (o, $0) Di(pto, o; —(2' + d + Hi)/110) €7 (o, bo) d2'
(3.54)
As (pto, o + T; po, $o) =
[ £clhos o+ %YDelpor o+ 732 10) € o o 4 7)
“Pe(to, b0 + T3 —po, 0)Ec(— o, $0) De(—Ho, bo; 2’/ 10) €2 (o, o) d2’

(3.55)

For a canopy symmetric in ¢, &F = k7, K} = k7 and the 4 x 4 A, matrices are

given by

A (po, b0 + ;5 poy $o) = E(—po, o + ) By (o, do + ; po, ¢0)5C_1(ﬂ0, $o)

[B1(po, do + ; o, $0));; =

1 — exp[—(B5(—po, b + )/ o + B (0, $0)/ 1t0)d]
B5(—to, do + )/ 1o + B5 (0, $0)/ 1o

'[8;1(‘#0, $o + ”)’Pc(“ﬂo, $o + T; po, ¢0)5c(llo, ¢0)]ij

(3.56)

Az (o, G0 + T3 pto, do) = Ec(—po, do + ) Ba(po, bo + 5 o, 0)E. ' (— o, do)

[820‘0’ (]So + 5 Uo, ¢0)]ij =
(
e, €y b 3

"PC(_”Oa ¢0 + ™, — o, ¢0)£c(—ﬂ0a ¢0)]ii

exp[—B7(~ o, $o + 7)d/ o] — exp(—B5(~pto, $o)d/ o]
—B(—t0, $o + )/ pto + B5(— o, $0)/ o e

{ .[gc-l(_ﬂo, Po + ”)Pc(—ﬂo’ $o + ;5 — o, ¢o)5c(—llo, ¢o)]ij

(3.57)

As (o, do + ;5 1o, do) = E(to, b0 + 7)Bs(go, do + T; o, $0)E (1o, $o)
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[Bs(#o, $o + 7; po, do)l;; =
e~ a)l. (£ (1o, o + ) }

“P(o, bo + ; o, d0)E (10, $0));;

B (1o, bo + ) [ 1o — B5 (0, d0)/ 1o
{ '[5:1(#0, $o + 7F)'Pc(ﬂ0, éo + T; pho, ¢o)3c(llo, ¢0)]ij

exp|—B(po, $o)d/ o] — exp[—F (o, do + 7)d/ ] }
i#]

(3.58)

Ay(po, do + 75 po, o) = Ee(— o, do + 7)Ba(po, b0 + 75 o, $0)E7 " (— 1o, o)

[Ba(o, $o + 7; po, ¢0)]ij =
H,e=Pi(ko)Hz/uo, [8;1(—;10, ¢o + ) ]

"Pt(—ﬂo, do + 75— o, $o)E+(— ko, ¢0)].‘i

—Bi(—t0, b0 + )/ 1o + Bj(—Ho, $o)/ 1o
[€71 (= po, B0 + T)Pi(— o, $o + 75 — 0, $0) E+(— o, $o)]

exp|—Bi(—po, o + ) Hy/ po] — exp[—B(—po, $o) Hi/ pto] ]
1 #]

\

(3.59)

As(Ho, $o + 7; o, $o) = Ex(to, b0 + 7)Bs(ko, do + 7; o, d0) € (0, bo)
[65(#07 ¢0 + 5 Ko, ¢0)]'] =
| HyePiluolHizlo. {8;1(%, $o+ ) ]

“Pi(pto, $o + ; pto, $0)E (o, d0));;

Bt (o, do + 7) /1o — B0, $0)/ o
{ '[gt_l(ﬂo, do + 7r)'Pt(ﬂov, do + 7; po, $0)E (o, ¢0)]ij

exP[—ﬂ}(llo, ¢o) Hi/ o] — exp[—Bf(#o, ¢o + m) H/ o] J
1#J

Ag (pto, o + 7; o, d0) = Ec(po, do + ™) Be(pto, do + T; po, $0)E-" (— o, o)
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[Be(110, o + 5 o, o)l;; =

1 — exp[—(B5 (1o, $o + 7)/pto + B5(—po, $o)/ o)d]
B5 (10, do + )/ 1o + B§(— 0, d0)/ 1o

(€7 (o, do + T)Pe(tt0, do + 75 — o, $o)Ec(— 0, P0)]i;

(3.61)

where 8! and (¢, are the nth eigenvalues of kf and k¥, respectively. The phase and
extinction matrices, P and k%, may be computed by applying (2.12) and (2.13) to-
gether with appropriate scattering models for the individual vegetation constituents.
The choice of which scattering models to apply for a given canopy depends on the
shapes of the scattering constituents present in the canopy, as well as on their sizes
relative to the radar wavelength. Constituent scattering models that are applicable
to a wide variety of canopy architectures are presented in Appendices C and D.

T ¢ (1o, Po + ) revresents a first-order solution for canopy backscatter. This first-
order approximation is reasonable at lower frequencies in cases where the scattering
albedo of the medium is small. At higher frequencies, the effects of multiple scatter
become more important and this approximation may break down (Ulaby et al.,[65];
McDonald et al. [43],[44]). In such cases, it may be appropriate to examine a second-
or higher-order solution for backscatter. A second-order MIMICS solution may be
derived by using the first-order intensities as new source functions in the radiative
transfer equations and continuing with the iterative technique. Appendix E presents
such a solution for direct crown backscatter. Although straightforward to derive, in
the general case determination of the second-order backscatter contribution becomes

computationally prohibitive and will not be examined in this study.
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3.2 Modeling Ground Surface Cover

The model discussed in Section 3.1 works well for modeling many types of closed
crown canopies situated on level ground if the ground surface may be accurately
modeled by a specular surface for purposes of describing its forward scatter, and if
the direct ground backscatter may be accurately modeled by applying an appropriate
rough surface scattering model for G(f). As seen in some MIMICS I modeling
analyses (Dobson et al.,[13]), ground surface cover can have a substantial effect on
the canopy backscatter. If the ground is covered with snow or with a dense foliar
understory, the accuracy of the specular forward scatter approximation and of the
ground surface backscattering matrix comes into question. This section discusses
techniques in which underlying ground cover may be accounted for in MIMICS.

Two basic approaches may be considered for modifying MIMICS I to account for
ground cover. In one .approach, an additional layer representing the ground cover
may be added to the forest geometry and the radiative transfer equations solved for
a three-layer forest medium over a dielectric half-space. In the other approach, the
ground backscattering matrix G(#) and the groﬁnd reflectivity matrix R(u) may
be modified to account for differences in the backscattered and specular scattered
intensities from the ground surface. In this section, the latter approach is employed.
This technique allows for a straightforward modification to the solution derived in
Section 3.1 that still accounts for the first-order interaction mechanisms that occur
between the canopy overstory and the underlying surface. Section 3.2.1 presents
an approach for modeling a ground surface covered by a vegetation understory and
Section 3.2.2 discusses an approach for modeling a ground surface covered by a snow

layer.
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3.2.1 Ground Surface Covered by a Foliar Understory

Canopy understory may be modeled as a single layer of vegétation over a ground
surface. Figure 3.5 shows the scattering processes applicable to this problem. The
understory layer has height H,, a diffuse upper boundary, and is azimuthally sym-
metric. Figure 3.5(a) illustrates the scattering processes that modify the canopy

direct ground backscatter. The specific intensity backscattered by the understory,

L (-ty0,) N S L U - 4

4 | Canopy Understory ‘ ‘
u
Ground Surface

L %\\&&\\\m\\\i L

(a) Terms affecting the direct ground backscatter.

I';‘('uo ’q)()) Is,‘(llo,%) I‘:,(“o’¢0+n) I';l(-llo,%'*ﬂ)

VARV

RSN '-Z-:~..-..'.\2‘:‘..‘... ..'.2-....\....-:-.

.....................

(b) Terms affecting ground specular scatter.

Figure 3.5: Contributions to canopy backscatter from the canopy understory.

I’ (—po, do + ), is related to the intensity incident on the understory, I (—po, ¢o),
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through an effective ground backscattering matrix G,(6o) by the relationship

L, (—po, do+ 7) = Gu (60) L, (—po, 4o) (3.62)

where the subscript u has been used to denote ground backscatter in the presence of
a canopy understory.

G. (6p) is found by solving the radiative transfer problem for a single vegetation
layer of height H, over a ground surface (Ulaby and Elachi, [62]). This may be
accomplished by employing (3.49) with no trunk layer (H; = 0) and with the crown

layer height d set equal to H,:

1 —
g‘u. (00) = ”—e_KfIHu/ﬂ'O'R, (ﬂO) Al ('u,O’ ¢O + T lo, ¢0) R (ﬂO) e—f‘c'/u Hu/po
0
1
+ lt—e"ntHu/uo'R (ll,o) A2 (uo, ¢0 + T [o, ¢0)
0

1 —-—
+ = Aa (ko o+ 73 o, o) R (ko) oK Huluo
0
1
+ #_Aﬁ(ﬂoa¢0+7r;uo,¢0)
0

+ e FiHumg (9y) e~ HuHulno (3.63)

where k} = k] is the understory extinction matrix and the A, values are computed
by applying (3.56) through (3.61) to the understory layer.
The five terms in (3.63) correspond to terms 1%, 2a%, 2b%, 35 and 4%, respectively,

u) Cu

in Figure 3.5(a). The direct ground backscatter transformation matrix becomes
T, (s0, b0 + 7) = e—nid/uoe—f‘&ch/uogu (90)e-"'?Ht/“0e-"3c_d/“o (3.64)

where G(6p) has been replaced by G, (o) in (3.49).
Figure 3.5(b) illustrates the effect of the canopy understory on the ground spec-
ular scatter. This effect modifies the trunk-ground and crown-ground interaction

scattering mechanisms, along with the ground-crown-ground multiple bounce term.
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The intensity scattered by the understory I} (o, $0) is related to the incident inten-
sity I% (—po, #o) through the two specular scattering mechanisms shown as part of
term 12. Similarly, I (uo, ¢o + ) is related to I' (—po, ¢o + 7) through the mecha-
nisms shown as part of term 2. Terms 1] and 2; are identical for an azimuthally
symmetric understory. Each of the two terms consists of two components. These
represent an intensity scattered by the ground surface attenuated by two-way prop-
agation through the understory layer and an intensity scattered by the vegetation
itself. These components comprise the effective ground reflectivity matrix R, (po)

which relates the incident and scattered intensities as

L, (— o, ¢0) R (po) I, (— o, do) (3.65)

and

I (oo +7) = Ru (o) T (~po, do+ ) (3.66)

where the subscript u denotes reflection by the ground layer in the presence of a
canopy understory.

To solve for R, (po), the radiative transfer equations are applied to a single
vegetation layer over a specular ground surface. The solution is found by applying
the canopy bistatic transformation matrix in (3.41) in the specular scatter direction
(# = po and ¢ = ¢o) with H, = 0 and d = H,. In addition, it is assumed that the
component that is reflected from the ground is dominated by the zero-order intensity
19+ thereby neglecting terms 1 - 3 in Figure 3.3. Under these assumptions, R, (10)

becomes, in terms of (3.41),

- 1
Ru(po) = e_ntH"/“°R(ﬂo)€”n“H"/“°+ ;I—Ae(ﬂm%;/to,%) (3.67)
0

where k7 = k7 is the understory extinction matrix and .Ag is computed by applying
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(3.47) to the understory layer. The effect on the ground specular scatter is then

accounted for by setting R (po) = Ry (1o) in (3.49).

3.2.2 Ground Surface Covered by a Snow Layer

| NCTIN I (Hgbgtm)

Snow Layer

(a) Terms affecting the direct ground backscatter.

L, (Hep) ety I,(Hedetm) L, (-t 01T

Ground Surface
RN \-.- R TR R R }1}\.‘_3'.
L e

(b) Terms affecting ground specular scatter.

Figure 3.6: Contributions to canopy backscatter from an underlying snow layer.

At low frequencies, a snow layer may be modeled as an attenuating layer over a
dielectric half space as shown in Figure 3.6. The snow layer has height H, and relative
dielectric €;,. The ground half-space has relative dielectric €, 3> ¢,,. Under this

assumption, most scattering will occur at the snow-ground interface, thus allowing
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any scattering from the snow surface and any volume scatter inside the snow layer to
be neglected. This assumption works well at low frequencies (P- and L-bands) but
may be inappropriate at higher frequencies where the contribution of volume scatter
in the snow becomes more important.

Figure 3.6(a) illustrates the effect of the snow layer on direct ground backscatter.
The intensity backscattered from the snow I%, (uo, ¢o + ) is related to the incident

intensity I | (—po, ¢o) through the effective ground backscattering matrix G,(6o) as

L, (—tto, $o + 7) = Gan (60) I, (—pt0, $o) (3.68)

where the subscript sn in used to denote ground backscatter in the presence of a
snow layer.

The angle of refraction in the snow layer &' is related to the angle of incidence on
the snow surface 6y through Snell’s law. For a lossless layer in which e, is a purely

real number,

1

sin 00. (369)

sin §’
6371

This relationship changes, however, for a layer in which €, is complex although
Snell’s law still holds in a purely formal way (Stratton, [56] pp. 500-505; Ulaby et
al., [70] pp. 76-78). In such a layer

ko sin 6,

tan (8') = (3.70)
FVE+e)" +g

where
p = 20f (3.71)
q = B*—a® —k}sin, (3.72)
a = ko|Imyen (3.73)
B = koRe/esn (3.74)
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¢’ is equivalent to the local angle of incidence on the ground surface. The snow layer
therefore acts as a lens, focusing the incident intensity onto the ground surface.

The effective ground backscattering matrix is given by
Gon(bo) = e eneli'g o (0')e™ en e/t (3.75)

where &, is the snow extinction matrix, G,—,(6') is the ground backscattering matrix
evaluated at 6’ for the snow-ground interface and p' = cos@'.
The extinction coeflicient of the snow layer is related to the relative dielectric of

the snow by
Ksn = 2ko [Imy/€qp| (3.76)

Since Ky, is the same for both horizontal and vertical polarizations, the extinction

matrix may be written in diagonal form:

Ksn 0 0 0
0 ks, 0 O
Kgp = (3.77)
0 0 ks, O
0 0 0 &4

so that the transmissivity of the snow layer is

Yoo (@) = etV (3.78)
1000
10100

= e 2ronHs/u (3.79)
0010
0001

rquation (s./9) may then be written as

Gon(fo) = e~trenfleliig | (9). (3.80)
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Figure 3.6(b) illustrates the effect of the snow layer on the ground specular scatter.
The intensity scattered from the snow I2, (uo, ¢o) is related to the incident intensity
! (—po, ¢o) through the effective ground reflectivity matrix Rn(po). The scattered
and incident intensities I, (po, ¢o + 7) and L., (—po, do + 7) are similarly related.

Rn(o) is given by

Rsn(ﬂﬂ) — e-Klans/ﬂl'R's_’g (l‘l’,) e—nans/l—‘, (3.81)

e—4fien”s/l‘"R's_'g (ﬂ,) (3.82)

where R,_, (1') is the reflectivity matrix of the specular surface at the snow-ground
interface, evaluated at the local angle of incidence #'. Note that both R,_, (4') and
G,y (0') must be evaluated for scatter from an interface with a relative dielectric
given by the ratio of the snow and ground dielectrics. The effect of the snow layer

on the ground specular scatter is now accounted for by setting R (o) = Rsn (o) in

(3.49).

3.3 Applicability of MIMICS 1

This chapter has presented the development of the MIMICS I model. MIMICS 1
represents the first in a planred series of radar backscatter models for use in mod-
eling microwave backscatter from tree canopies. This model has been developed for
application to azimuthally symmetric tree canopies on flat ground and with closed
crown layer geometries. In this development, the canopy layers have been assumed
to be statistically homogeneous. Thus, it cannot account for the effects of geometries
such as row structure, as wquld be seen in many agricultural canopies.

MIMICS I has been found to function very well in a number of modeling studies.
McDonald et al. [41], [42], [43], [44] and Dobson et al. [13] have used MIMICS I

to model multi-angle and multi-temporal scatterometer measurements of a walnut
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orchard. These analyses were performed as part of the EOS Synergism Study at the
Kearney Agricultural Center in Fresno County, California during the summer of 1987
(Cimino et al. [9], Dobson et al. [15]). Here, MIMICS I has been shown to account
for variations in canopy backscatter caused by changes in canopy water status as
observed over a period of several days.

Dobson et al. [12], [13] and Kasischke et al. [32] have used MIMICS I to study
multi-frequency, multi-polarization backscatter and extinction properties of several
types of tree canopies in the Alaskan Boreal forest. In these analyses, the model has
been shown to predict the behavior of canopy backscatter over changes in environ-
mental conditions that caused the canopy to cycle between frozen and thawed states.
This application is being extended by Way et al. [76], [78], [79], [80], for monitoring
seasonal environmental and phenologic state of Alaska.n forests.

The applicability of MIMICS I for predicting the sensitivity of microwave backscat-
ter to changes in canopy biomass for Black Spruce stands has been examined by Skelly
[53] and Skelly et al. [54], [55]. Data simulated in this study, although not compared
directly with backscatter measurements, demonstrate how MIMICS may be applied
to provide greater understanding of the use of SAR for estimating forest biomass.

Although developed primarily for application to tree canopies, MIMICS I may
also be applied to model backscatter from many other types of vegetation canopies.
For example, Ulaby and Elachi [62] p. 184 applied MIMICS in modeling like-polarized
phase difference of backscatter from corn canopies (Ulaby et al., [66]). These results
have been extended in Chapter VI to illustrate a technique useful for monitoring soil
moisture in corn canopies.

A major limitation of the MIMICS I model is that it was developed specifically

for tree canopies with continuous crown layers. In order to more fully understand the
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effect that discontinuous or open crown layer geometries have on canopy backscatter,
a new version of MIMICS must be developed. To this end, the MIMICS II model
is proposed in Chapter IV. Details of the statistics required for this model are

examined in Chapter V. Chapter VI will then present specific modeling analyses

and applications for both MIMICS I and II.



CHAPTER IV

RADAR BACKSCATTER MODEL FOR AN
OPEN-CROWN CANOPY - MIMICS 11

Although the closed-crown tree canopy model presented in Chapter III has been
used successfully in many modeling applications, it does not account for the effects
that discontinuities in the crown layer have on canopy backscatter. The purpose of
this chapter is to introduce a radiative transfer-based model for tree canopies with
discontinuous, or open, crown layer geometries, which shall be referred to as MIMICS
II. In this case, backscatter mechanisms similar to those found for a closed crown
canopy must be accounted for whiie allowing for opens areas, or gaps, in the crown
layer. Figure 4.1 illustrates the types of backscattering mechanisms that must be
considered. Terms 1 through 5 illustrate mechanisms which interact with the crown
layer similar to those presented in Figure 3.4 while terms 6 through 10 illustrate the
effects crown layer gaps have on these mechanisms.

A variety of work has been performed in modeling the interception of radiation
with vegetation canopies that have discontinuous crown layers (Charles-Edward and
Thorpe, [5]; Ferguson, [21]; Jackson and Palmer, [29]; Li, [37]; Li and Strahler,
[38],[39]). Much of this work has been carried out for application to models describ-

ing processes at optical wavelengths. Typically, these analyses consider one of two

30
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Figure 4.1: First-order backscatter terms for a discontinuous canopy.

general cases. These are the deterministic case, in which the shapes, sizes and loca-
tions of the tree crowns are precisely specified, and the statistical case in which these
parameters are not precisely known but rather are specified in terms of probability
distribution functions (PDFs). In general, deterministic modeling techniques may
be applied to modeling radiation interception by canopies whose crown geometries
and locations are well-specified, e.g. orchards, whereas statistical techniques may

be applied when considering canopies whose crown geometries are not as well or-
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dered. When considering natural forest stands, the latter approach is generally more
appropriate.

Although several models have been proposed for continuous vegetation canopies
(Attema and Ulaby, [2]; Durden et al., [17]; Eom and Fung, [19]; Fung and Ulaby,
[22]; Karam and Fung, [31]; Lang and Sidhu, [35]; Richards et al., [48]; Tsang and
Kong, [59]; Ulaby et al., [69]), very little work has been done in developing models
for canopies with discontinuous geometries at microwave frequencies. To date, Sun
et val. [57] have proposed one such model for tree canopies. In this model, canopy-
level statistics are used in the development of probability factors that describe the
interception of radiation by the individual tree crowns. The MIMICS I solution is
multiplied by these factors in order to account for the discontinuous nature of the
crown layer. Essentially, this solution modifies the MIMICS I solution by a series of
weighting factors.

This chapter proposes an approach to this problem that is based directly on the
radiative transfer solution. This model represents the second version of the Michigan
Microwave Canopy Scattering model, MIMICS II. Development of MIMICS II begins
with the MIMICS I radiative transfer solution and proceeds by applying the canopy-
level random variables to characterize an additional averaging process over and above
that required in accounting for size and orientation on the level of the individual
constituents.

First, Section 4.1 presents the form of the radiative transfer equations and trans-
formation matrix for a canopy with a discontinuous crown layer. Given the form
of these equations, a basic understanding of the statistics of open crown geometries
must be developed. Section 4.2 develops these ideas by discussing the adaptation of

canopy-level statistical parameters for application to the radiative transfer solution.
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Two forms of the total canopy transformation matrix are then presented. Section
4.3 describes the fully polarimetric form and section 4.4 describes the scalar form.

Detailed modeling examples will be presented in Chapter VI.

4.1 Radiative Transfer Solution for an Open-Crown Canopy

To determine the solution of the radiative transfer equations for a canopy with
a discontinuous crown layer, a statistical method may be employed in which the
gross crown layer geometry is described by a set of random variables with specified
distribution functions. Once the radiative transfer solution is found for such a canopy,
these canopy-level statistics may be introduced to estimate the canopy backscatter.
To this end, a radiative transfer approach similar to that used in MIMICS I is applied
with appropriate canopy-level statistical parameters introduced where necessary.

Again, the tree canopy is considered to have a three-layer structure as shown
in Figure 4.2 with the crown and trunk layers each occupying distinct layers. The
height of the trunk layer is defined by the average height of the trunks H, and the
height of the -crown layer is defined by the maximum vertical distance d through
which individual tree crowns are distributed. The total equivalent canopy height is
d=H+d.

As with MIMICS I, the problem is solved in two parts. First, the problem of
backscatter from a two-layer canopy over a specular ground surface is addressed.
Then, an appropriate term is added to account for backscatter directly from the
ground surface. For the closed-crown geometry, the incident and scattered specific
intensities are related through the total canopy backscattering transformation ma-
trix 7 ¢ (po, do + 7), which is a function of the phase and extinction matrices of the

crown and trunk layers. These quantities depend directly on an averaging process
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Figure 4.2: Model geometry for a canopy with a discontinuous crown layer.

performed over distribution functions that describe tree-level random variables defin-

ing constituent size and orientation. For the open crown layer case,

(I (o, $0 + 7)), = (T (0, b0 + 7)), To(— 10, $0) (4.1)

where crown layer discontinuities have been accounted for through an additional
averaging process over the canopy-level random variables, as indicated by the no-
tation (---)_. This specifies the backscatter solution in terms of an extended set of
parameters that includes the canopy-level random variables.

The function (7 (po, do + 7)), which represents the expected value of 7, is
itself the sum of the expected values of the canopy and ground backscattering trans-

formation matrices:

(T e(po, do + 7)) = (T (o, b0 + 7)), + (T 5(ko, b0 + 7). - (4.2)
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where (7 (po, ¢o + 7)), is the canopy backscattering transformation matrix relating

incident and scattered intensities for the canopy over a specular ground surface:

(I*(po, o + 7)), = (T (o, b0 + 7)) . To(—pto, $0) (4.3)

and (7 4(po, $o + 7)), is the ground backscattering transformation matrix that ac-

counts for the contribution of direct backscatter from the ground:

(T30, 60 + 7)), = (T o(ko, o + 7)), To(~pto, o) (4.4)

The effects of the open crown layer on the upward- and downward-propagating

intensities in the crown and trunk layers may also be examined:

(T .2)), = (T, 6, ~d)),

+ < [ d R =REH(y 4 z’)dz'>c (4.5)
(L (1 0.2)) = (I (=p,4,0))
n </20 RACSE S z’)dz’> (4.6)
(T ¢2)), = eSHE (T, 9,-d))
([ eI (1,6, 2)d2') (4.7)

Cc

<It—(—ﬂ’ ¢’z)>c = eK{(z-}-d)/u <It—(—”’ ¢7 —d)>c

—d N ! ! /
+ < / e CHE T (—p, 8, 2)dz > (4.8)

z

where (- - ), denotes the expected value of the enclosed expression, indicating their
dependence on the averaging process at the canopy level. Similarly, the source func-
tions that account for coupling between the upward and downward propagating in-

tensities are

(Frtm.s), = (5[ [ Ptugsst el ¢, cha)
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1 27 1 ,
+<;/0 /0 Pu, 9 —ﬂ',¢')IZ(—u',¢’,2)dﬂ> (4.9)

[

(rcoms), = (H[" [ Piomornzisum)

]_ 2 1 ) inT— , , ,
+ (5 [ [ Pdomtimnt Iz 6 0) ()

C

(FH(u,9,2) = <§ [ /01Pt(u,as;;/,¢')It(y',¢',z>dn'6k(u—p’)> (4.11)

[

<F;(_ﬂ’ ¢’ z)>c

Lrer / - g / ,
<;/0 /0 'Pt(—ﬂvqb; —H ’¢I)It (—,u,q&,z)dQ 6k(ﬂ‘-[l)> .
(4.12)
The iterative approach identical to that discussed in Chapter III is used to find

the solution to (4.5) through (4.8), yielding

(T ¢ (po, o+ 7))e
= ;}O-(e"‘:d/“e‘“?”‘/““?l(uo) e R Hemo Ay (o, do + T o, do)
| e KT H/ MR (1) e~ Helwog= K d/uoy
+ ig(e“ntdlwe"q}]'/‘“R(uo) e R i Ay (1o, do + 75 o, bo))c
+ '_pl_o(Aa (110, $o + T o, o) e~ HIMR (pg) =i Helo =K dluay
+ :—O(e'njd/“e“nfm/““"{(ﬂo) Ay (0, o + T3 o, do) e~ 4/H0),
+ i(e_njd/‘mfts (ko, G0 + 7; o, do) R (o) €1 Fle/moe=Fedluo)
+ (Ao o, o + 7 o, o).
n (e—ntd/uoe—li.*H:/uog (o) e~ Heluog=Ked/no e (4.13)

where the A, matrices are given by (3.56) through (3.61).

Quantities describing trunk layer and ground surface scattering remain unchanged
from the closed-crown layer case. Quantities in (4.13) that depend on the PDFs
describing the canopy-level random variables include the crown layer phase matrices,

P.(---), and the crown layer transmissivity matrix e~ Kz,
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4.2 Application of Canopy-level Statistical Parameters

In order to perform the averaging process over the canopy-level random variables,
expressions relating the crown layer architecture to the parameters used in the radia-
tive transfer solution must be developed. This section defines the attributes of the
canopy-level statistical parameters necessary to describe crown-layer transmissivity

and scattering properties.

4.2.1 Crown Layer Transmissivity

An important parameter in modeling the amount of radiation intercepted by a
vegetation canopy is the probability of gap, or gap probability, Pgap of the canopy
(Li and Strahler,{39]). Historically, Pgop has been used to describe transmissivity
through canopies at optical frequencies. In these applications, the individual canopy
constituents have infinite optical thickness and thus the gap probability represents
the fraction of radiation that passes through a gap in the canopy. That is, Pgap
corresponds to the fraction of incident radiation not intercepted by any canopy con-
stituent. In general, PgAp may be defined as the probability that a portion of inci-
dent radiation will pass through a canopy unintercepted, i.e. the fraction of radiation
that is unattenuated by the canopy. At microwave frequencies, this is equivalent to

the canopy transmissivity. For a continuous crown layer (Li and Strahler,[39]),
Poap = €™ (4.14)

where 7 is the extinction per unit length of the crown layer and s, the within-
crown propagation distance, is the distance of propagation through the crown layer.

Similarly, at microwave frequencies a continuous crown layer is characterized by an
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extinction matrix £; and the transmissivity at a depth z in the crown layer is
Y. (z) = efc?/v (4.15)

where ¢ = cos @, z/p is the total propagation distance in the crown layer and 2 <0
represents the path length in the layer.
To find the transmissivity of a discontinuous crown layer, the geometry shown

in Figure 4.3 is considered. In general, the distance s, which is a random variable

Figure 4.3: Illustration showing one individual tree crown, the within-crown propa-
gation length s and the projected shadow area on the ground A, for a
view angle 6.

representing the total within-crown propagation distance for radiation incident at
an angle 0, is a function of both 6 and location (z,y) in the horizontal plane. If a
PDF p(s) describing s(z,y,0) in the entire crown layer is known, then Pgpp may

be expressed as an expected value:

Pap (6) = /0 T p(s)e ™ ds. (4.16)

Similarly, the expected value of transmissivity of the crown layer is

(X0 = [ pls)e s (4.17)
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More generally, the expected value of the transmissivity for propagation [ times

through the same location in the crown layer is

(L) = [ p(s)e s, (4.18)

The functional form of p(s) depends on the shape and size of the tree crowns.

Li and Strahler, [39], have previously derived p(s) for an entire crown layer and
their approach is applied here. Consider a point on the ground (z,y). As illustrated
in Figure 4.4, this point may be covered by no crown shadows, one shadow or any
number n of shadows, where a shadow is defined from a radar-backscatter perspec-

tive. The probability that a ray passes through a given number of individual crowns

Crown Layer

Overlapping Crowns

Overlapping Shadows

Figure 4.4: Canopy illumination geometry showing ovelapping crowns in th crown
layer and the corresponding overlapping shadows on the ground. The
number density of scatterers in the region where the two crowns overlap
is twice that within one individual crown volume.

is equivalent to the probability of that number of shadows overlapping a point (z,y).

For trees that are randomly spaced such that the crown shadows fall with equal like-

lihood anywhere on the ground, this probability is characterized by a Poisson PDF

(Gedis and Jackson,[23]):

e—(AsNt)

P(n) = (AN)" (4.19)

n!
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where N; specifies the average number of trees per unit area in the canopy and A
is the mean shadow size of the individual crowns. This distribution has a mean of
= A,N,.

It is now assumed that the number density of scatterers within the overlapping
portion of the tree crowns increases proportionally with the number of intersecting
crowns. That is, the number of scatterers per unit volume is doubled, tripled, etc.
corresponding to the number of crown volumes that overlap. If the propagation
distance through the ith crown is s; and if n individual crowns are intersected, then

the total within-crown pathlength is

s = Zs;. (4.20)
=1
The distribution of this within-crown pathlength given that the propagation is oc-

curing through n crowns is

p(sln) = p(s1]1) * p(s2[1) * ... ¥ p(sn|1) (4.21)
where * represents convolution. Then the PDF of s, taking into account all possibil-

ities of multiple shadowing, and including the no-shadow case, is given by

p(s)= 3" P(n)p(shn) (4.22)

n=0

where P(0) represesnts the no-shadow case. From (4.18), the average crown trans-

missivity becomes

(ri(0))

00
¢ 0

= P(0)+§:P(n)/ p(sn) e Feds (4.23)
= P(0)+ io: P (n) f_[ Amp(s;ll) e~Fesds (4.24)

i=1

where e~'F<* has been treated asa Fourier kernel. If p(s|1) is the same for all of the

crowns, then

(ri), = PO+XP@[[Tpmeal” a2

c
n=1
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where | =1 for one-way transmissivity and [ = 2 for the two-way case.

The probability p(s|1) represents the distribution of s for propagation through
a single crown and may be derived analytically or numerically for a wide variety of
tree crowns. Derivation of p(s|1) is discussed in Chapter V for various crown shapes.
The transmissivity at any depth z in the crown layer may also be found from (4.25)
by computing p(s|1) for the partial crown shapes that result from slicing the crown

layer at the depth z.

4.2.2 Crown Layer Phase Matrix

The crown layer phase matrix P, is a random variable that depends on depth 2
in the crown layer. The expected value of P, for an intensity incident in the (6;, ¢;)

direction and scattered in the (0, ¢,) direction is

(Pc (esa ¢s; 01'3 ¢i; Z))C

K
=Z<Pk (08’¢s;9i, ¢'i; Z)>c (426)

k=1

K
=2 AN Ok, bc) Lk (0s, 643 6:, bi; 513 O, bi) dsdOid by ) (4.27
,§< k(z)///f"(sk ks 8) Lk (0, 853 0:, i3 513 Ok, de) dsidby d>k>c( )

K
=D (Ni(2)). Lk (05, bs; 0, i sk; Ok, ) (4.28)
k=1

where the summation over k represents an addition over the K constituent classes
within the crown layer (branches, leaves, needles, etc.), Ni (z) is the number den-
sity per unit volume of each class, Ly (05, ¢s;0;, &:; sk; Ok, ¢x) is the Mueller matrix
for class k with size and orientation specified by s, and (6k, #x), respectively, and
fr (sk; 0k, éx) is a distribution function over the size and orientation parameters. In
general, for discontinuous cr(;wn layers, the number density of each constituent class
is a random variable that depends on location in the crown layer. Thus, Ni(z) at a

particular depth z is an effective density that depends on the shapes and locations of
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the individual crowns. In going from (4.27) to (4.28), the location of the scatterers
in the crown layer is assumed to be independent of their scattering characteristics,

thus imposing the condition of local statistical homogeneity.

4.2.3 Effective Scatterer Number Density

The expected value of the constituent number density (/N (z)), is now considered.

If number density increases proportionally with the number of intersecting crowns,

(Ni (2)). = Ni (n(2)). (4.29)

where Nj is the number density of scatterers in class k£ within one individual crown
volume and (n(z)), is the expected number of crowns overlapping at point (z,y) at
depth z in the layer. For a canopy with density N, trees per square meters that
are randomly placed, the crown overlapping statistics are described by the Poisson

distribution such that

(n(2)), = )_nP(n) (4.30)
= (A2)), Ny (4.31)

where (A.(z)), is the expected value of cross sectional area of a single crown at depth

z. Equation (4.31) is simply the expected value of the Poisson distribution P(n).
As illustrated in Figure 4.5, the cross sectional area A. of an individual crown is

not only a function of z but also depends on random variables describing crown size

and center location z;. The expected value of the crown cross section is

(Ae(2)), = /t / Ac(zz0t)pe () pe (1) dasdt (4.32)

where p,; (2;) and py (t) are the PDFs for the crown center location z; and crown size

parameters t, and A.(z,z2;,t) is a function describing crown cross sectional area at
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Figure 4.5: Cross-sectional area A, at depth z of a crown centered at 2;.

a depth z for a crown characterized by size parameter t and whose center is at point
z;.

The quantity (A (z)), may be computed for a variety of combinations of crown
shapes and center location distributions. Derivation of (A.(z)), for a variety of
crown shapes and crown layer geometries is presented in Chapter V. Giveﬁ these

expressions, the effective scatterer number density is

(Ni(2)), = NeN, (Ac (2)) (4.33)

c*

4.3 Polarimetric Solution

When seeking a polarimetric solution for canopy backscatter, all of the boldface
terms in (4.13) represent 4x4 matrices. Thus, since order of matrix multiplication
is important, the trunk and crown layer transmissivities and phase matrices cannot
be easily separated. To derive a solution, the matrix multiplications may be ex-
panded and the canopy-level random variables applied to the individual elements.

For example, to determine the elements of the crown-layer transmissivity matrix,
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(4.35)

(4.36)

(4.37)

.

and the elements of €., which are defined in (2.16), are constant throughout the

crown volumes. Expanding the matrix multiplications gives
4 [e e}
<[Tc (00)](i,j)>c = D _[Ec (ko $0)) i) [821 (ﬂ0»¢0)] (,j)/o p(s)e™*ds (4.38)
=1 !

where p(s) is the PDF of within-crown propagation lengths. Each of the (i, ) el-

ements of (X' (f)), is seen to depend on the four eigenvalues defined by );. Note

that
/Ooop(s)e"'\’sds = P(0) +§:1P(n) [ /0 " p(s1) e ds| (4.39)
and for complex \:
/ooo pls)e™'ds = P(0)+§P(n) { /O " p(s]1) €7 cos [Im(X,)s] ds
~ /ooo p(s[1) e sin [Im(X)s] dS}n (4.40)

This matrix expansion technique may be applied to each of the scattering contri-

butions in (4.13):
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¢ Ground-Crown-Ground Multiple Bounce

(TQCQ ( po ,do+ 7"))c =

i <e—nc+d/#oe—ant/#oR (uo) e—"&,_Ht/uo
Ko

0 _ , -
. [/ J e-nc (d+2 )/”OPC (—/LO’ ¢0 + 7(; po, ¢0) e—K/C (Z +d)/u0dz/

e RO R (1) =i Helmo e_nc_d/“°> (4.41)

The paths of the upward and downward intensities, as they propagate com-
pletely through the crown layer, are assumed to be independent of the path of
the intensity that is reflected upward by the ground and then backscattered by

the crown down to the ground. First, let
0 o, .
My, = / e~ e (d+2 )/uo'pc (= pto, do + ;5 o, do) e~ Ke (' +d) uo g
-d

- /_"d [Ec- Dl (d+ ) [o] - €71 - P (—to, do + 7 o, o)

[Ec e[ (2 + d) /o] - £57] d2’ (4.42)

so that for element (m,n) of M,
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It then follows that

<[‘/\Agcg](m,n)>c = Zzgc(mak)gé—l (l’n)

=1 k=1



4 .
#O,PC (]’ Z)> -1 .
gc ’l gc k,
>3 (MPld) ecner
— ® —s(A+Ax)
[1 /0 p(s)e ds] (4.45)
Niow define
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where
Mgg =R (o) - Myeg - R' (o) - (4.49)
Finally,
1 4 4 )
(Taln), = 72 3 Eelm k) €7 (L)
I=1 k=1
4 4
> DM (5,8) Ec (5, 1) €5 (k, 5) (7 HM)) (4.50)
1=11=1
1 4 4
= =32 Ec(m, k)T (I,n)
Ho =1 k=1
4 4 )
.. . i _
55" MEL ) €., €5 0.)
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Trhis gives the expression for the (m,n) element of (7 ;)

(4.51)
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e Crown-Ground Interaction

Here, the paths of the upward- and downward-propagating intensities are as-

sumed to be independent, so

(Teo (

Examine:

M,

Ho

) ¢0 + W))C
1

Ho
0 - ’ =t
: / d e—nc (d+ )/#O'Pc (—”0’ ¢0 + 5 — o, ¢0) enc z /uodz'> (452)

(o) R () |

Ho
([ e 0P, (s, o+ 75 = o, o) 50} (4.53)
1

<e—nfd/uoe—ﬁffﬂc/uork (llo) e—n,"H:/uo

(Y. (00)). R (1o)

Ho
</ e R P (—po, do + 75 —pro, do) GHEZI/”°d2,> (4.54)

0 _ , -1
[ e, (g, g+ 73 =g, o) Koz (4.5)
—-d

’ E. D= (d+2') /o] - 1] Pe(—po, do + 75 —po, $o)
Ll |

€ De() o] - £51] 42’ (4.56)

Expanding gives

0o 4 4
Moy = [ dzzsc £ (I;n)
1=1 k=1
4 4
YD Pel(5,1) Ec (6, D) €] (K, g)
j=1li=1
e~ (@+2") M/ uo+2" M/ wo g 51 (4.57)
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1
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4
<[MCQ](m.n)> Z Z gc l n)
=1 k=1
4 4
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j=11:=1
with
Hod (P (j,1)) J5° ps)e™"*ds
(Q(L, k), = i 0
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o (B2 57 pls) e — e ds £

The entire term is then given by the product of three matrices:

(TCQ ( Ho yPo + W))c

e Ground-Crown Interaction

- (X2 (00). R () (M),

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

Derivation of this term is very similar to that of the crown-ground interaction:

(Toc ( Ho » 0 + 7)),
1

0 , l |
= — <[/d eK'g‘z /u°’PC (/"0,¢0 + 7; o, ¢0) e—K,'c*(z +d)/u°dz]

fo

,e—Klch/uofR’ ( 0) e—n,_Ht/uoe—nc—d/Mo>

1

B <U K25 110 P, (o, do + T3 o, do) € Kj(2’+d)/“odzl]>

Ho

[

“R' (o) (Te(bo)).

(4.64)

(4

(4.65)
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Letting

0 , '
Mgc = / d e&tz /ﬂo'Pc (l"Oa ¢0 + 5 Ko,y ¢0) C—K/i(z +d)/llu0d2'
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(€ Del=(z' + d)/ o) - €] 42/
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4 4
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j=1:=1
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4
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1=1 k=1
4 4
L YYD ET (k) (Q(LE),
j=11=1
where
pod (Pe (j,1)), Jg° p(s)e™**ds l=k
(Q(L k), =
po (R2) J57pls) e — e ds 1k
Finally,
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T w — (Mye), R’ (po) (Fel(bo)).
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(4.67)

(4.68)

(4.69)

(4.70)

(4.71)
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yields the ground-crown interaction mechamism.

e Trunk-Ground Interaction

This mechanism is independent of the crown layer statistics except as they
apply to crown layer transmissivity. The propagation paths in the crown layer
for positive- and negative-going intensities are assumed to be independent.

Hence,

(Tig( po s+ 7)), =

[~

<e—f‘if d/uo =K Hi/uo (o)

—d —( 1y — (0
[/ | € TEROP (o, o + 5 = o, o) € H 0

e d/m) (4.74)

4

Noting that

Mtg — e—njH,/uoR(#o)

-d — (gt (2
[/ d e~ (@ nop, (—to, do + 7,5 — o, $o) efie (4 d)/uog !

(4.75)

is identical to the MIMICS I solution for trunk-ground scattering in the absence

of a crown layer, it follows that

1 -
(Ty)e = — (70 My - eReI) (4.76)

Ko ¢

- i([sc-pc.sgl] My, - [EDeED]) (@)

([€c-De-E)) - My - ([ec-D.-€7])  (478)

1
Ko

with elements (m,n) given by
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LY M (59 Ec (D) EF (k) () () (479)
= Lzzgc(m’k)‘e;l (lan)

Ko 121 k=1
Z Mty (]7z)£c(zal)£c—l (k’])

1=11=1

. [/Ooo p(s) e_s’\’ds] {/Ooop(s) e"”\"ds] . (4.80)

4 4

e Ground-Trunk Interaction

Expansion of this mechanism follows in the same way:

(T!)i( Ho 3¢0+ F))c =

ul—o <e‘l€§d/uo [/d eRf(d+z/)/uOfPt (110, o + T, 5 o, do) e~ K (@'+2')Juo g,
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R(#o) e—n,‘H:/uoe—R:d/M)C (4,81)
1 -Kd/uo -Kcd/
=\ Mg e 4.82
o < [ gt] >C ( )
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d ! 1yt
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R (jrg) ¢~ Hilvo (4.83)

1s 1identical to the MIMICS I case. Then

(Tgt)c = i <e—'€§d/uo Myt - e—"&c—d/uo> (4.84)

Ko ¢

= i([sc-u-s;l} My - [E0 D7) (4.85)
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1 -1 . B . . -1
= %<[EC-‘DC~€C ]) My - ([€c-D.-£71])  (4.86)

[

and expanding gives:

(Tolpnn) = — 33 E(m, k)X (1,n)

€ Ho =1 k=1
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DD My (5,0) Ec (3,1 £ (k. §) (e7M) (e7"™)(4.87)

Jj=1:=1
1 4
= =YY Ec(m,k)E]  (I,n)
Ko =1 k=1
4 4
ZZMQ‘ J, J)g;—l (k')])
j=1:=1

: [/Ooop(s) e's’\‘ds] [/Ooop(s) e”’\“ds] . (4.88)

e Direct Crown Backscatter

Here,

(Tc ( Ho ,¢0 + 7r))c

1 0 , .
- p— </d e lop. (po, b0 + 7,5 —pto, $o) efe? /“°dz'> (4.89)
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Expanding gives
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S P Ec (i ) ES (i g) € <*1+Ak>/~°dz> (4.91)

c

[1 - oc’p(s)e"s(’\”’\“)ds} (4.92)

e Direct Ground Backscatter

In this case, the paths of the upward- and downward-propagating intensities

in the crown layer are identical. Hence,

<T!I( Ko ’¢0 + 7r)>c =
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o\g

These terms may now be combined to obtain an estimate of the total canopy
backscatter. The canopy-level statistics come into play here in computing the av-
erage crown layer phase matrix (P,), and in integrating over exponentials that are

dependent on the eigenvalues of the crown layer extinction matrix:

/00 p(s)e™*Mds.
0

Quantities of the form




4

represent ratios of phase matrix elements to eigenvalues of the extinction matrix.
These quantities are constant throughout the crown volumes and thus do not depend

on the canopy-level random variables.

4.4 Scalar Solution

When considering only HH and VV polarization configurations, the solution may
be simplified considerably by considering the scalar solution for which the boldface
terms in (4.13) become scalar quantities. This allows those variables that depend
on trunk layer parameters to be factored out of terms that include the crown layer
statistics. If the constituents in the crown and trunk layers are distributed uniformly

in azimuth, then &% = Ke. Making these simplifications to (4.13) leads to:

[+

(T; (po, b0 + 7)), = %(TZ (90)>c <Pc (—#o, $o + m; po, ¢o)> (1 B (Tﬁ (00)>C)

Ke

emmilon (G(6,)

+ % (e (60)); (Pe (—pto, o + T3 — o, b0)).
e 2l G(g,)
b2 (Lo (00 (P o 0+ 73, o).
e72xe i/ G(6o)
+ ;1; (Te(00))% e2He/vo R (o) Hy P, (—po, b0 + 75 — o, bo)
+ ;1; (Te (00))% 72 He/vo R (19) Hy P: (to, d0 + 73 o, bo)
N %<Pc (0, b0 ::r; —uo,¢o)>c (1= (T2(00)) )
+(X2(00) G (0, (4.99)

where crown layer transmissivities have been separated into one- and two-way trans-

missivities, corresponding to propagation through differing or identical propagation
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paths. The quantity

Pc (ﬂsa ¢s; HKi, ¢1)

Kc

represents the ratio of scattering to extinction for intensity incident in the (p;, ¢;) di-
rection and scattered in the (us, ¢,) direction. This quantity, is constant throughout

the crown volumes and therefore is not affected by the canopy-level random variables.



CHAPTER V

SHAPE STATISTICS FOR TREE CROWNS

This chapter presents the derivations of the statistics associated with specific
crown shapes. These statistics are necessary for applying the radiative transfer solu-
tion derived in Chapter IV to particular canopy geometries. Section 5.1 presents the
derivation of the probability density function p(s|1) of the within-crown propagation
length for various shapes of tree crowns. The derivation considers several classes of
crown shapes for crowns that have a specified size. Section 5.2 then generalizes these
results to account for crowns distributed in size and location throughout the crown
layer. The derivation of the crown cross-sectional area is presented in Section 5.3.
Again, several classes of crown shapes are considered and results are generalized for

crowns distributed in size and location.

5.1 Calculation of Within-Crown Propagation Length PDF
for Different Crown Shapes

The distribution of within-crown propagation pathlength for single tree crowns,
p(s|1), may be computed numerically for arbitrarily shaped crowns. However, some
simple shapes allow for straightforv\;ard derivation of analytical expressions for p (s|1).
In either case, p(s|1) is most easily derived for shapes that can be easily defined

mathematically. Equations (5.1) and (5.2) allow for simple mathematical definition

76
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of a wide variety of crown shapes in Cartesian coordinates (Horn [26]).
2z\ 2u\*? 2z\"
(Z) +G) + ()
a b c
a B
BB e
a b c

Equation (5.1) describes crowns with ellipsoidal shapes while (5.2) describes those

1, (5.1)

with conical shapes. The specific shapes considered in this section are (1) spheroid,
(2) square column and (3) cone. In addition, examples are shown for a mixed spheroid
for which the shape factor constants in (5.1) assume different values in the upper

and lower half-spaces.

5.1.1 Spheroid

The spheroid is a natural choice for modeling the crown shape for many types of
trees. This section presents the derivation of p(s|1) for a sphere as well as for prolate
and oblate spheroids. The derivation for a sphere is considered first and then the

result is generalized to prolate and oblate spheroids.

Sphere

An analytical expression for p(s|l) for a sphere has been derived by Li and
Strahler, [39], and is reproduced here for completeness. Letting a = b = ¢ and
a = f =5 =2in (2.1) yields the equation of a sphere. Figure 5.1 diagrams a sphere
and the within-crown path s at a distance r from the center of the sphere. For a given
r, the sphere will contain a cylinder of length s along the illumination direction, as
indicated by the shaded region in the figure. As r increases to r + dr, s decreases
to s’ = s — ds. The quantity p(s|1)ds represents the proportional rate of change of

s at a distance r. This is the proportion of the area of the circle represented by the
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Figure 5.1: Geometry of a sphere of radius R showing a within-crown path length s
at a distance r from the center of the sphere.

shaded annulus in the figure. The infinitesimal area in which s and r are constant is

2wrdr. Thus the proportion by which s changes at distance r is —2xrdr/x R? so

—27r
p(s|l)ds = 7 dr. (5.3)
Furthermore,
1 2
r=1/R? - (§s> (5.4)
$O
d —
d_" - ° - (5.5)
$ 44/ R? — (%s)
s
= (5.6)
It follows that
2rr  dr
p(sll) = TR 4 (5.7)
= = (5.8)

2R’
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For a sphere with diameter a = 2R,
p(sll) = — (5.9)
where 0 < s < a. Equation (5.9) represents a ramp function rising from 0 to 2/a as
s goes from 0 to a.

Generalization to prolate and oblate spheroids

Letting a = b and a = f = 4 = 2 in (2.1) yields the general equation of a
spheroid. The spheroid is prolate when ¢ > a and oblate when ¢ < a. As illustrated

in Figure 5.2, p(s|1) for a spheroid is easily derived from (5.9) through a linear

‘cl2

Figure 5.2: Transformation of a sphere to a prolate spheroi

transformation of the z axis. For example, a sphere of diameter a is transformed to
a prolate spheroid with major axis ¢ and minor axis a through a stretching of its
z-axis. If the original axes are 2’ and z’ and the transformed axes are z and z, then

the points in the sphere (21,2]) and (2%, 2;) are transformed to the points (z, z;)
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and (z, 2) in the prolate spheroid. If f = c¢/a then z; = f- 2] and 23 = f - zj while

r; = 7} and z, = 2. The difference values are defined as

Az = z,— 1] (5.10)
A = 25—z (5.11)
Az = Tg —T1 = f AIE’ (512)
Az = zp—2z=f A2 (5.13)
Furthermore,
!
tan y' = oz = f-tany (5.14)
Az

and the path lengths are

I = (Az)? + (82) = AZ'\/1 + f2tan’ (5.15)
I = \/(Aac)2 +(Az)? = Azy/1 + tan? x (5.16)

It follows that

I Aznjl+ tan? y (5.17)
' Az\/1+ fPtan?y

SO

l I'Az v/ 1+ tan?y (5.18)
AZ'\ 1+ ftan?y .
\/1 + tan?

i X (5.19)
V14 f2tan?y
X)

= I'A( (5.20)
is the new path length where
c 1 +tan?y
Alx) = - . (5.21)
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For a radar incidence angle 6, the sphere diameter « in (5.9) must be scaled by

A(0), giving

2s
s = — 5.22
1+ (5)2 tan?0| 9
1+ tan?6 ] 2° (5.23)

where 0 < s < aA(6). Since this process is a simple linear transformation, (5.23)
represents a ramp function rising from 0 to 2/[aA(6)] as s goes from 0 to aA(f).
The validity of (5.23) is easily verified by considering two special cases. First, let

6 = 0 so the spheroid is viewed along the z-axis. Here, A(f) = c/a and

psll)] = i—f (5.24)

where 0 <'s < c. This is identical to p(s|1) for a sphere with diameter c.

Now, let § = 7/2 so the spheroid is viewed along the z-axis. Here, A(§) — 1 and

2s
p(s|1) = = (5.25)
0=n/2 a

where 0 < s < a and p(s|1) is now identical to that in (5.9).

5.1.2 Square Column

The derivation of p(s|1) for a rectangular solid is now presented. Mathematically,
this shape is convenient to couple with the radiative transfer equations and therefore
warrants some consideration.

Letting @ = b and allowing « = f = vy — oo in (2.1) yields a square column.
a = b < c gives an oblate sqﬁare column, a = b-> ¢ yields a prolate square column,
and a = b = c yields a cube. The radar look direction is assumed to be perpendicular

to a face of the column, thereby simplifying the derivation of p(s|1) significantly since
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a a

Case I Case II

Figure 5.3: Illustration of the within-crown propagation length for a crown with a
rectangular shape factor. Case I occurs for a radar look angle § > ..
Case II occurs for a radar look angle § < 6.. The critical angle 6. is
determined from tan 6, = a/c. s, represents the maximum value of s for
a given crown. The solids have depth b into the paper.

it may now be represented in two dimensions, as shown in Figure 5.3. Two cases
must be considered in deriving p(s|1). These cases are differentiated through the

definition of a critical angle . that is related to the crown dimensions by
tanf,. = ¢ (5.26)
c

Case I arises when 6 > 0., whereas Case II occurs when 8 < 0.
The PDF for the entire column may be expressed as an integral over the column
volume:

1

plslt) = 5 /v po(s)dV (5.27)

where p,(s) is the PDF describing s within the differential volume dV and V7 is the

total volume of the column. p(s|1) is partitioned over three regions of interest within
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which p,(s) varies only with s:

polt) = gz [ P+ [ pal)dVa+ [ pale)dvs] (629

= 7 [P [ W +pale) [ Vit pole) [ avs] (529
= 2 Bal9)Vs + pals)Va + pa(9)Vi (5.30)

The volumes V;, V; and V3 and their respective PDFs correspond to the regions

shown in Figure 5.4.

ds

X
ds/:\/ ":’\Zc
Case 11

Figure 5.4: Geometry used for deriving p(s|l) for a square column.

For Case I, the maximum value of the within-crown propagation length is s, =

a/sin 0. Examining the volume Vj, The equation of the line of length s is

z=—cotlz + z (5.31)
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where z is the z-intercept and the length of this line is

a Zc

+

2sinf  cosf’

(5.32)

Also, ds = dz/ cos @ where ds = ds; +ds;. Now, the infinitesimal volume in which s
and z are constant is (sb)-dl and V; = 1a®bcot §. The quantity p(s)ds represents the
proportional rate of change of s at a given 2. This is simply the ratio of the volume

of the strip of thickness d/ to the volume V;:

2sb

= dl. )
Py, (8)ds heotd | (5.33)
Since d! = dzsin 8
2ssinftanf dz -
pals) = ZELI00 (5:54)
2ssin § tan 0
= —a2———-—cost9 (5.35)
sinf)?
= 2 (T) s 10 <5< 8. (5.36)

Through a similar analysis, it can easily be shown that

Pu(s) = Pul(s). (5.37)
Finally, it is seen straightaway
Pu(8) = 6k(s — sm) (5.38)
where
1 78 = S
Or(s — sm) = (5.39)
10 ;otherwise.
The volumes of interest are:
2 A
Vi a’b (5.40)

2tan 0
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Va = sm(c—a/tanf)bsind
Vi =1

Vr = Vi+Vo+ V3 =abe

Applying (5.30) and simplifying gives

2cosf@sinf
e s+ (1 — mang) Ok (5 — 5m)
p(s]l)] = ( ‘ )
>0, 0

where s, = a/siné.

;0<s<sm,

;otherwise

(5.41)
(5.42)

(5.43)

(5.44)

This same technique may be used to derive p(s|1) for Case II. Here, s,, = ¢/ cos 8

and
c*btand
i = 5
Vo = sm(a—ctanf)bcosd
Vi =W
Vr = Vi+Vo+ V3 =abe.
Therefore
2sb
Po(s)ds = ctbtan 0dl
SO
(s) 2sbsinf dz
v (S = - —_
Pu ctbtanf ds
B 2ssin 6 0
T2 tanﬁcos
2
_ 2((:039) .
c
= pvs(s)'

Furthermore, as in Case I:

Puy(8) = k(s — sm).

(5.45)
(5.46)
(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

(5.54)
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Again, following (5.30) and simplifying:

2cos€sin03 + (1 _ ctine) 5lc (3 _ Sm) ’0 <gs<s

ac

p(sll)] = - (5.55)
b<be 0 ;otherwise

where s,, = ¢/ cos .
Equations (5.44) and (5.55) represent ramp functions rising from 0 to 2ccsfsinf s

as s goes from 0 to s,,. At s = s,, an additional contribution is added to p(s|1) to

account for the shaded regions in which s = s,,, a constant. Figure 5.5 shows p(s|1)

1.5 - — T T
+ ]
0=20° 47 .
- 1¢° s ,-," B :
......... 0=35 P 1
1. ]
10F | _____. 9=50° /",;' H .
,/'_- ]
~ Lo i
Z /‘r,'." i
e e :
i
[ i i
05 ,',—'"' i i 7]
| e :
& i
ﬁ“’" :
o i
; - ‘.)“‘ :
| |
0.0 A R T R B
0.0 0.5 1.0 L.5
s (meters)

Figure 5.5: p(s|1) for a square column with @ = b = ¢ = 1. Values are shown for
three incidence angles.

for a square column with a = b = ¢ =1 at three angles of incidence. For this shape,

0. = 45°.

5.1.3 Cone

Setting @ = b and a = f = 2 in (2.2) yields a right circular cone with apex at

z = ¢, base at z = 0 and basal diameter a, as shown in Figure 5.6. The apex angle
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a

Figure 5.6: Geometry of a conical crown with height c, basal diameter a and apex
angle a..

3.0

p(sil)

1.0

s (meters)

Figure 5.7: p(s|1) for several incidence angles for a right circular cone with a = b =
0.5 and c=1.
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a. = 2tan~'(a/2c). Derivation of an analytical expression for p(s|1) for this shape
is very difficult. Thus, numerical integration is a more straightforward technique for
computing the distribution of s. Figure 5.7 was generated with such a technique. In
this example, the cone dimensions are a = b = 0.5 and ¢ = 1. The function p(s|1) is

shown for several incidence angles.

5.1.4 Partial Crown Shapes

When examining the specific intensity at an arbitrary depth in the crown layer,
it becomes important to consider the within-crown propagation length for partial
crown shapes. The PDF p(s|1) is now examined as a function of penetration into
individual crown shapes. For a square column crown, the partial shape formed by
slicing the crown with a plane parallel to the 2 — y plane is itself a square column.
p(s|1) for the sliced shape may therefore be computed by applying the appropriate
parameters of the sliced crown to (5.44) and (5.55).

Other shapes exhibit more complicated behavior with respect to the depth of
the slicing plane. Figure 5.8 illustrates the geometry of this problem for spheroidal
shapes. The spheroid is sliced at a depth z < 0 where z = 0 represents the spheroid

top. Figures 5.9 and 5.10 show p(s|1) for a spheroid with a = 6 = 2 and ¢ = 10.

Figure 5.8: Geometry of spheroid crowns with propagation depth |z| < c.
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Figure 5.9: p(s|1) of a spheroid with @ = b = 2 and ¢ = 10 for several penetration
depths. The incidence angle § = 30°.

Figure 5.9 shows p(s|l) at various depths z for an incidence angle § = 30° and
Figure 5.10 shows p(s|1) at various incidence angles for 2 = —¢/2 = —5. Note that

for 2 = —c = —10, the resulting p(s|1) is identical to that of the entire spheroid.
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Figure 5.10: p(s|1) for several incidence angles for an spheroid with propagation
depth z = —¢/2. The ellipsoid has a = b =2 and ¢ = 10.
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In general, there are two partial crown shapes defined by the intersection of the
slicing plane with the crown, one partial shape above the plane and one below. In the
case of square columns, both of these partial shapes are themselves square columns.
Similarly, in the case of spheroids, both partial shapes are spheroids. For a right
circular cone, however, the slicing plane defines a right circular cone in the upper
half-space and a frustum of a right circular cone in the lower half-space. p(s|1) has
already been handled for the former case. For the cone frustum, the geometry of

Figure 5.11 may be considered. As before, the cone has a total height ¢ and basal

Figure 5.11: Geometry for computing p(s|1) of a frustum of a right circular cone.

diameter a. The height of the frustum is designated by z (shown referenced to the
cone base) and depends on the location of the slicing plane. Figure 5.12 shows the
results of numerical computation of p(s|1) for a cone frustum of several heights at
0 = 30°. This cone has a = b = 0.5 and ¢ = 1. The delta function occurs at values
of s = z/ cos(f) which correspond to paths entering the top face of the frustum and

exiting its base.
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Figure 5.12: p(s|1) of a cone frustum for several heights at an incidence angle § = 30°.
The cone has a = b=10.5 and ¢ = 1.

5.1.5 General Shapes

By selecting appropriate values for a, § and v and by letting a, b and ¢ vary with
quadrant, (2.1) and (2.2) may be used to define a wide variety of crown shapes. As
a simple example, if a = f =y =2and ¢ = b = 2 in (2.1) and letting ¢ = 10 for
z> 0 and ¢ =4 for z < 0 the mixed spheroid shown in Figure 5.13 is obtained. The
corresponding p(s|1) may be generated numerically and the result is shown in Figure

5.14 for several angles of incidence.
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Figure 5.13: Geometry of a mixed spheroid. The upper spheroid has a = b = 2 and
¢ = 10. The lower spheroid has a = b= 2 and ¢ = 4.
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Figure 5.14: p(s|1) of a mixed spheroid shape at several incidence angles.
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5.2 Within-Crown Propagation Length PDF for Crowns
Distributed in Size and Location

In order to model p(s) for a wide variety of canopy architectures, the results
of the previous section must be generalized to crowns distributed in size and loca-
tion. Crowns within a given canopy are assumed to have identical shape classes and
have specified distributions in center location and crown height. p(s|1) will also be
considered as a function of penetration depth into the crown layer.

The propagation length s through a single tree crown with a specified shape
is described in terms of the PDF p(s|l;z’;¢;2;). As illustrated in Figure 5.15, c
represents the height of the crown, z; corresponds to the location of the crown center,
and 2’ represents the depth in the crown layer where the value of the propagating

intensity is to be estimated. For a collection of crowns distributed in ¢ and z;, the

Figure 5.15: Illustration of ellipsoidal crowns in a crown layer of thickness d. the
crowns are distributed in both height ¢ and center location z;. 2’ rep-
resents the depth in the layer at which the value of the propagating
intensity is to be estimated.

PDF of within-crown propagation length for a single crown is

p(s|l;2') = //p(3|1;z';c; z;)pe(¢)ps; (2:)dedz; (5.56)

where p.(c) is the PDF of crown size defined in terms of the random variable ¢ and
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P2 (i) is the PDF of crown center location defined by z;. General analytic expressions
for p(s|1;2') are very tedious to derive for all but the most simple distributions over
crown shape, size and location. Thus, it is more convenient to compute the PDF
numerically. Some examples of p(s|1; z’) are now presented for crown layers consisting
of spherical and conical crowns.

For crowns having identical center locations z; and a distribution in height de-

scribed by the PDF p.(c),

p(s|1;2';2;) = /p(s|1;z';c; z;)pe(c)de. (5.57)

The crown height ¢ and width a may be coupled through the width-to-height ratio

k = a/c. For ellipsoidal crowns, k = 1 yields spherical shapes. Figure 5.16 shows p(s)

1.5 N 1 ! !
2'=-8
R T
______ 2'=-4
A R US 2’=-2
N
o
o5 ™ |

Within-Crown Propagation Length, s (meters)

Figure 5.16: p(s) at various depths 2’ in the crown layer for a spheric
centers located at z; = —4 meters and size uniformly distributed be-
tween 4 < ¢ < 8 with a/c =1 and 6 = 30°.

for an incidence angle 6§ = 30° at various depths 2’ in the crown layer for spherical

crowns centered at z; = —4 meters and with height uniformly distributed between

4m < ¢ < 8m. Note that the maximum propagation length increases directly with
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z' up to a maximum value of s = 8 at z/ = —8. This corresponds to the maximum

crown diameter.

Figure 5.17 shows p(s) at § = 30° for conical crowns centered at z; = —4 with
20 . 1 1 1 1 1

' z'=-8

15! .
[ R z2'=-6
------ 2’=4
- v e ’=-2

. 1.0 - -

6.0

Within-Crown Propagation Length, s (meters)

Figure 5.17: p(s) at various depths 2’ in the crown layer for conical crowns with cen-
ters located at z; = —4 meters and size uniformly distributed between

4 < c <8 with a/c=0.5 and 6 = 30°.
height uniformly distributed over 4m < ¢ < 8m and with a/c = 0.5. Comparison of
Figures 5.16 and 5.17 indicates that the shorter within-crown pathlengths are slightly
more important for conical shapes than for spherical shapes.

For crowns of identical size with a distribution in center location z; described by

the PDF p.,(z) is given by:

p(s|1;2"5¢) = /p(s]l;z'; ¢; 2:)p, (2i)dz;. (5.58)

Figures 5.18 and 5.19 show p(s) at various values of 2; for spherical and conical

crowns each with constant size ¢ = 6m and center location uniformly distributed

with —7Tm < z; < —=3m.
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Figure 5.18: p(s) at various depths 2’ in the crown layer for a spherical crown with

size ¢ = 6 meters, a/c = 1, center location uniformly distributed be-
tween —7 < z; < =3 and 6 = 30°.
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Figure 5.19: p(s) at various depths z’ in the crown layer for a conical crown with size

¢ = 6 meters, a/c = 0.5, center location uniformly distributed between
-7<z < -3 and 0 = 30°.
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To consider the effect of crowns distributed in both size and center location,
these parameters may be coupled such that small crowns are located low in the
crown layer and large crowns are high in the layer. This simulates crown placement
in many natural canopies. If 2; is distributed between —8 < z; < —3 and c is varied
linearly with z; as ¢ = z; + 9 then the smallest crowns have height ¢ = 1 and are
located at z; = —8 and the largest crowns have height ¢ = 6 and are located at
z; = —3. Figures 5.20 and 5.21 show p(s) for spherical and conical crowns at various

depths ' in the crown layer for such a case at § = 30° with z; uniformly distributed.

1.0 T T T T T
0.8 2’=-10 1
--------- z’=-8
...... = .6
06 |- * .
- 2'=-3
&
&
04 - =
02t i T -
5/ LSRR
0.0 ’ 1 1 L 1 Lo
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Within-Crown Propagation Length, s (meters)

Figure 5.20: p(s) at various depths 2’ in the crown layer for a spherical crown with
crown center location uniformly distributed between —8 < z; < —3 and
size varying linearly with z; between 1 < ¢ < 6 and a/c = 1 such that
the smaller crowns are low in the canopy and the larger crowns are high
in the canopy. The incidence angle 6 = 30°.

To this point, only uniform distributions in crown size and location have been

considered. Another case of interest is crowns with center location lognormally dis-
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Figure 5.21: p(s) at various depths 2’ in the crown layer for a conical crown with
crown center location uniformly distributed between —8 < z; < —3 and
size varying linearly with z; between 1 < ¢ < 6 and a/c = 0.5 such that
the smaller crowns are low in the canopy and the larger crowns are high
in the canopy. The incidence angle § = 30°.

tributed. A random variable z which is lognormally distributed has PDF

2
(z) = ! ex L md] [ln(ﬁ)]
P=\2) = zo\/2T P 20?

(5.59)

with median= m and mean= mexp(c?/2). It is clear that z is defined over the
interval 0 < z < oo. To apply this distribution to a crown layer of finite height,

ps(z) is offset to —d (the lower boundary of the layer) and normalized so that

Ny = px(2i + d)
Pl = 41 s

(5.60)
Figure 5.22 compares the uniform distribution to lognormal distributions with m = 1
and o = 1 and with m = 2.5 and o = 1. In general, the lognormal distribution places
more crowns in the lower portion of the crown layer and, when coupled with crown

size that varies linearly with center location, accounts for a higher number density

of small crowns in the canopy.
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Figure 5.22: PDF of crown center height p(z;) for lognormal and uniform distribu-
tions.

Figures 5.23 and 5.24 show p(s) at § = 30° and 2’ = —10 meters for spherical
and conical crowns with these three distributions in center location. The lognormal

distributions yield p(s) that peaks at lower values of s than the uniform distribution.
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Figure 5.23: p(s) at 2/ = —10 meters in the crown layer for a spherical crown with

center location having three different distributions between —8 < z; <
—3 and size varying linearly with z; between 1 < ¢ < 6 and a = ¢ such
that the smaller crowns are low in the canopy and the larger crowns are
high in the canopy. The incidence angle 6 = 30°.
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Figure 5.24: p(s) at z’ = —10 meters in the crown layer for a conical crown with
center location having three different distributions between —8 < z; <
—3 and size varying linearly with z; between 1 < ¢ < 6 and a = 0.5¢
such that the smaller crowns are low in the canopy and the larger crowns
are high in the canopy. The incidence angle 6 = 30°.
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5.3 Calculation of Crown Cross-Sectional Area

The expected value of the crown cross sectional area as a function of depth z in
a crown layer of thickness d must be considered in order to compute the expected
value of the crown layer phase matrix. As illustrated in Figure 5.25, the cross section

A. of an individual crown sliced at depth z depends on the location of the crown

Figure 5.25: Cross-sectional area A. at depth z of a crown centered at z;.

center z; along with-the crown shape and size. For a given crown, if z; and crown

size are treated as random variables with specified distributions, the expected value

of A, is

(Ac(2)), = /t 5 Ac(z,2i,t) pyy (21) pe (t) dz;dt (5.61)

where p, (z;) and py (t) are the PDFs describing the distribution of the crown center
location z; and crown size parameters t and A, (2,2i,t) is a function describing crown
cross sectional area at depth z for-a crown with center at z; and size t. Since, as
evident from Equations (4.28), (4.29) and (4.31), the crown layer phase matrix is
a linear function of crown cross-sectional area, the behavior of (4. (z)), is a direct

indicator of the behavior of the phase matrix as a function of 2.
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5.3.1 Cross-Sectional Area of Selected Crown Shapes with Specified Size

and Location.

Given the shape, size and location of a specific crown, the cross-sectional area
at a depth z may be determined explicitly by applying the crown shape equations.
For a crown with a square column shape of base dimensions a x a and height ¢ with

center at z;, the cross sectional area is

a® ;zi—-5<z<z+
Ac(z,zi,a,¢) = (5.62)

0 ;otherwise.

(0
(3]s

For a spheroid crown with height ¢, width «, and center at z;:

Eﬁ[l—<3‘_—z)2} 12— <2< ;45
Ac(zza,0) =4 (A (5.63)
0 ; otherwise.
A right circular cone with height ¢ centered at z;, basal diameter a has
_ 2
ml [ - (=) g <o <nit s
Ac(z,zi,a,¢) = (5.64)
0 ;otherwise.

Note that the size parameters (a,c) € t. Each of these shapes is non-zero only over

the region z; — § < z < z; + § and may therefore be expressed as an area factor Ay

<
2

times a rectangular pulse function:

Ac(z,zi,t) = Af(z,z,t)- {u [z —(z; — -;—)] —u [z —(zi 4+ g)]} (5.65)

= As(z,2,t) - rect [2 — Z'} (5.66)

where (a,c) € t, u(z) is the unit step function defined by

1 ;22 2,
u(z — z,) = (5.67)

0 ;z2<2,
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and

rect(z) = <172 (5.68)

0 ;otherwise

If the crown parameters are known deterministically, (5.66) may be applied
straightaway to find A.. The problem of computing A, for crowns with statistically

specified parameters is examined next.

5.3.2 Cross-Sectional Area for Crowns Distributed in Height

If the crown center location has a distribution specified by the probability density

function p,, (z;) then

(Ac(2,8)), = /A t) ps; (i) dzi (5.69)

= / Af 1ect [ :zi] Pz (2i) dz; (5.70)

where p,,(z;) 1s defined over the region z; < z; < 2; such that

.1 >
Pzi(zi) = pa(z) - rect [z, (a t ~2)} (5.71)
29— 21
The quantity (A.(z,t)), may then be written as
(AC (Z,t))c =
/21 Aj(z,2i,t) ps; (2i) rect [Z — 2.] rect [z (51t 2) dz;. (5.72)
22 (¢ 29— 21

Note that the crown centers must be located such that —d+ 5 <z <2, < —-Zin
order for all of the the crowns to be completely contained within the layer —d < z < 0.

Equation (5.72) is similar to a convolution integral and may be evaluated accord-
ingly. Two cases must be considered. Case I applies when z; — 2z, > ¢ and Case II

applies when z; — z9 < ¢. In each case, the integral must be evaluated over three
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regions. Equation (5.72) may be expressed as
zu(2)
(Ac (2,1)), =/ Ay (2,2, t) p; (2i) dzi. (5.73)

z((z)

where 2,(z) and z(z) represent the upper and lower limits of integration for each

of the three regions. These limits are summarized in Table 5.1.  The function

Table 5.1: Integration limits for computing (A, (z,t))..

Casel: 21 —29 2 ¢

Rangeof z | s = § <2<+ | n+5<z<an-5|za1-5<z28zn1+3
zu(2) z+ 3 z+ 5 2
[ [
z(2) 29 z- ¢ z— %

Casell: 2y — 22 < ¢
Rangeof 2 | 22— §<2<z1 -5 | z21-5< 28+ 5| n+5l2<21+35
zu(2) z+ 5 21 21
zi(2) 29 2 z -

[
2

(Ac(2,t)), may be evaluated for a given crown by applying (5.73) to the specified
crown area factor Ay and center location PDF p,, (z;).

If the crown center is uniformly distributed in z; then

puls) = — et [zi_%wzﬂ (5.74)

21 — 29 29— 21

and Equation (5.73) may be solved analytically for crowns with areas specified in
(5.62) - (5.64). Table 5.2 shows the solution for (A.(z,t)), for square column,
spheroid, and conical crowns as a function of depth z, crown center distribution

limits z; and z3, and crown size (a,c) € t.  Figures 5.26 - 5.28 are graphs of

(Ac(z,t)), for these crown shapes. Each figure shows cross section as a function of
z for a single crown with center uniformly distributed between z; < z; < z; and size

a = ¢ = 2. It is interesting to note that for each set of crown parameters

[ 4zt de=v (5.75)

—d

where V is the volume of the crown.



Table 5.2: Cross sectional area for crowns with centers uniformly distributed between
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z; and z,.
CASEL:z; — 2> ¢

Range of z Square Column Spheroid
2y — % <z< ozt % a2g2c(-:]2i:22)221 1ra2(c+3zzc—2%:f)_22(2c)—z+zz)
nt§<z<n-4 e e

2

n-g<a<n+g | Sl 117 i

Range of 2 Cone
2 — % <z<zm+ % 1ra2(c+2z—222)(7c;;cic(zz-:-jzz;—8cz;-8zz2+4222)
2+5<2<82-3% ﬁﬁ%a
a-$<z<n+§ zeletetin)

CASEIL: 2y — 29 < ¢

Range of z Square Column Spheroid
n-Si<a-g| Termm R
7 - % <z<zm+ % 2 7ra2(3c2—1222+12zzl —-142?22+12222—421z2—4222)
n+§<s<n+y| Sl rolletsonNetestn)’

Range of 2 Cone

c c 7m2(c+‘2::-2zg)(7c2—8cz+4z2 +8c22—8222+4z22)
2273 Szsa- 2z 96¢2(z1—27)

¢ - ¢ 1ra2(3c2 ~12c24+1222 4+6¢21 — 12221 +42; 246c29—12229 442 22 +4222)
n1-3828nt3 4832
m+§<a<ats ek
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Figure 5.26: Expected value of crown cross-sectional area at depth z in a crown layer
for a single square column crown with center uniformly distributed over
21<z;<zywitha=c=2.
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Figure 5.27: Expected value of crown cross-sectional area at depth z in a crown
layer for a single spheroidal crown with center uniformly distributed
over z; < z; < zg witha=¢=2.
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Figure 5.28: Expected value of crown cross-sectional area at depth z in a crown
layer for a single conical crown with center uniformly distributed over
21 <zi<zywitha=c=2.

5.3.3 Cross-Sectional Area for Crowns Distributed in Size

For a crown with specified center location (constant z;) with a size distribution

specified by the PDF p¢(t) the expected cross section at a given depth z in the crown

layer is

%)), = /A 2,2i,t) pe (£) dt (5.76)
= /Af t) rect [ Zi] pt (t) dt. (5.77)
Expressing the size PDF in terms of the crown height c as

pec) ;a1 <c< e

pe(t) = (5.78)
0 ;otherwise
-1

= Pc(c) . rect [LM} (579)

Cr —C
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where ¢; and c; are the lower and upper limits of crown height, respectively, yields

(AC (27 Zi))c =

/62 Aj (2, 2zi,t(c)) pe (¢) rect [—Z—:—zl] rect [M] de. (5.80)

¢ Cc C—
To perform the integration over ¢, it is convenient to express

ez = [ A, (220 6(0)) pe () de (5.81)

ci(z)
where the ¢(z) and c¢,(z) represent the lower and upper limits of integration as
determined by the product of the pulses in (5.80). Table 5.3 summarizes these

limits. The function (A.(z,z;)), may be evaluated by applying (5.81) to specified

Table 5.3: Integration limits for computing (A. (z, z;))

¢

Range | z; -2 <2<2-% | zi+$ <2824+ 9 |z+$ <2<+ 2
zy(2) C2 &) C2
2/(2) -2(z - %) 3 2(z - z)

crown area factor Ay and size PDF p, (c).

If the crown is uniformly distributed in ¢ such that

pe(c) = ! (5.82)

9
C2—

then the cross sections may be computed analytically for the crown areas specified
in (5.62) - (5.64). Table 5.4 shows the solution for (A.(z,z2)), for square column,
spheroid, and conical crowns as a function of depth in the crown layer z, crown center
location z;, and crown height limits ¢; and c,. Here, the crown size was assumed to

vary with height so that a = ¢ for all values of ¢. Figures 5.29 - 5.31 are graphs of

(Ac (2, 2i)), for these crown shapes.
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Table 5.4: Cross sectional area for crowns with height uniformly distributed such that
g <c<cyand a=c

Range of 2 Square Column Spheroid
3 8(2-—2')3 =(c +‘2z—22-)2(c —4z+442;)
.- 2 -4 €2 i 2 i 2 i
zZ—F <z % | 350 T 3= 12(c2—c1)
2 2 m(c124+ciea+c "’—12::2-{-2422'-—122‘2
Zi—%SzSzl+9.2l 21_‘i‘_€.|§cz_‘i'_°2_ (1 1¢2 212 i t)
3 8(z—z)° w(ca+42—42; ) (co—22422)?
. a - c2 [} _ [ 2 1 2 1
it 5 S2Ssaty | o~ Samal T3er=c1]
Range of 2 Cone
<, < a 7(c2+22-22;) (22 —8cp 2+282% +8c2i — 5622 +282:° )
TR SExATq 48(co—c1)
2 2 2 . . . 2
c ~ c m{c1é4cico4cr¢—6¢12—6¢cp2+122° 46¢1 2{+6¢22i —2422;+122; )
w-y<asa+y |2 48
3
. ¢ . 2 r!cz—2z+22.' )
21+2SZ'<-~1+2 48(cp —c
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Each figure shows the cross section as a function ot z for a single crown with ¢
uniformly distributed between ¢; < ¢ < ¢y, crown center at z; = —2 and a = c. It is

interesting to note that for each set of crown parameters

[ (A2, de =7 (5.83)

—d

where V is the average volume of the crown.

5.3.4 Cross-Sectional Area for Crowns Distributed in Height and Size

For crowns with distributions specified in both s and z;

(Ac(2)), =
/;2 ./: ‘4_{(2, Zi, t(c))pzt.(z,‘)[’c(c)
(214 22) c— 5l te)

Jrect|

-2 C— (O

|-

T —
<

-l'ect[3 — Zi]rect[ l
¢ z

]dz,-dc. (584)

~ ~

In this case, analytical solutions are more tedious to derive and numerical techniques
become more efficient. Figures 5.32, 5.33 and 5.34 show (A, (z)), for square column,
spherical, and conical crowns, respectively. All crowns have been assigned a uniform
size distribution with 1 < ¢ < 3 and « = ¢. The crown centers have been assigned
a uniform distribution with z; < z; < z;. As seen in the cases for which z; = -2,

zg = —8, the behavior of (A.(z)), for all three shapes becomes similar for crowns

whose centers are widely distributed throughout the crown layer.
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In all of these cases,

[ (Ao dz =7 (5.85)

where V is the average volume of the crown. Applying Equations (4.28), (4.29) and

(4.31), the average crown layer phase matrix may be written as

(P (bs, 953 0:, 64)), = %/_Od(’Pc(03a¢s§0ia¢i;z))cdz (5.86)
_ % -Od(Ac(z))Cdz
- é\: NiLi (s, ¢s; 0, 5515 0k, 61) (5.87)
=1
= B0, 6,0, (5.9)

where N, is the number density of trees per unit area and ’Pﬁl) (05, ¢s;0;, ¢;) is the

phase matrix for a unit volume contained in a single crown. For a continuous canopy,

V/d=1/N, so

(P (0, 65:0:,8:)). = PN (0, 65; 0, 6:) (5.89)

5.4 Summary of Crown Shape Statistics

This chapter has presented the derivation of shape statistics for specified classes
of tree crowns. Given the distribution for within-crown propagation length p(s|1)
for individual crowns from Section 5.1, the techniques discussed in Section 5.2 may
be applied to compute p(s|1) for distributions of crowns. The PDF p(s|1), together
with the cross-sectional area A.(z) discussed in Section 5.3, may be coupled to the
radiative transfer solution for an open-crown canopy presented in Chapter IV to solve

for backscatter from a particular canopy. This is done in Chapter VI.



CHAPTER VI

MODELING ANALYSES AND
APPLICATIONS

This chapter presents some examples in which MIMICS is used to model the scat-
tering characteristics of some vegetation canopies. The first three sections present
analyses in which MIMICS I has been applied to model various types of canopies.
Section 6.1 presents a modeling analysis in which MIMICS is used to model polariza-
tion phase difference for a selection of corn fields in Illinois. In Section 6.2, MIMICS
is used to model multi-angle and multi-temporal backscatter from a walnut orchard
in Fresno County, California. Section 6.3 presents an analysis of canopy transmis-
si‘vity and backscatter from various forest stands in the Alaskan boreal forest. In
each of these cases, the model is driven with ancillary ground measurements and the
output is compared to radar data measured with truck-based or aircraft-mounted

systems. Finally, in Section 6.4 MIMICS II is applied to simulate transmissivity and
systems. Finally, in Section 6.4 MIMICS Il is applied to simulate transmissivity and

backscatter for several of these canopies and the results are compared with MIMICS

I simulations.

6.1 MIMICS I Corn Canopy Modeling Using SIR-B Data

The second Shuttle Imaging Radar (SIR-B) flew aboard the Challenger on mis-

sion STS-41G in October of 1984 (Cimino et al., [7]). This instrument provided

116
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researchers with orbital L-band HH-polarized SAR imagery for various science ob-
jectives. One study conducted during the SIR-B flight is described by Dobson and
Ulaby, [16] and Ulaby et al., [66]. They used the SIR-B instrument together with
aircraft SAR underflights to address such issues as land-cover classification and as-
sessment of near-surface soil moisture content. The test site for this study comprised
an area in west-central Illinois of roughly 250 km? within which approximately 400
agricultural fields were surveyed for ancillary ground measurements of canopy prop-
erties. As a first modeling example, MIMICS [ is applied to model characteristics of
the backscatter from a number of the corn canopies for which ground measurements
and SAR data are available.

Polarization phase difference distributions were generated from the aircraft SAR
data for over 80 different corn fields in the test site (Ulaby et al., [66]). From these dis-
tributions, the mean like-polarized phase difference was estimated for each field. For
a canopy with small like-to-cross polarized backscatter ratio, the mean like-polarized
phase difference relative to VV-polarization, Adyy.yy, may be approximated by
considering the quantities of the modified Mueller matrix defined in terms of the

scattering matrix elements (Equation 2.6). If cross-polarized backscatter is small,

(6.1)

A¢gp.yy = Tan™ [Im(s"”s"")}

Re(SwShy)
[T],.

(4,3)

112 a3 ]

Tan™!

(6.2,

where [T](m’n) represents the (m,n) element of the canopy transformation matrix.
From ancillary ground measurements, canopy characteristics representative of an

effective average corn canopy were estimated. These characteristics are listed in Table

6.1. The stalks were assigned vertical orientations while the leaves were assigned an

orientation distribution uniform in the incremental solid angle df2 = sin §d0d¢. Since
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Table 6.1: Corn canopy parameters for fields observed by the aircraft SAR.

Canopy density = 8.77 stalks/m?
Stalk height = 2.5 m
Stalk diameter = 2.5 cm
Stalk dielectric constant = 6.5 +i 0.5 |
Soil dielectric constant = 15 +1 2
Soil RMS height = 2 cm
Soil correlation length = 26 cm
Leaf gravimetric moisture = 0.1
Leaf number density = 200/m3
Leaf diameter = 6.18 cm
Leaf thickness = 0.2 mm

this experiment occurred late in the growing season, the leaves were senescent and
quite dry and therefore had minimal effect on the canopy backscatter. MIMICS I was
run at an L-band frequency of 1.2 GHz as a function of incidence angle. Figure 6.1
compares the measured polarization phase difference to that predicted by MIMICS.
The model agrees well with the data, predicting the sharp increase in A¢ observed
for 25° < 6 < 35°, which is caused by the effect of the Brewster angle on the reflection
from the corn stalks. It is important to note that while each circle on this graph
represents the observed A¢ for a single corn canopy, the model calculation represents
the A¢ calculated by MIMICS for the average field conditions represented in Table
6.1, and therefore the results do not incorporate the natural field-to-field variability
inherent in the scene.

Since a major objective of this study was to assess the ability of orbital SAR for
use in soil moisture estimation, the response of the measured SIR-B backscatter to
changes in this parameter is now examined (Dobson and Ulaby, [16]). Volumetric
soil moisture has been estimated for many of the corn fields in the test site through
analysis of soil samples extracted from three locations in each field. Table 6.2 lists

the average canopy characteristics that correspond to these fields. Leaf parame.ters
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Figure 6.1: Comparison of the polarization phase difference calculated by MIMICS
to that extracted from the aircraft SAR imagery.

Table 6.2: Corn canopy parameters for fields observed by the SIR-B SAR.

Canopy density = 6.58 stalks/m?
Stalk height = 2.8 m
Stalk diameter = 2.5 cm
Soil RMS height = 2 cm
Soil correlation length = 26 cm

were the same as those given in Table 6.1.

Using the dielectric models described in Appendix A and assigning soil textural
components of 10% sand, 30% clay and 60% silt, MIMICS was run as a function of
volumetric soil moisture at a frequency of 1.2 GHz for an incidence angle 6 = 30°,
corresponding to SIR-B SAR parameters. Figure 6.2 compares MIMICS predictions
to data extracted from SIR-B ima.gery. Three MIMICS simulations are shown in this
figure. Each of the first two simulations presents the MIMICS response to changing

soil moisture with all other canopy parameters help constant. The uppermost curve
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Figure 6.2: L-band ¢® HH-polarized backscatter response to changes in volumetric soil
moisture. Data measured by the SIR-B SAR are compared with MIMICS
simulations for canopies with (a) dry stalks with gravimetric moisture = 0.125,
(b) wet stalks with gravimetric moisture = 0.9, (c) stalks with gravimetric
moisture coupled to the soil moisture via mg = 1.8 mv - 0.12.

depicts the o° response for a canopy whose stalks have a gravimetric moisture (mg)
of 0.9 (relatively wet) while the lowermost curve depicts ¢° for a canopy with stalks of
mg = 0.125 (relatively dry). It is seen that MIMICS predicts slightly less sensitivity
of ¢° to changes in soil moisture than was observed by SIR-B. A possible explanation
for this phenomenon is that soil moisture may be coupled to other canopy biophysical
parameters and, therefore, changes in soil moisture may be coupled to changes in
other canopy properties. One such mechanism is illustrated by the third MIMICS
simulation in Figure 6.2. While the wet and dry stalk moisture conditions present
an upper and lower bound for the SAR data, coupling the stalk moisture (mg) to

the soil moisture (mv) via the equation mg = 1.8 mv - 0.12 successfully predicts the
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appropriate sensitivity of o° to changes in moisture.

Unfortunately, the strategy applied in collecting canopy ground measurements
involved using separate teams for measuring soil and vegetation parameters and
thus there are very few corn fields for which there are coincident soil and stalk
moisture measurements. The insignificant amount of these data make it impossible
to verify any discernible relationship between stalk and soil moisture. However,
it is instructional to examine the potential for using MIMICS together with SAR
measurements to decouple canopy moisture parameters.

If one assumes that plant and soil moisture are coupled, the question arises of
how to apply measured backscatter parameters together with MIMICS in order to
separately estimate the moisture content of the plant and soil. Figure 6.3 shows the
co-polarized backscatter response for a corn canopy under wet and dry moisture con-
ditions with other par&neters being identical. The polarization responses for these
cases are very similar, indicating very little change in the polarization characteristics
of the backscatter for the wet and dry conditions. Examination of Figure 6.4 gives a
more direct indication of ¢° response to changes in stalk and ground moisture con-
tent. Here, to assess the sensitivity of canopy backscatter to changes in stalk and soil
moisture, MIMICS was run at § = 20° varying both moisture parameters. Figure 6.4
(a), (b) and (c) show the response of ofjy;, oy and Agyy.yy respectively. Roughly
speaking, the HH-polarized backscatter exhibits about 4-5 dB of change over the
displayed range of stalk moisture and about 10 dB of change over the range of soil
moisture. VV-polarized backscatter exhibits about 13 dB of change over the range
of stalk moisture while chanéing by about 10 dB with soil moisture. A¢ exhibits
about 125° of change with stalk moisture but has virtually no dependence on soil

moisture.



By combining these three responses, one may illustrate how to predict both mois-
ture contents from a given set of SAR observations. Assuming all other canopy pa-
rameters are known, stalk moisture may be estimated from A¢. Then, O’%H and
oYy may be applied to estimate soil moisture. Given measured values of o oV
and A¢ for the particular canopy structure, contours that represent families of con-
stant backscatter and phase difference are generated from Figure 6.4. Each contour
represents a solution set in stalk and soil moisture for that particular backscatter
quantity. For a given canopy state, the intersection of contour families yields the
desired moisture values.

Figure 6.5 illustrates two examples of this process. Figure 6.5(a) illustrates an
example of the intersection of the contours for a canopy with wet conditions and Fig-
ure 6.5(b) shows an example for the same canopy with dry conditions. In both cases,
A¢ is constant as a function of soil moisture, and therefore determines the stalk
moisture. o}y and oy then yield the solution for soil moisture. It is important to
note that Figure 6.5 represents an ideal modeling case in which oy, oy and Aé
have been chosen to .yield a unique intersection point. In applying this technique to
determine canopy moisture status from an actual SAR image, it is highly unlikely
that the three families will all intersect at the same point and further analysis in-
volving estimation of canopy parameters would have to be applied for the model to

converge on unique estimates of plant and soil moisture.
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6.2 FEos Synergism Study

MIMICS I is now used to model microwave scatterometer data that were obtained
during the August 1987 E0s Simultaneity Experiment (Cimino et al.,[9]; Dobson et
al.,[15]; McDonald et al.,[41], [42],[43], [44]). During this experiment, truck-based
scatterometers were used to measure radar backscatter from a walnut orchard in
Fresno County, California. The modeling of two sets of L- and X-band measurements
are discussed. The first set consists of a series of multiangle data for which a set of
trees was observed at varying angles of incidence. The second set consists of a series
of diurnal measurements in which this same set of trees was observed continuously
over several 24 hour periods.

With in situ ancillary data describing canopy architecture and moisture condi-
tions used as input, MIMICS is run at L-band and X-band frequencies of 1.5 GHz
and 9.6 GHz. Measured scatterometer data are compared to theoretical data gener-
ated by MIMICS. MIMICS is seen to predict the diurnal variations that are observed
on 24 hour cycles. .Examinations of backscatter response to changes in cénopy di-
electric properties are performed to determine the causes of the changes observed in
the short term trends and diurnal patterns. This section presents a brief overview of

the modeling analysis. A more complete discussion is provided in Appendix G.

6.2.1 Orchard Canopy Characteristics

As part of the synergism study, an extensive set of ancillary data was collected in
order to characterize the walnut orchard. Data describing canopy architecture (Ustin
et al.,[71],(72]), dielectric properties (Dobson,[10]) and canopy water status (Weber
and Ustin, [82],[83]) were analyzed to determine canopy density, branch and leaf

orientation and size distribution, constituent dielectric properties, and other gross



canopy characteristics.

To adapt the branch geometry data for input to MIMICS, the orchard is divided
into distinct crown and trunk layers with heights of 3.1 m and 1.7 m, respectively.
The branches are then divided into the four size classes identified in Table 6.3. Figure
6.6 is a sketch of the geometry of an individual tree, showing the four branch classes
and the leaves. The orientation functions are converted into probability distributions

for use in MIMICS by dividing each by a normalizing factor given by [5 f (6) dé.

leat Y\
stem=—" XN A VN~ 3.1 meters
secondary primary
branch branch ¥
V 4
trunk branches 1.7 meters
\J
L —

Figure 6.6: Illustration of a walnut tree showing the four branch classes and the
leaves.

Characteristics of the leaves were determined from detailed leaf counts (Ustin et
al.,[72]) and are summarized in Table 6.4. The leaves are modeled as thin circular
dielectric disks with a specified diameter and thickness. The leaf number density

together with the leaf diameter and crown height yield an equivalent canopy leaf

area index (LAI) of 3.4.
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Table 6.3: Canopy Branch Classes.

Branch Size Class

Constituent Class | Trunk Crown Branches

Characteristic Branches | primary | secondary | stems
Max. Diam. (cm) | - 4.0 0.9 0.4
Min. Diam. (cm) | 4.0 0.9 0.4 -
Ave. Diam. (cm) | 7.3 1.9 0.6 0.1
Ave. Length (cm) | 92.8 35.8 10.9 5.0
Density (#/m®) | 0.13 1.25 1.14 250
Orientation f(6) | cos®6 sin®20 | sin6 sin 6

Table 6.4: Leaf Characteristics.

Number density 250 leaves per cubic meter
Average diameter 7.47 cm
Average thickness 0.1 mm

Leaf area index 3.4

Orientation f(8) =sinf

Folding angle x = 152° along midrib

Radii of curvature p; = 7.7 cm (along midrib)
' p2 = 10 cm

The radii of curvature of the leaves were determined form measurements of the
leaf folding angle (Appendix G). The effect of leaf curvature on canopy backscatter

was accounted for through the equation (Sarabandi et al. [51]):

2

O 1 1
— = |=F(n) —F (1) (6.3)
Oy 0! 2
where
F(v) = /(: exp (zuz) du (6.4)

is the finite range Fresnel integral,

X0 a [ko
[fo L ¢ 6.5
” 72 2\ 7, (6.5)

and kg is the free space wavenumber. This effect was approximated in MIMICS

R

M=

o)

by using flat leaves with effective diameters that depend on the frequency under
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consideration. Table 6.5 lists the normalized backscatter and corresponding effective
diameters for L- and X-bands. At L-band, the effect of leaf curvature is essentially

negligible.

Table 6.5: Effects of Leaf Curvature at L- and X-Bands.

Normalized Backscatter Effective Diameter

(9c/a1) (cm)
L-Band  0.972 (-0.1 dB) 7.42
X-Band 0207  (-5.3 dB) 5.52
Flat Leaf 1.000 (0.0 dB) 7.47

A correction factor that accounts for the difference between the actual canopy
LAI and the LAI observed with the scatterometer system may be determined by
considering the radar measurement volume together with the variation of leaf number
density with height (Appendix G). This factor estimates the canopy LAI that is
observed by the scatterometer, which is a slowly varying function that has a minimum
of 0.35 at 6 = 40°, increasing to a maximum of 0.6 at 51°, and then tails off to 0.55

at 55°.

Canopy Dielectric Characteristics

Observations of the relative dielectric constant of soil and vegetation were made
in situ at 1.2 GHz using a portable dielectric probe. Observations were made of the
soil surface and tree trunks. Trunk measurements included both the exterior bark
and the interior sapwood. A statistically insignificant amount of dielectric data were
recorded for the vegetation in the crown layer. However, the dielectric behavior of
these constituents may be inferred from observations of other canopy physiological
parameters, and the models applied here to predict the relative dielectric constant

do in fact agree with the few recorded observations.
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The dielectric properties of the tree boles were seen to vary dramatically with
time. Figure 6.7 shows a piecewise fit to the measured dielectric constant. This

represents the best estimate of the trunk dielectric behavior at L-band. These data

80.0 T !
° |

700 F ° ]
.§ 600F o ]
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> Re. ¢, - Piecewise Fit
§ --------- Im. ¢, - Piecewise Fit
:g o) Re. ¢, - Measured
'é o] Im. ¢ - Measured
2
=

Day of August

Figure 6.7: Comparison of a periodic piecewise fit to measured L-band trunk dielec-
tric constant data for real and imaginary parts.

were recorded during the three day period that coincides with the time during which
diurnal scatterometer data were recorded. The numbers on the time axis correspond
to midnight on that day of August.

Figure 6.8 illustrates the best estimate of the soil dielectric behavior. During
these three days, the orchard was irrigated 2.5 hours per day beginning at 6:00 each
evening. The irrigation periods are manifest by the jumps in the dielectric constant
that begin at 6 p.m. each day. The dielectric continues to increase until the irrigation
shuts off. Then, ¢, decreases as the soil dries. The loss tangent of the soil dielectric

was assigned a value of 0.1 at L-band, as was determined from the measured data.
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Figure 6.8: Behavior of the soil dielectric constant showing the estimated behavior

of the L- and X-band dielectric constant. The symbol (i) indicates the
beginning of a 2.5 hour irrigation period.
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To determine the X-band soil dielectric, the dielectric model presented in Ap-
pendix A was inverted using the L-band data, thereby obtaining values for effective
soil volumetric moisture. The dielectric model was then applied at 9.6 GHz to esti-
mate the X-band dielectric.

Leaf gravimetric moisture content mg, was used to determine the leaf dielectric
constant. Analysis of wet and dry leaf weights indicate that the average leaf gravi-
metric moisture was approximately 0.7. Applying the vegetation dielectric model
presented in Appendix A, the relative dielectric constant of leaves were found to be
28.3 + 8.5 and 21.8 + ¢8.8 at L- and X-bands, respectively. This value was also
assigned to the dielectric of the higher order stems. No discernible variation of leaf
gravimetric moisture with time was observed.

Canopy water status was analyzed to estimate the behavior of the branch di-
electric constants. A periodic piecewise fit to the measured leaf water potential was
scaled to obtain the branch dielectric behavior shown in Figure 6.9(a). This figure
shows the real part of the piecewise fit to the L-band dielectric constant for the three
classes of woody vegetation. All measured values of the branch dielectric that were
recorded during this time are also shown. The X-band dielectrics were obtained
through application of the vegetation dielectric model. This model was numerically
inverted at L-band (1.2 GHz) using the dieiectric functions shown in Figure 6.9(a),
yielding effective values of branch moisture as a function of time. Given the effective
moisture, the model was then applied at 9.6 GHz to obtain the real and imaginary

parts of the X-band dielectrics. Figure 6.9(b) illustrates the real part of ¢, at X-band.
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Figure 6.9: Dielectric constants of woody constituents for (a) L-band and (b) X-band.
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6.2.2 Modeling Analysis

As a first step in the modeling analysis, MIMICS was run as a function of radar
look angle at L- and X-bands. Table 6.6 lists the canopy dielectric parameters used
in this analysis. These values correspond to measurements made at the approximate

time that the multi-angle scatterometer data were recorded. Figure 6.10 shows a

Table 6.6: Canopy Dielectric Characteristics.

Constituent L-Band X-Band
Ground Surface 25 +12.5 20.24+17.6
Trunk Branches 454 111.2 35.0+:14.8

Primary Branches 34+4+1:8.5 2594 :10.8
Secondary Branches 30+1:7.5 22.7+4+:94
Leaves and Stems 28.3+1:8.5 21.8+1:8.38

comparison of L- and X-band modeled and measured ‘data over the range 40° < 0 <
55° for like- and cross-polarized backscatter. Figure 6.10(a) compares the predicted
L-band backscatter with the scatterometer data. This figure demonstrates very good
agreement between MIMICS-generated data and the measured values. The like-
polarized backscatter exhibit similar amplitudes with HH being slightly higher than
VV in both the measured and modeled data while the cross-polarized backscatter is
about 5 dB lower than the like-polarized response.

The failure of the model to predict the cross-polarized backscatter at 40° is at-
tributed to the inhomogeneous characteristics of the orchard canopy architecture.
Whereas MIMICS I has been derived for a canopy that has a continuous crown
layer, 1t is being used to model backscatter from a canopy with a crown layer that
is discontinuous. As incidence angle becomes smaller, a larger proportion of the
canopy area observed by the scatterometer consists of smooth, bare soil that is not

covered by the orchard canopy. Since the model predicts backscatter for a canopy
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136

that has a homogeneous crown layer, some error will be introduced in the modeled
data. We expect that the model will be more successful in predicting backscatter
from this orchard at higher angles of incidence since the scatterometer observes al-
most no bare soil at these angles. We also expect this effect to be more pronounced
for cross-polarized configurations since a smooth soil surface generates very little
cross-polarized backscatter compared to that generated by the crown layer.

As was found in more detailed analyses (Appendix G), the measured X-band
backscatter consists primarily of the direct crown contribution to the total canopy
backscatter. Figure 6.10(b) compares the predicted direct crown X-band backscatter
with the scatterometer data. Here, MIMICS agrees with the level of the like-polarized
backscatter but underestimates the cross-polarized response by as much as 10 dB.
The failure of MIMICS to more accurately reproduce the angular dependence of
the like-polarized backscatter at 45° and 50° may also be attributed to the inho-
mogeneous nature of the orchard canopy. The effective canopy geometry sampled
by the scatterometer measurement volume changes with 0. As radar incidence angle
changes, the canopy backscatter responds to these changes in the sampled canopy vol-
ume. The angular dependence of backscatter at X-band has been partially accounted
for by applying the LAT correction factor in generating the multi-angle MIMICS data.
However, crown layer discontinuities also affect the character of backscatter from the
stems and branches. This effect is more prevalent at X-band in part because of the
relatively narrow X-band beamwidth and also because the crown layer constituents
that contribute most to this effect (leaves and smaller branches) contribute more to
X-band scatter than to L-band.

As previously noted, the X-band cross-polarized backscatter is significantly un-

derestimated by MIMICS. In general, the effect of higher-order multiple scattering on
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radar backscatter becomes more important as frequency increases. Ulaby et al. [65]
have shown that, at millimeter wave frequencies, a numerical solution to the radiative
transfer equations in which higher-order scattering is accounted for may add more
than 10 dB to the predicted first-order cross-polarized backscatter while having little
effect on the like-polarized backscatter. Since the numerical solution for radiative
transfer requires specifying the scattering phase matrix in all incident and scattering
directions, determination of the higher-order scattering contribution becomes very
computationally intensive. The phase matrix of the walnut orchard crown layer has
a very complicated form and determination of the numerical solution is computation-
ally prohibitive. Although an expression for the second-order scattering in the crown
layer may be derived (Appendix E), analysis of these higher-order effects is beyond
the scope of this study. While Ulaby et al. [65] derived their results at millimeter
wave frequencies for which the scattering albedo for vegetation w ~ 0.6—0.9, it is un-
derstood that w usually increases with increasing frequency. In light of the study by
Ulaby et al.,[65], it is expected that, as frequency increases, higher-order scattering
would first be manifest in terms of its effect on the cross-polarized backscatter.
Having established that MIMICS successfully predicts canopy backscatter as a
function of angle, the model is now run at a constant incidence angle, § = 55°, while
varying the canopy dielectric parameters so as to simulate the variations seen over
the three-day diurnal experiment (Figures 6.8 and 6.9). Figure 6.11 presents the
resulting computed backscatter along with the measured values of canopy backscat-
ter for the like- and cross-polarizations. At L-band, MIMICS successfully predicts
the appropriate level of the 1-11ea,sured data together with the decreasing trend in
backscatter observed over the three day period for all three polarization configura-

tions. Furthermore, MIMICS predicts the 1 to 2 dB dip seen in 0%y, and of}y in the
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early afternoon of each day.

The X-band MIMICS data presented here represent the direct crown component
of total canopy backscatter and have been produced for a canopy with an effective leaf
area index of 1.0 in order to account for the variations in effective canopy geometry as
a function of incidence angle. An offset of 8 dB has been added to the cross-polarized
MIMICS data to approximate the effects of higher-order scattering. Although the
measured X-band data exhibit significantly more scatter than does the L-band data,
the early afternoon dip in backscatter is present for all three polarizations and is
predicted by MIMICS.

The variation in the measured data that is associated with the scatterometer
measurement process comes primarily from two sources. The first of these is fading
that arises from the coherent nature of the scatterometer. Following the analysis
in Ulaby et al. [70], pp.483-486., the uncertainty due to fading is about +0.2 dB.
The other source of variation arises from statistical sampling of the inhomogeneous
orchard canopy. This is caused in large part by the partially discontinuous properties
of the crown layer. Because of the azimuth scanning technique used to account for
the effects of fading, each measured data point represents an average of 30 samples
recorded over a single azimuth sweep. The locations sampled within the canopy by
each of these 30 samples do not correspond precisely to those observed during other
azimuth sweeps. Therefore, some variation will exist simply because the values of ¢°
do not represent measurements of precisely the same canopy volume. In addition,
factors such as wind speed contribute to a time-varying canopy geometry. This effect
is readily observed in the measured diurnal data, especially at X-band. Modeling
results shown here demonstrate extraordinarily good agreement between measured

and predicted backscatter, especially when this measurement variability is taken into
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Figure 6.11: Comparison of MIMICS results with measured backscatter recorded during

the three day diurnal experiment for (a) HH polarized L-band backscatter,
(b) VV polarized L-band backscatter, (c) HV polarized L-band backscatter,
(d) HH polarized X-band backscatter, (¢) VV polarized X-band backscatter
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has been offset 8 dB to account for multiple scatter.
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account.

Figure 6.12 shows the MIMICS-predicted backscatter to changes in canopy biomass
for the walnut orchard response for VV and VH polarizations. These data were gen-
erated by varying canopy height and generating o° at each height. The models for
canopy biophysical parameters presented in Appendix F were applied to compute
the dry canopy biomass. Data are shown for P-band (0.5 GHz), L-band (1.5 GHz),
C-band (5 GHz), and X-band (9.6 GHz). For low values of biomass, the backscatter
at both like- and cross-polarizations is dominated by the direct-ground component
of canopy backscatter whereas at high values the canopy itself dominates ¢°. There-
fore, the o® value observed at low values of biomass is determined solely from the
estimate of direct ground backscatter for both polarizations. In order to achieve a
reasonable estimate of both the like- and cross-polarized direct ground backscatter,
measured values from Ulaby and Dobson [61] were used to simulate the direct ground
backscatter. This approach was necessary because the first-order ground backscatter
model implemented in MIMICS does not account for any cross-polarized return. It
should also be noted that at high biomass values the X-band cross-polarized response
is several dB lower than anticipated because MIMICS does not account for multi-
ple scattering in the crown layer. This analysis demonstrates that the lower radar
frequencies (P- and L-bands) are more sensitive to changes in total canopy biomass

than are the higher frequencies (C- and X-bands).
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Figure 6.12: Walnut orchard backscatter response to changes in canopy biomass for (a)
VV-polarization, (b) VH-polarization. The incidence angle § = 30°.
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6.3 ERS-1 Alaskan Boreal Forest Study

In March 1988, a series of airborne SAR data was acquired over the Bonanza
Creek Experimental Forest near Fairbanks, Alaska (Way et al., [77], [76]; Dob-
son et al., [13], [14]). This study was the first in a series of multi-season aircraft
experiments flown over selected forest sites for the purpose of understanding the
kinds of biophysical properties that may be detected with spaceborne SAR systems
such as the C-band SAR to be flown aboard the European Space Agency’s Earth
Resources Satellite (ERS-1). The purpose of this experiment was to determine if
changes in plant fluid status associated with thawing and freezing result in changes
in radar backscatter which could be detected by SAR and to determine if theoretical
backscatter models such as MIMICS could predict these changes.

This section provides a brief overview of the MIMICS modeling effort that ac-
companied this study. A more detailed analysis is provided in Appendix H. This
analysis focuses on L- C, and X-band data obtained on March 13, March 19 and
March 22, 1988. These dates were selected to encompass the range of environmental
conditions that occurred over the duration of the experiment. An unseasonably warm
period during which thawed conditions prevailed in the forest extended through the
evening of March 13. This was followed by more normal subfreezing temperatures
for the remainder of the experiment. As liquid water was frozen by the subfreezing
temperatures, the dielectric properties of both the vegetation and of the 20-30 c¢m
snow layer that covered the ground were modified, thereby changing the scattering

and absorption properties of these constituents.
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6.3.1 Test Site Description and Canopy Properties
Ground Surface Characteristics

The ground surface was covered with a snow layer 20-30 cm deep. Below the
snow layer, the upper 20 cm of the mineral soil was frozen throughout the entire
experiment. The early March thaw caused the snow layer to have a complex wetness
structure that varied with stand species (Dobson et al., [13]). Snow wetness varied
considerably with spatial location, depth, and time. A Debye-like model presented
by Hallikainen et al., [24] was applied to estimate the dielectric properties of the
snow. This model, which is reviewed in Appendix A, relates the snow dielectric to
snow wetness (volume %), frequency and dry snow density. The modeled values of
snow dielectric constant are listed in Table 6.7 at L-, C- and X-bands for frozen and

thawed conditions.

Table 6.7: Modeled Dielectric Characteristics of Snow for Frozen and Thawed Con-
ditions.

Frequency Thawed Conditions Frozen Conditions

(March 13) (March 19-22)
L-Band 1.58 +10.024 1.37+4:0.0
C-Band 1.54 +:0.079 1.37+4 0.0
X-Band 1.49 +10.09 1.37 4+ :0.0

The dielectric of the frozen mineral soil was measured using portable dielectric
probes in a trench cut into the permafrost. The average L-band dielectric constant

of the soil was found to be 7.96 + 20.96.

Stand Geometry

Ground surveys of seven stands were conducted to determine the number of trees

per unit area by species and also record their respective diameters at breast height
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(DBH) (Jaeger, [30]). To estimate above ground biomass for each stand, these data
were coupled with allometric equations. The measured DBH, heights, and status
of each tree were used to estimate the quantities listed in Table 6.8 on the basis of

allometric expressions drawn from the literature for each species (Kirby,[33]; Manning

et al.,[40]; Singh,[52]; Yarie and Van Cleve,[84]).

Table 6.8: Summary of Stand Biophysical Parameters.

Species White Spruce Black Spruce | Balsam Poplar
Stand Name WS-1 | WS-2 | WS-5 | WS-7 BS-1 BP-2
Density
Mean (trunks/hectare) | 1248 | 2073 | 1484 | 1123 1975 1615
Standard Deviation 342 76 618 654 1483 407
Basal Area
Mean (m?/hectare) 46 41 44 46 12 50
Standard Deviation 16.6 7.0 85| 124 3.3 25.8
Basal Volume
Mean (m3/hectare) 442 | 332 | 392 | 442 51 344
Standard Deviation - 169 60 100 115 12 190
Dry Biomass - Summer
Mean (kg/m?) 21.7| 16.7| 18.1| 21.5 3.7 18.2
Standard Deviation 8.8 3.6 4.8 6.1 0.8 10.9
Dry Biomass - Winter
Mean (kg/m?) 217 16.7| 181 215 3.7 17.9
Standard Deviation 8.8 3.6 4.8 6.1 0.8 10.7

In addition, trihedral corner reflectors were placed in several stands to estimate
canopy transmissivity (I{asischke et al.,[32]). These stands were also characterized
with respect to density, height and diameter ( Jaeger,[30]). These stands included a
single species of alder and mixed species stands of alder, balsam poplar and white

spruce. Table 6.9 summarizes mean DBH, height and basal area for all stands.

To characterize the trunk layer geometry in terms of parameters required for
MIMICS input, DBH histograms were generated from the ancillary ground mea-

surements and coupled with the allometric height equations listed in Table 6.10.
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Table 6.9: Summary of Mean DBH, Height and Basal Area for All Stands.

Stand | DBH | Height | Basal Area
Name | (cm) (m) | (m?/hectare)
WS-1 | 19.6 22.1 46
WS-2 14.5 20.1 41
WS-5 | 17.9 21.3 44
WS-7 | 214 24.5 46
BS-1 8.8 7.6 12
BP-2 | 18.0 17.6 50
Stands with trihedral reflectors:
Stand Species DBH | Height | Basal Area
Name (cm) (m) | (m?/hectare)
Alder alder 6.0 6.3 66.5
Balsam Poplar | balsam poplar | 11.0 12.7 229
alder 6.0 6.3 3.1
White Spruce | white spruce 7.8 8.6 124
balsam poplar 9.4 11.6 10.0
alder 6.1 6.3 5.4

Table 6.10: Equations Defining Height-to-DBH Relationship.

Species Equation

White Spruce  H = —1.7096 + 1.4224(DBH) - 0.016(DBH)?
Black Spruce A =0.9494 + 0.7657(DBH)

Balsam Poplar /1 =1.0526 + 1.143(DBH) — 0.0145(DBH)?
Alder H = 2871+ 0.5666(DBH)

H = height in meters
DBH = diameter in cm measured at breast height
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Together, these data define the PDF in size required to compute the trunk layer
phase matrix for a given stand. All trunks are assumed to have a vertical orientation
for purposes of MIMICS simulations.

The size and orientations of crown layer constituents have been inferred through
a combination of field observations and morphology data from Nelson et al.,[45)].

Table 6.11 summarizes the geometry of the crown layer constituents. Each of the

Table 6.11: Geometry of Crown Layer Constituents.

Species Constituent Average Average Orientation
Class Length (cm) Diameter (cm) Function

White Spruce  primary branches 113 2.24 sin @
secondary branches 57.16 1.04 sin® @
needles 1.6 0.1 sin @

Black Spruce  primary branches 81.3 2.37 sin”(6 — 30°)
secondary branches 51.17 1.06 sin® 9
needles 0.8 0.1 sin 0

Balsam Poplar primary branches 200 1.5 sin®(6 + 60°)
secondary branches 100 0.75 sin®(8 + 60°)

Alder primary branches 200 1.5 sin”(0 + 60°)
secondary branches 100 0.75 sin®(6 + 60°)

orientation functions is normalized to convert it to a PDF for implementation in
MIMICS.

Table 6.12 lists the number density of each canopy constituent for each of the
seven stands, assuming that each stand may be modeled as a continuous (closed)
canopy. The biomass of a single element is computed from the size and dry density

parameters of that element as presented in Appendix F.
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Table 6.12: Number Density of Canopy Constituents.

Stand Name Canopy Density Primary Branches Secondary Branches Needles

(trees/m?) (#/m®) (#/m®) (#/m®)
Alder 1.36 1.19 9.92 NA
BP-2 0.16 0.85 6.69 NA
WS-1 0.12 0.44 2.37 12,300
WS-2 0.12 0.48 2.57 13,310
WS-5 0.12 0.50 2.7 14,000
WS-7 0.12 0.48 2.6 13,490
BS-1 0.20 0.25 1.31 18,340

Stand Dielectric Characteristics

The dielectric properties of the trees vary as a function of frequency and canopy
properties such as constituent dry density and freeze/thaw state. The dielectric prop-
erties of the stands were monitored with L- and C-band portable dielectric probes.
The dielectrics listed in Table 6.13 were inferred by coupling dielectric measurements

to the dielectric models (Dobson et «l., [13]).

Table 6.13: Relative Dielectric Constant for Tree Constituents.

Species Frequency Relative Dielectric
(GHz) +5°C -15°C
White Spruce 1.25 36.47 4+ :10.99 5.19 4+ ¢1.09
5.3 29.01 4 :11.97 4.85+ i0.32
9.38 22.78 4 :13.20 4.81 +:0.18
Black Spruce 1.25 12.46 4 14.50 3.72 4+ :0.78
5.3 9.30+:3.33  3.47 +10.23
- 9.38 7.82+1:3.22 3.44+410.13
Balsam Poplar and Alder 1.25 | 30.71 4 :9.56  4.95 + 71.07
5.3 24.184+19.85 4.61 4 10.32

9.38 19.16 4 210.69 4.57 +1:0.17
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6.3.2 Boreal Forest Transmissivity Analysis

Data collected at C- and X-bands on March 22 have been applied to analyze
canopy transmissivity (Dobson et al., [13],[14]). To compute the one-way canopy
propagation loss, the point target responses of trihedrals that were placed in the
forest stands were compared to the response of trihedrals placed in an open area.
Stands selected for this analysis included a single-species alder canopy, a balsam
poplar stand that contained shorter alder trees, and a white spruce stand that also
contained a mixture of balsam poplars and alders. Stand statistics measured in
the neighborhood of the targets showed significant local variance in stand geometry,
both locally within the neighborhood of individual targets and in comparing different
target locations within the same stand. Not only does that within-stand variability
affect the estimation of canopy extinction, but also there is an inherent bias toward
values of low extinction due to the logistics of placing physically large reflectors
in a canopy of large discrete scatterers. The measured extinction values represent
realizations over only the few azimuth degrees required to construct the synthetic
aperture. It would be best to have a set of infinitesimally small point targets that
one could place at a statistically large number of random locations within a given
stand.

Each set of stand statistics was used as input to MIMICS, applying the dielectric
constants for frozen vegetation constituents (Table 6.13) and the trunk height versus
DBH equations (Table 6.10). For the mixed-species stands, MIMICS was run sepa-
rately for each constituent species and the resultant propagation losses were added
together to estimate the total net loss. Since only gross estimates of crown biomass
were available, and in order to expedite the transmissivity analysis, only extinction

through the trunk layer was considered.
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Figures 6.13 - 6.15 show MIMICS simulations of the maximum and minimum one-
way propagation loss for each of the three stands together with the measured values
as determined for each trihedral reflector. The maximum and minimum MIMICS
simulations correspond to the maximum and minimum biomass conditions for each
of the three stands. Figure 6.13 shows these data for the alder stand, Figure 6.14
shows data for the balsam poplar stand and Figure 6.15 presents the white spruce
stand simulation. In all cases, the V-polarized extinction is greater than that at
H-polarization with the difference being less than 1.5 dB.

Figure 6.16 is a plot of the MIMICS-simulated one-way propagation loss versus
the measured loss at C-band. Data are shown for all three stands at both polar-
izations. Each set of stand data were fit with a straight line to help illustrate the
combined effects of measurement and model error. Good correlations exist between
measured data and model simulations for all three stands, with the correlation coefhi-
cient p > 0.75, however MIMICS never predicts 0 dB of loss which may be measured
at low values of incidence angle because of placement of the reflectors in canopy
gaps. This indicates that more reflectors should be used in this type of study and
more careful attention should be paid to random placement of the targets in the
canopy. Furthermore, this figure illustrates an underprediction of canopy extinction
by MIMICS in the white spruce stand. This illustrates the importance of including
the crown layer constituents in canopy transmissivity analyses, especially for foliated

species.



150

20.0

V Pol Max -- MIMICS
--------- H Pol Max -- MIMICS
150 °
______ V Pol Min -- MIMICS
------ H Pol Min -- MIMICS .
©  VPol-- Measured A
100 o
@  HPol -- Measured gt

One-Way Loss (dB)

20. 30. 40. 50. 60. 70.

Incidence Angle (degrees)

(a) C-band.

20.0

V Pol Max -- MIMICS
--------- H Pol Max -- MIMICS
150
------ V Pol Min -- MIMICS
------ H Pol Min -- MIMICS g
[} V Pol -- Mcasured #

100 F yaay %
o] H Pol -- Measured ol 14

One-Way Loss (dB)
1

70.

Incidence Angle (degrees)

(b) X-band.

Figure 6.13: Transmission loss for one-way propagation through the alder canopy. Mea-
surements are shown for four trihedral targets at (a) C-band and (b) X-band.
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Figure 6.14: Transmission loss for one-way propagation through the mixed balsam

poplar/alder canopy. Measurements are shown for seven trihedral targets
at (a) C-band and (b) X-band.
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Figure 6.15: Transmission loss for one-way propagation through the mixed white
spruce/balsam poplar/alder canopy. Measurements are shown for nine tri-
hedral targets at (a) C-band and (b) X-band.
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with their respective correlation coefficients p.
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6.3.3 Boreal Forest Backscatter Analysis

Data recorded at L-, C- and X-bands have been applied to analyze backscatter
from several single-species stands (Dobson et al., [13],[14]). Of these, only the L-band
data has been calibrated to an absolute level. These data were collected on March
13 (frozen canopy conditions) and on March 19 (thawed canopy conditions) (Way et
al.,[77]). Since the stands considered in this study were only partially characterized
by on-site sampling, information on biomass apportionment and canopy constituent
size and density characteristics is only approximate. Errors introduced in the biomass
apportionment analysis will have an effect on the backscatter simulated by MIMICS.

The 20-30cm thick snow layer also significantly complicated the backscatter anal-
ysis. The roughness parameters and other characteristics of the snow-ground inter-
face were not characterized. These parameters could only be estimated by fitting
MIMICS to ground backscatter measurements of open areas on sandbars that were
outside the tree canopies. Since the roughness of these regions do not correspond to
the roughness of a forest floor, and since the goal of this study is to examine model
performance without using parameter fitting, the snow substrate was modeled as a
half-space of snow. This ignores scattering at the snow-ground interface completely
and in some cases reduces the effectiveness of the MIMICS simulations. A simple
technique that accounts for the snow-ground interface at L-band was introduced in
Section 3.2.2. However, because of lack of adequate characterization of the ground

surface, its effectiveness is also somewhat limited.

Comparison with Measured Data

Table 6.14 lists the MIMICS backscatter simulations together with the SAR ob-

servations for six stands. Measured data were recorded by the JPL SAR at L-band for
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both frozen and thawed conditions. This table shows very good agreement for both
frozen and thawed canopy states except for VV and VH polarizations for the stands

BS-1, BP-2 and Alder under frozen conditions. Figure 6.17 graphically illustrates the

Table 6.14: Comparison of MIMICS Estimates to Measured L-band SAR Data (dB).

March 13, 1988 March 19, 1988

Thawed Conditions | Frozen Conditions

Stand Polarization | SAR MIMICS | SAR MIMICS
WS-1 HH -10.0 -9.2 | -13.1 -12.2
\'AY% -10.4 -12.1 | -14.9 -15.6

VH -15.2 -14.9 | -21.0 -22.8

WS-2  HH -8.4 -9.11-11.4 -12.8
\'AY -9.9 -12.3 | -14.5 -16.4

VH -14.2 -15.0 | -20.4 -23.6

WS-5 HH -8.1 -9.11-111 -12.2
\AY -9.1 -12.0 | -14.8 -15.5

BS-1 HH -12.9 -10.7 | -14.9 -16.9
'A% -14.4 -15.1 | -16.4 -23.2

VH -20.0 -19.5 | -23.7 -32.5

BP-2 HH -9.2 -11.7 | -12.7 -14.4
\'AY -10.4 -11.6 | -14.8 -22.0

Alder HH -8.7 -9.9 | -11.3 -14.6
'A% -9.7 -11.4 | -14.0 -23.2

effectiveness of MIMICS in predicting the HH- and VV-polarized backscatter. The
measured SAR data are plotted against that predicted by MIMICS. Data are shown
for all six stands for both frozen and thawed conditions. From here it is seen that
MIMICS tends to underpredict backscatter for all stands except for white spruce.
The underprediction of VV backscatter for frozen conditions for all stands except
white spruce is also evident. The general underestimation of ¢° may be attributed
to the modeling of the snow surface as an infinite half-space. It is expected that
accounting for scatter at the snow-ground interface would increase ¢° somewhat and
may alleviate this problem.

Figures 6.18 and 6.19 present L-band polarization responses for frozen and thawed
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white spruce (WS-5), respectively. Responses are shown for co-polarized and cross-
polarized configurations. Figures 6.20 and 6.21 present the measured frozen and
thawed L-band responses. = Again MIMICS successfully recreates the behavior of
the measured data. MIMICS not only correctly reproduces the shapes of each of the
surfaces, but MIMICS accounts for the increase in the pedestal observed in going from
frozen to thawed states. These figures demonstrate that MIMICS has successfully
modeled the backscatter response of this stand for all of these polarization states.
Figure 6.22 shows the linear polarized response of this stand as simulated by MIMICS
for frozen and thawed conditions. The character of the responses are very similar
for the two environmental states, with the thawed conditions yielding slightly more
cross-polarized backscatter.

Modeling at C- and X-bands has been complicated by the lack of available cal-
ibrated SAR data. Furthermore, data at these frequencies are available only for
frozen canopy conditions. To deal with the uncalibrated data problem, the backscat-
ter values were normalized to that of the white spruce stand WS-1 for each SAR pass.
These normalized data are presented in Figure 6.23. For the most part, MIMICS
predictions agree with the SAR measurements to within 1.5 dB. Exceptions to this
include some VV-polarization observations of the balsam poplar, black spruce and
alder stands. As was the case at L-band, this is probably caused by the method used

to model the snow-soil interface.
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(b) Cross-polarized response.

Figure 6.18: MIMICS simulated L-band polarization response of frozen white sps
WS-5.
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Figure 6.20: Measured L-band polarization response of frozen white spruce stand WS-5.
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Figure 6.21: Measured L-band polarization response of thawed white spruce stand WS-5.
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Figure 6.22: MIMICS-simulated L-band linear polarization response of thawed white
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163

4 I | T 1 T
2 | R . ]
. ®
3 . X
oof . <o .
A
~~ .2‘ - v -
)
2 ®
@ v
EEEN: .
2
©
6 v .
8. 1 1 1 1 !
8. 6. 4. 2 0. 2 a.
(}"’/0"‘,,501 (dB) MIMICS
(a) C-Band.
4 I I 1 1 1
2 .
0]
3 ol a 8 7 n
oo o
2 R R K °
~ 2 F pu
S v
E 4. | T M 7
o
2
o
-6. - -~
8. 1 TR | 1 1 .
8. 6. 4. 2 0. 2 a,
colcow&l (dB) MIMICS
(b) X-Band.

[] White Spruce -- HH
° White Spruce -- VV
o] Black Spruce -- HH
. Black Spruce -- VV
a Balsam Poplar - HH
A Balsam Poplar - VV
v Alder - HH

" v Alder-VV

Figure 6.23: Comparison of measured canopy backscatter to MIMICS simulated backscat-
ter for (a) C-band and (b) X-band. The data have been normalized to the
backscatter from white spruce stand WS-1 for each SAR pass.



164
Black Spruce Simulations

Having established the ability to model backscatter from these forest stands,
MIMICS may now be used to compute backscatter over a wider range of sensor
parameters and the resulting simulated backscatter may be examined on a more
detailed level. This allows examination of the relative contribution of each of the
scattering mechanisms to the net canopy backscatter. Detailed analyses of this type
tend to be lengthy and are presented in Appendix H for several of the Alaskan forest
stands. However, to gain an understanding of the effect of the snow layer on net
backscatter, the approach presented in Section 3.2.2 for modeling the scattering at
the snow-soil interface is applied at L-band to the black spruce stand.

The black spruce stand (BS-1) is a much more sparsely populated stand than the
other species. This stand, in fact, does not represent a closed canopy. However, to
simplify this initial analysis, MIMICS I is applied to model ¢° for the black spruce
stand as if it were indeed a closed canopy.

Figures 6.24 and 6.25 compare backscatter from the canopy, with the ground
layer modeled as a half-space of snow, with the backscatter for a canopy above a 20
cm thick snow layer over a frozen soil half-space. Figure 6.24 shows this simulation
for frozen canopy conditions while Figure 6.25 shows these data for thawed canopy
conditions. In both cases, 0 is higher for the snow-covered soil for all polarizations.
The effect is more prevalent for like-polarized backscatter with o2, being responding
slightly more than of),. This demonstrates the effect that the snow layer has on

modifying the local angle of incidence at the ground surface.
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Figure 6.24: Total canopy backscatter for black spruce stand (BS-1) at L-band under

frozen canopy conditions for (a) ground layer consisting of a snow half-space
and (b) ground layer consisting of a snow layer on top of a soil half-space.
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6.3.4 Boreal Forest Multi-Season Simulation

The European Space Agency’s Earth Resources Satellite, ERS-1, is scheduled
for launch on 16 July 1991. This satellite represents the first in a planned series
of remote sensing satellites that will allow monitoring of seasonal phenologic and
environmental change of forest ecosystems. ERS-1 includes a C-band, VV-polarized
SAR that will operate at an incidence angle of approximately 23°. Since the boreal
forest study was carried out in support of the ERS-1 mission, it is useful to consider
the simulated backscatter response through an annual cycle for sensor parameters
corresponding to the ERS-1 platform.

Simulated backscatter response to changing environmental conditions has been
studied by Way et al.,[80]. Table 6.15 presents a list of environmental and phenologic
conditions that exist throughout the course of a typical seasonal cycle. Canopy
phenological state is strongly influenced by environmental conditions and may vary
with species. The table lists 13 states that may occur through the coarse of a year.
The conditions begin in winter with the canopy in a frozen state and progress through
a spring thaw, budding, a wet rainy season, a dry season, a flooded period, and’
autumn freezing. Periods of water stress are manifest by a negative water potential.

Applying the dielectric models presented in Appendix A, MIMICS was used to
simulate the backscatter from the stand presented in Table 6.15 as a function of
phenologic state. The results of this analysis are presented in Figure 6.26. Keeping
in mind that for snow-covered ground MIMICS predicted o° to be slightly lower than
SAR observations for both balsam poplar and black spruce, these data perform very
much as one might expect. ‘Except for one condition, balsam poplar exhibits the
highest backscatter during that part of the season when it is foliated. rI(‘he exception

occurs during the spring thaw, before the leaves come out and when the soil is wet.
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Table 6.15: Specified Environmental and Phenologic Conditions for MIMICS Simu-

lation.
Environment Balsam Poplar
- Air Soail Snow | Leaves Bole Water
Condition | Temp State State Potential
1 <0 frozen dry none frozen 0
2 >0 frozen wet none wet 0
3 >0 frozen  none none wet 0
4 >0 frozen none none wet 0
5 >0 wet none none wet 0
6 >0 wet none | very wet  wet 0
7 >0 wet none wet wet 0
8 >0 dry none wet wet neg
9 >0 dry none dry dry neg
10 >0 dry none dry dry neg
11 >0 flooded none wet wet 0
12 <0 frozen none none wet 0
13 <0 frozen none none frozen 0
White Spruce Black Spruce
Needles Bole Water | Needles Bole Water
Condition Potential Potential
1 frozen  frozen 0 frozen frozen 0
wet wet 0 wet wet 0
3 wet wet - neg wet wet neg
4 dry dry neg dry dry neg
5 . wet wet 0 wet wet 0
6 wet wet 0 wet wet 0
7 wet wet 0 wet wet 0
8 wet wet 0 wet wet 0
9 wet wet neg wet wet neg
10 dry dry neg dry dry neg
11 wet wet 0 wet wet 0
12 wet wet 0 wet wet 0
13 frozen frozen 0 frozen frozen 0
Notes:
(1) dry soil 10% sand; 30% clay; mvs = 0.1, 5° C
(2) wet soil 10% sand; 30% clay; mvs = 0.3, 5° C

)

)

(3) very wet leaves grav. moisture = 0.8

(4) wet leaves grav. moisture = 0.6

(5) dry leaves grav. moisture = 0.2

(6) dry and stressed woody vegetation dielectrics are assumed same
as that of frozen woody vegetation

(7) ground surface corr. length = 6 cm, rms height = 0.5 cm,
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Figure 6.26: MIMICS simulated canopy backscatter response to environmental state for
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During this time, there is little attenuation through the crown layer and the wet soil
leads to an accentuated ground-trunk interaction.

White spruce and black spruce backscatter respond alike throughout the cycle
since both species are coniferous. Black spruce exhibits its highest backscatter when
the ground surface is flooded. As with balsam poplar, this arises from an increased
ground-trunk interaction. This is not observed in the white spruce or in the poplars
because they are more densely populated stands (the poplars are foliated during this
time) and C-band extinction throﬁgh the crown layer is large enough to attenuate

this term.

6.4 MIMICS II Simulations of Open-Crown Canopies

Now that an understanding of the function and behavior of the closed-crown
canopy model has been developed, the simulations may be extended to include the
discontinuous crown layer model. In doing this, the response of the models to changes
in canopy parameters may be compared and the backscatter response to changes in
parameters affecting the discontinuous nature of the canopy may be examined. Only
the polarimetric model will be considered in these analyses so that cross-polarized
backscatter may be simulated.

Three canopies are considered in this analysis. In all three cases, the tree-level
parameters have been derived directly from those applied in the EOS synergism study
and the ERS-1 Alaskan boreal forest study. The first canopy is a sparsely populated
black spruce stand similar to that found in the Alaskan boreal forest. The second
canopy is a more densely populated coniferous stand which closely resembles an
Alaskan white spruce stand. Finally, a deciduous canopy with parameters derived

from those of the the walnut orchard is considered.
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Since backscatter coming directly from the ground surface is expected to con-
tribute more to the net canopy backscatter in the discontinuous canopy case than
in the continuous case, an effort has been made in the MIMICS II simulations to
account for a stronger direct ground backscatter mechanism than is usually observed
for bare soil. A statistical analysis of backscatter from short vegetation is presented
by Ulaby and Dobson {61]. The rough surface parameters applied in the MIMICS
IT simulations have been inferred from these statistics and are summarized in Table

6.16. The model type, RMS surface roughness, and surface correlation length are

Table 6.16: Ground Surface Roughness Parameters for the MIMICS II Simulations.

L-Band C-Band X-Band
Surface Scattering Model | Small Perturbation | Physical Optics | Geometrical Optics
RMS Surface Roughness 1.0 cm 0.5 cm 2.0 cm
Correlation Length 5.0 cm 2.0 cm 6.0 cm

allowed to vary with frequency so that the like-polarized surface backscatter from
a moderately dry soil surface as a function of incidence angle roughly agrees with

values measured for short vegetation.

6.4.1 Black Spruce Simulation

As mentioned in Section 6.3, the black spruce stand considered in the Alaskan
boreal forest study was in fact a sparsely populated open-crown layer canopy. There-
fore, this stand (BS-1) represents a reasonable test case for the MIMICS II model.
Since the presence of an underlying snow layer complicates model behavior, this
analysis will model the surface as a bare soil surface with the roughness parameters
listed in Table 6.16.

The canopy is modeled as illustrated in Figure 6.27. The crowns are modeled

as square columns of identical size with a height of 7.8 meters and side length 1.0
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Figure 6.27: Canopy geometry used in MIMICS II simulation of black spruce stand BS-1.
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meters. The crown height was chosen to correspond to the average tree height and

is identical to the average trunk height. The tree-level parameters are summarized

in Table 6.17.

The number densities of the constituents in the crown layer were

Table 6.17: Tree level parameters for black spruce stand BS-1.

Constituent Mean Mean Number Orientation
Length | Diameter | Density
Primary Branches |[0.81m |[2.37cm |[1.0m™ ~ sin” (§ — 30°)
Secondary Branches | 0.51 m | 1.06 cm | 6.55 m™3 | ~ sin®(6)
Needles 0.8cm | 0.1 cm 91,700 m~3 | ~ sin ()
Trunks 78m |8.9cm 0.2 m™2 Vertical

obtained by increasing those applied in the continuous canopy model in such a way
as to keep a constant total number of constituents in the canopy. For a continuous
canopy with number density 0.2 trees/m?, the equivalent canopy area per tree is
1/0.2 = 5 m?/tree. If this area is condensed into a square-column crown volume with
cross-sectional area 1 m?, the number density of constituents in the crown volume
increases by a factor of 5. Thus, the number densities listed in the table represent a
factor of 5 increase in those used for modeling the equivalent closed-crown canopy.

Constituent dielectric properties are listed in Table 6.18. These parameters are

Table 6.18: Black Spruce Canopy Dielectric Characteristics.

Constituent L-Band C-Band X-Band
Primary branches 14.3 +i 5.1 | 10.7 +1 4.0 | 8.9 +i 3.9
Secondary branches | 15.7 +1 5.6 | 11.9 +i 4.5 | 9.8 +i 4.4
Needles 1854164 | 14.1 4154 | 11.54+i 5.5
Trunks 1254145 93 +13.3 | 7.8 +i 3.2
Ground surface 564114 | 664109 | 5.8 +i14

consistent with those found for thawed black spruce. The ground surface dielectric
was computed by applying the dielectric models in Appendix A with a volumetric

moisture of 0.1.
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For a single square column crown of height ¢ and side length a, from Equations

(5.44) and (5.55):

(

2cos€sin93 + (1 - m) 5k (s - Sm)

ac

10> 0,0 <5< 8y,;8m =afsind
p(s‘l) = { 2cosfsinf . + (1 _ ctana) 8k (3 _ Sm) (66)

ac

10 < 0,50 <5< 8m;8m =cfcosd

| 0 ;otherwise.
Assuming all of the crowns in the black spruce stand are of identical height and

width, it follows that

ZSiZf,\(:OSG [1 _ e—/\.‘sm ()‘ism + 1)] + (1 _ ct,:na) e—/\.'Sm
o :0>0.,5, =afsinb

/ p(s|l) e ds = ¢ (6.7)
0

bintigd [1 — o= (hyo +1)] + (1 - S222) om

;0 < 0.,8m =c/cosl
for each eigenvalue \;. Applying this relation to the polarimetric MIMICS II model
allows for determination of canopy backscatter.

Figure 6.28 shows the simulated L-, C-, and X-band backscatter from the black
spruce canopy as a function of radar incidence angle for VV, HH and HV polariza-
tions. Data are shown for the canopy modeled as a discontinuous stand (MIMICS
II) and for the canopy modeled as an equivalent continuous canopy, with the crown
scattering constituents distributed uniformly throughout the crown layer (MIMICS
[). This figure shows that the discontinuous nature of the canopy has a negligible
effect on backscatter at all three frequencies, with only a slight effect at C- and
X-bands for the cross-polarized return. This phenomenon is also reflected in the

one-way crown layer transmissivity, shown in Figure 6.29, where minimal difference

is seen between the MIMICS I and MIMICS II models.
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Figure 6.28: Comparison of net canopy backscatter from a black spruce canopy modeled
with a continuous crown layer (MIMICS I) and a discontinuous crown layer
(MIMICS II) at L- C- and X-bands for (a) VV, (b) HH, and (c) HV polar-

izations.
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Figure 6.29: Comparison of crown layer transmissivity through a black spruce canopy
modeled with a continuous crown layer (MIMICS I) and a discontinuous
crown layer (MIMICS II) at L- C- and X-bands for (a) V-polarization and
(b) H-polarization.
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Figures 6.30 and 6.31 illustrate the most dominant contributions to total canopy
backscatter for L-band VV and HV polarized backscatter. Simulations are presented
for both MIMICS I and MIMICS II. The VV-polarized backscatter is dominated by
the ground-trunk interaction mechanism at intermediate incidence angle and by the
direct crown backscatter near § = 20° and 6 = 60°. The cross-polarized backscatter
is dominated exclusively by direct crown backscatter.

Essentially, these figures demonstrate that the crown volumes contain such a
sparse distribution of constituents that distributing the constituents in individual
crown volumes has an insignificant effect on the net canopy backscatter. To demon-
strate this effect further, the number density of scatterers in the crown volumes may
be increased while maintaining constant crown size. A density multiplication factor,
My is defined such that the volume density of scatterers in the crowns is multiplied by
M, thereby modifying scattering and extinction in the crown volumes. For example,
setting My = 2 doubles the the phase matrix P, while also doubling the extinction
matrix k.. My =1 corresponds to the reference canopy.

Figures 6.32 and 6.33 illustrate the effect of My at L-band for incidence angles
of 20° and 60°.  Figure 6.32 compares the like- and cross-polarized backscatter
simulated with the open-crown canopy model with that simulated with the closed-
crown canopy model. Little difference is seen between the models for low values
of My whereas as much as 2 dB of difference is observed at higher My. At both
incidence angles, the HH-polarized backscatter modeled with MIMICS II exhibits an
enhanced backscatter over that modeled with MIMICS 1. However, for VV and HV
polarizations, o° decreases when going from MIMICS I to MIMICS II. This occurs
because the HH-polarized backscatter is dominated by the ground-trunk interaction

mechanism while direct crown backscatter contributes more significantly to the VV-
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and HV-polarized backscatter. As the number density of scatterers in the individual
crown volumes increases, the open canopy allows more radiation to penetrate the
crown layer than does the closed canopy. This gives rise to a pronounced ground-
trunk interaction mechanism and a decrease in the direct crown backscatter.

Figure 6.33 illustrates the effect of My on the canopy transmissivity. Here, the
transmissivity of the closed canopy decreases linearly (on the dB scale) with M,
while that of the open canopy shows less sensitivity. For low My, the open and closed
canopies have very similar transmissivities, while for high M, the open canopy allows
more radiation to penetrate than does the closed canopy. This is a direct result of the
gaps that are present in the open canopy crown layer. As the crown volumes become
more and more opaque, the effect of these gaps becomes more pronounced. For
perfectly opaque crowns, the value of crown layer transmissivity becomes P(0), which
corresponds to the fraction of incident radiation that intersects no tree crowns. On
the other hand, for a perfectly opaque continuous canopy, no radiation penetrates the
crown layer. Note that the difference between MIMICS I and MIMICS II diminishes
as incidence angle increases.

In adapting canopy geometry from the closed-crown to the open-crown case, the
importance of the individual crown shapes should be considered. One way which
allows this question to be addressed is to examine the effect of varying crown side
length, . Figure 6.34 shows such an analysis. Here, [ is varied from 0.5 m to 2.24
m while holding the total number of crown layer scatterers constant. The maximum
value chosen for [ yields an individual crown volume in the open canopy that is
equivalent to the effective individual crown volume of the closed canopy and is given
by lmax = 1/+/N; where N, = 0.2 trees/m” is the canopy density. As seen in Figure

6.34, o° of the open canopy at Imax is nearly identical to that of the closed
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canopy. Making the crown volumes smaller by decreasing ! while increasing the
number density of scatterers in the individual crowns such that the total number
of scatterers in the canopy remains constant then indicates the sensitivity of o° to
this parameter. The X-band backscatter exhibits the most sensitivity to I, with ¢°
increasing by about 1 dB as [ is decreased to 0.5 m.

Canopy cover fraction, C, may be defined as the fraction of total canopy area
that is seen as covered by vegetation when the canopy is viewed at an incidence angle
6 = 0. Applying the Poisson distribution, the fraction of ground area not covered by

any crown is P(0) = e~%Nt 5o that the fraction of covered area is 1 — P(0) or
C=1-e¢ N, (6.8)

MIMICS II provides a convenient method for modeling backscatter as a function of
cover fraction. Figure 6.35 shows such an analysis at L-band for § = 20°. The crown
volumes are identical to those in the black spruce canopy while canopy density is
varied over 0.02 < N; < 2, giving 0.0198 < C < 0.8647. Backscatter is seen to in-
crease with cover fraction for VV and HV polarizations but decreases slightly for HH
polarization. Figure 6.36 shows the components of total VV-polarized backscatter
at L-band. This figure shows that for lower values of C' the ground-trunk compo-
nent contributes most to the canopy backscatter whereas at high values the direct
crown backscatter comes more into play. The reference canopy has N, = 0.2 which

corresponds to C = 0.18.
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6.4.2 Coniferous Canopy Simulation

Having examined the effects of an open crown layer on backscatter from a sparse
stand, the backscatter from a stand of more fully developed coniferous trees is now
considered. Total canopy backscatter from the white spruce stand (WS-5) studied in
the boreal forest analysis was dominated by the direct crown component. The tree-

level parameters of the coniferous stand now simulated by MIMICS II are chosen to

be similar to those of stand WS-5 and are summarized in Table 6.19.

Table 6.19: Tree level parameters for the coniferous stand.

Constituent Mean Mean Number | Orientation
Length | Diameter | Density
Primary Branches 113m [2.24cm |3.08m™ ~ sin? @
Secondary Branches | 0.57m | 1.04 cm | 16.62m™3 | ~sin®4
Needles 1.6 cm | 0.1 cm 86,162 m~2 | ~ sin @
Trunks 174m | 180cm |0.12m™2 Vertical

For purposes of modeling the crown layer, the crowns are assumed to be conical
with identical height A = 10 meters an basal diameter | = 3 meters, yielding a volume
of V! = 23.56 m®. Noting that the equivalent volume per tree in the continuous
canopy simulation with crown layer thickness d and canopy density N, was d/N. =
17.4/0.12 = 145 m®, the number density of each crown constituent in Table 6.19
represents an increase of 145/23.56 = 6.15 over the corresponding number density of
the continuous canopy.

Table 6.20 lists the dielectric parameters for the coniferous stand at L-, C- and
X-bands for both frozen and thawed canopy conditions. These parameters are con-
sistent with those of the white spruce stand.

Figure 6.37 shows MIMICS I and MIMICS II simulations of vertically polarized

one-way crown layer transmissivity for thawed and frozen canopy conditions at L-,
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Table 6.20: Coniferous Canopy Dielectric Characteristics.

Thawed Conditions

Constituent L-Band C-Band X-Band
Primary branches 34.78 +i 10.58 | 27.59 +i 11.34 | 18.82 +i 12.46
Secondary branches | 19.11 +i 6.54 | 14.57 +i 5.63 | 11.88 +i 5.78
Needles 22.26 +i1 7.40 | 17.15 41 6.77 | 13.84 +i 7.09
Trunks 36.47 +i 10.99 | 29.01 +i 11.97 | 22.78 +i 13.2
Ground surface 5.6 +i 1.4 6.6 +i 0.9 58 +i 14

Frozen Conditions

Constituent L-Band C-Band X-Band
Primary branches 5.12 +i 1.08 4.78 +i 0.32 4.74 +1 0.18
Secondary branches | 4.34 +i 0.97 4.04 +i 0.29 4.00 +i 0.16
Needles 4.53 +i 0.98 4.22 +i 0.30 4.18 +i 0.16
Trunks 5.19 +i 1.09 4.85 +i 0.32 4.81 4i 0.18
Ground surface 7.96 +i 0.96 7.96 +i 0.96 7.96 +i 0.96

C-, and X-bands. The difference between the open-crown and closed-crown cases is
more prevalent for thawed conditions. In this case, at § = 20° the MIMICS I and
MIMICS 1I transmissivities differ by almost 2 dB at L-band at by about 3 dB at
C- and X-band with the open-crown canopy having higher transmissivity than the
closed-crown case. These differences decrease as incidence angle increases. For frozen
conditions, almost no difference in transmissivity is seen at L-band whereas about 2
dB of difference is observed at § = 20° for the other frequencies. Once again, these
differences diminish as 6 increases.

Figures 6.38 and 6.39 show simulations of canopy backscatter for thawed and
frozen conditions. MIMICS I and MIMICS II simulations are shown for like- and
cross-polarized configurations at L-, C- and X-bands. For thawed conditions, the
like-polarized backscatter from the open-crown canopy is as much as 6 dB higher than
that of the closed-crown canopy with the greatest difference observed at X-band for

shallow incidence angles. Howcver, cross-polarized backscatter from the open-crown

canopy is less than that from the closed-crown canopy. Backscatter from the frozen



188

canopy exhibits similar behavior but with much less difference between MIMICS 1
and MIMICS II. Once again, these differences decrease with increasing 6.

To gain an understanding of model behavior, the individual contributions to
canopy backscatter may be examined. Figures 6.40 and 6.41 show the contributions
to total X-band VV-polarized backscatter for thawed and frozen conditions. The
open crown layer has been shown to contribute to a higher canopy transmissivity.
Figures 6.40 and 6.41 demonstrate that this increase in transmissivity contributes
directly to enhanced contributions from the ground-trunk interaction mechanism
as well as from the other mechanisms that involve the lower (trunk and ground)
layers of the canopy. Furthermore, the open-crown canopy exhibits less direct crown
backscatter than does the closed-crown canopy.

The effect of applying MIMICS 1I to model changes in backscatter as a func-
tion of canopy parameters that are not directly related to the crown layer con-
stituents is illustrated in Figure 6.42. This figure shows the MIMICS I and MIM-
ICS II like-polarized L-band response to changes in volumetric soil moisture at
6 = 20°. Figure 6.42(a) shows these simulations for dry trunks with relative dielec-
tric €, = 5.19 + ¢1.09, which is equivalent to that applied for frozen trunks. Figure
6.42(b) shows simulations for wet trunks with ¢, = 36.4 + ¢10.99. The remaining
canopy dielectrics are assumed to be the same as for a thawed canopy. Soil moisture
has been varied from a volumetric fraction of 0.01 which represents a very dry soil
surface, to 0.5 which represents a well-saturated surface. For all cases, the increase
in crown layer transmissivity has lead directly to an additional 2 dB of increased

backscatter sensitivity over this range of soil moisture.
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6.4.3 Deciduous Canopy Simulation

In Section 6.2 and in Appendix G, MIMICS I was applied to model multi-angle
and multi-temporal backscatter from a walnut orchard. One conclusion of this study
was that the discontinuous nature of the orchard canopy had a significant effect on
backscatter at X-band. This hypothesis is now addressed by applying MIMICS II to
model a deciduous canopy with tree-level parameters similar to those found in the
walnut orchard. The crown volumes are assigned spherical shapes in this analysis. It
should be noted that MIMICS II simulates backscatter from natural stands for which
the trees are randomly distributed in location and that the orchard canopy represents
a well-manicured hedgerow geometry. Therefore, a direct one-to-one comparison of
MIMICS It simulations to measurement results is inappropriate.

The tree-level parameters of the open-crown canopy are summarized in Table
6.21. In addition, the leaf parameters are identical to those presented in Section 6.2
except for a number density of 308 leaves per cubic meter in each crown volume.
This yields an LAI of 3.4 averaged over the canopy. Effects of leaf curvature are

ignored in this analysis.

Table 6.21: Tree-level parameters for the open-crown deciduous stand.

Constituent Mean Mean Number | Orientation
Length | Diameter | Density
Primary Branches | 0.38m | 2.03cm | 1.59 ~ sin? 26
Secondary Branches | 0.11m | 0.60 cm | 1.39 ~ sin
Stems 18cm | 0.1 cm 308 ~ sin @
Trunks 0.7m |9.0cm 308 Vertical

To simplify the modeling process, the larger size class of branches that had been
placed in the trunk layer in Section 6.2 is now distributed in the crown layer, thereby

leaving only the vertical trunks in the trunk layer. This yields an equivalent con-
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tinuous canopy with a trunk layer 0.7 meters tall and a crown layer 4.1 meters tall.
For a canopy with density 0.07 trees/m?, the equivalent effective volume per crown
in a continuous crown layer is 4.1/0.07 = 58.57 m® per crown. To model these as
spherical crowns, let the spherical diameter d = 4.1 meters. Then the crown volume

is Zd®> = 36.09m3. The number density of crown constituents is then increased by

6
58.57/36.09 = 1.62 in going from the continuous to the discontinuous crown layer.
Table 6.22 lists the L- and X-band relative dielectric constants for the deciduous

canopy. These values are consistent with those estimated for the walnut orchard.

Table 6.22: Canopy Dielectric Characteristics.

Constituent L-Band X-Band
Ground Surface 2541:2.5 20.2+:7.6
Trunk Branches 45+111.2 35.0+:14.8

Primary Branches 34+1:8.5 25.9+41:10.8
Secondary Branches 3041:7.5 22.74+19.4
Leaves and Stems 28.3+ 8.5 21.8+1:8.8

For spherical crowns of diameter c,

/Ooop(sll) e Meds = (3> 3‘1? [1 —e M (Nc+ 1)] (6.9)

2
for each eigenvalue A;. Applying this relation to the polarimetric open-crown canopy
model allows simulation of canopy backscatter.

Figure 6.43 shows MIMICS I and MIMICS II simulations of L- and X-band canopy
transmissivity through a deciduous canopy as a function of incidence angle. The
L-band transmissivity demonstrateg less than 0.2 dB of difference between the open-
crown and the closed-crown canopies. At X-band, however, one-way transmissivity
differs by more than 1 dB between the open- and closed-crown models.

Figure 6.44 compares the like-polarized X-band backscatter simulated with MIM-
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ICS I and MIMICS II. At § = 20°, there is as much as 2 dB of difference between the
two models whereas at 60° there is essentially no difference. Figures 6.45 and 6.46
show the contributions to X-band canopy backscatter for VV and HH polarizations.
In all cases, a significant direct ground contribution is observed. This is an artifact of
a combination of the high soil dielectric (¢, = 21.8+1:8.8 at X-band) together with the
enhanced surface roughness used to account for the presence of short vegetation on
the ground surface. The open-crown canopy simulations exhibit more direct ground
backscatter than do the closed-crown simulations because of the increased canopy
transmissivity. In addition, MIMICS II predicts less direct crown backscatter than
MIMICS 1. If the underlying soil surface were assumed to be as smooth as that of
the walnut orchard, the net canopy backscatter for VV-polarization would in fact be
dominated by the direct crown component, and MIMICS II would predict an overall
decrease in the net canopy backscatter relative to MIMICS I.

Figure 6.47 illustrates the effect of varying the volume of the spherical crown
while keeping the total number of scattering constituents in each crown constant.
The like-polarized X-band backscatter is shown as a function of crown diameter for
incidence angles of 20° and 60°. These simulations are also compared to the MIMICS
I results for the continuous crown canopy. Significant differences between MIMICS 1
and MIMICS II are seen for the shallower incidence angle especially for small crown
volumes whereas essentially no difference exists between MIMICS I and MIMICS II

for 8 = 60° except at crown diameters less than about 2.5 meters.
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6.4.4 Summary of MIMICS II Results

In this section, MIMICS II has been applied to model three different types of
canopy architectures. The first represents a sparsely populated stand of black spruce
trees for which the crown layer constituents contributed little to the net canopy
backscatter. Accounting for the discontinuities in this canopy through the applica-
tion of the open-crown canopy model demonstrated that redistributing the crown
constituents into individual crown volumes had little effect on ¢ unless these vol-
umes were very densely packed with scatterers. The second canopy consisted of a
stand of conifers which was much more fully developed. The direct crown compo-
nent of backscatter from this stand was a significant contributor to the net canopy
backscatter. When applying MIMICS II to account for crown layer gaps, an increase
was observed in the crown layer transmissivity, and a corresponding increase in the
contribution of scattering mechanisms that involve the lower canopy layers (trunk
and ground) followed. A decrease in the direct crown backscatter was also observed.
The third canopy represented a fully-foliated deciduous stand. Here, MIMICS II
predicted a significant difference in the canopy backscatter (compared to MIMICS
I) at X-band.

In general, the effects of the discontinuous crown layer geometries were found to be
most prevalent at high frequencies and at low incidence angles. The canopies under
study therefore appear more continuous from a radar perspective at high incidence
angles, where a significant number of crown volumes are penetrated by the radar,
and at low frequencies, wherg extinction in the crown volumes is less significant.
Implications of accounting for the crown layer gaps were addressed in the analysis of
the fully developed coniferous canopy, where an increase was observed in simulated

backscatter response to changes in soil moisture. This is a direct result of the increase
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in crown layer transmissivity which in effect allows the radar to see through to the
lower layers of the canopy more easily.

As with MIMICS I, MIMICS II models tree canopies as having distinct crown and
trunk layers. In this approach, the positioning of the trunks is completely uncorre-
lated with the placement of the individual crown volumes. While this approximation
has a negligible effect on backscatter for many canopy geometries, it may overesti-
mate trunk-ground backscatter for other geometries. Cases in which this may be a
problem include coniferous canopies in which the trunks extend a significant distance
into the crown volumes. Effects of this limitation may be analyzed by eliminating the
trunk layer and distributing the trunks within the crown layer as vertical branches.
Thus the canopy is modeled as a single layer of vegetation with one trunk per crown
volume. Modeling the canopy in this way allows for the placement of the individual

trunks to be directly coupled with the location of the crown volumes.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

This thesis has presented the development of a first-order radiative transfer model
for simulating microwave backscatter from tree canopies (MIMICS). The model is
fully polarimetric and accounts for a wide variety of canopy architectures. The
fundamental contribution of this work has been the presentation of a model for tree
canopies that have discontinuous crown layer geometries (MIMICS II). The radiative
transfer solution derived for the closed-crown canopy geometry (MIMICS I) has been
extended to a‘ccount for the open-crown geometry. Statistics have been developed
that describe the scattering and extinction properties of individual crown volumes
and these statistics have been introduced into the radiative transfer solution.

MIMICS has been very useful in coupling canopy biophysical parameters to mea-
sured radar data in a number of modeling studies. In particular, when used to model
L- and X-band scatterometer measurements of a walnut orchard, the model not only
successfully accounted for the variation in measured backscatter as a function of
radar incidence angle, but it -also accounted for the variations in ¢ observed on 24
hour and longer time scales. Using the model, it has been possible to couple these

variations in ¢° to variations in soil moisture and canopy water status. When used
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to model backscatter from and transmissivity through Alaskan boreal torest stands,
MIMICS successfully accounted for variations occurring as functions of species and
canopy freeze/thaw state. In both of these analyses, canopy dielectric properties
have been shown to be very important parameters in modeling the canopy scattering
and attenuation.

Model simulations have been performed in which results computed with the open-
crown model were compared to results computed with the closed-crown model for
canopies with the same total number of scattering constituents in the crown layer.
Results of these analyses have demonstrated that the gaps that occur in the crown
layer of a discontinuous canopy may significantly affect the crown layer transmissivity
and the canopy backscatter. Generally speaking, for trees whose crowns are not
well developed the crown layer has an insignificant contribution to the total canopy
backscatter and the difference between the MIMICS I and MIMICS II solutions is
small. However, for more well-developed canopies the crown layer constituents may
contribute significantly to the net backscatter and therefore the crown layer gaps
have an important effect on o°. This effect becomes more pronounced at shallow
incidence angles and at higher frequencies. As incidence angle increases, and as
frequency decreases the open-crown and closed-crown backscatter solutions become
very similar.

In spite of the remarkable success obtained in applying MIMICS, there have been
some difficulties in simulating some measured data. Most notably, the accuracy of
MIMICS is questionable for cross-polarized configurations at X-band. This problem
occurred in modeling X-band backscatter from the walnut orchard, and is attributed
to the fact that MIMICS, being a first-order model, does not account for multiple

scattering contributions.
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7.2 Recommendations for Future Work

Several projects may be considered as natural extensions of this work. MIMICS
has been shown to accurately model multi-polarized backscatter at lower frequencies
(L-band). However the accuracy of results obtained for cross-polarized backscatter
at X-band have been questionable. For this reason, techniques for obtaining numer-
ically efficient estimates of second- and higher-order scattering should be explored.
In addition to studying higher order scattering in the crown layer, a more general
second-order model that accounts for multiple scatter between canopy layers should
be explored. For example, effects of scattering interactions between the trunk and
crown layers may be significant in some coniferous stands in which the trunks extend
far into the crowns.

In studying sparsely populated canopies and any canopy for which scatter from
the underlying ground surface becomes important, the accuracy of the ground surface
scattering models comes into question. This is especially true for natural forest
canopies in which the underlying surface may have a very complex structure. The
characteristics of understory and litter layers should be accounted for.

In considering more varied types of forest stand geometries, it may be desirable
to account for canopies that consist of more than one tree species. The techniques
discussed in Chapter V may be extended to define statistical parameters over a second
set of canopy- and tree-level random variables, thereby defining effective phase and
extinction matrices for a mixed stand. Applications of this type become important
when studying forest succession processes.

Beyond these issues of model development, the inversion problem needs to be

addressed so that useful information about canopy parameters may be obtained by
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coupling the model to radar measurements. MIMICS inversion algorithms should
attempt to provide estimates of soil moisture, canopy water status and total canopy
biomass. This final aspect will provide a significant advance in understanding the

role of forest ecosystems in the global carbon cycle.
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APPENDIX A

DIELECTRIC MODELS FOR CANOPY
CONSTITUENTS

This appendix describes the relationships of the dielectric constants of the various
canopy constituents to their respective moisture contents. Section A.l discusses the
variation of vegetation dielectric with gravimetric water content. The same dielectric
model is used for all vegetation material, including leaves, trunks and branches. The
dielectric behavior is governed by the gravimetric moisture content m, and the bulk
density p, which together define the volumetric moisture content m,. The model
used to relate the dielectric coustant of soil to its volumetric water content is given
in Section A.2. This section also provides expressions for the dielectric constant
of standing water. In all cases, the dielectric constants are assumed to have the
form € = € — j¢". Note that in order to apply results derived from these models as
inputs to MIMICS, the complex conjugate of € should be used such that the dielectric

constants are of the form € = ¢ + €.
A.1 Dielectric Behavior of Vegetation

A.1.1 Model in Terms of Volumetric Moisture

Ulaby and El-Rayes [63] have shown that the dielectric constant of vegetation ma-

terial may be modeled by a Debye-Cole dual-dispersion model. This model consists
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of a free water component that accounts for the volume of the vegetation occupied
by water in free form and a bound water component that accounts for the volume
of the vegetation occupied by water molecules bound to bulk vegetation molecules.

Based on this model, the dielectric constant for vegetation is given by:

€ — € 22.74 59
=A+ B|4.9 f 2 Cl294+ ———— Al
o ( T ]f(GHZ>)+ ( Iy jﬂﬂ*ﬂ) o

0.18

where f(Hz) is frequency in Hz, f(GHz) is frequency in GHz, and

€o = 4.9 (A.2)

e, = 88.045 — 0.4147T + 6,295 x 107*T? + 1.075 x 107°T°  (A.3)

fo = (2r7)7 (A4)
(2r7) = 1.1109 x 1071° — 3.824 x 1012

+6.938 x 10172 — 5.096 x 107167, (A.5)

where T is temperature in °C and (A.4) gives f, in Hz. Given the gravimetric
moisture content m, and the bulk density of the dry vegetation material p, the

volumetric water content m, of the vegetation material may be found from

Mmgp
m, = . A.6
1—my(l-p) (A6)

The constants A,B and C are then computed using

A = L7432m,+6.5m? (A7)

B = m,(0.82m, + 0.166) (A.8)
31.4m?

= i (A.9)

59.5m2 + 1
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A.1.2 Model for Leaves

For leafy vegetation, A, B and C in (A.1) may be computed directly from the

moisture gravimetric fraction. The constants become

A = 17-0.74m, + 6.16m? (A.10)

B = my(0.55m, — 0.076) (A.11)
4.64m?

© O 1.36m24+ 1 (A-12)

The dielectric model given by (A.1) has been found to give excellent agreement
with experimental data over a wide range of moisture conditions and over a frequency
range extending from 0.2 to 20 GHz. It is used together with (A.6) through (A.9)
to model the dielectric constants of trunks and branches and with (A.10) through

(A.12) to model the dielectric constant of leaves.

A.2 Dielectric Behavior of the Ground Surface

In this section, the dielectric properties for two types of ground surfaces are
considered. The first is a soil surface consisting of a mixture of sand, silt and clay.
The second is a standing water surface. The dielectric constant for the soil surface
is determined using an empirical model whereas a semi-analytic model is used to

predict the dielectric of a standing water surface.

A.2.1 Soil

Hallikainen et al., [25] expressed the dielectric constant of soil consisting of a

mixture of sand, silt and clay as

€, =€, — j€. (A.13)
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where the real and imaginary parts each fit a polynomial of the form

e = (ap+a1S+aC)+ (bo+ b5 +b,C)my + (co+ 1S +c,C)m?, (A.14)
€=¢, Or €.
Here, m, is the soil volumetric moisture content while S and C are the sand and clay

textural components of the soil in percent by weight. The polynomial coeflicients are

listed in Table E.1 and the prediction accuracy of the model is given by Hallikainen

et al., [25].
Table E.1.
Coeflicients of Polynomial Expressions
Coefficients for Computing €,
Frequency
(GHz) ag a; as be b, by co ¢ c2
14 2.862 | -0.012 | 0.001 | 3.803 | 0.462 | -0.341 | 119.006 | -0.500 | 0.633
4 2.927 | -0.012 | -0.001 | 5.505 | 0.371 | 0.062 | 114.826 | -0.389 | -0.547
6 1.993 | 0.002 | 0.015 | 38.086 | -0.176 | -0.633 | 10.720 | 1.256 | 1.522
8 1.997 | 0.002 [ 0.018 { 25.579 | -0.017 | -0.412 | 39.793 | 0.723 | 0.941
10 2.502 | -0.003 | -0.003 | 10.101 | 0.221 | -0.004 | 77.482 | -0.061 | -0.135
12 2.200 | -0.001 | 0.012 | 26.473 | 0.013 | -0.523 | 34.333 | 0.284 | 1.062
14 2.301 | 0.001 | 0.009 | 17.918 | 0.084 | -0.282 | 50.149 | 0.012 | 0.387
16 2.237 | 0.002 | 0.009 | 15.505 | 0.076 | -0.217 | 48.260 | 0.168 | 0.289
18 T 1.912 | 0.007 | 0.021 | 29.123 | -0.190 | -0.545 6.960 | 0.822 | 1.195
Coefficients for Computing €}
1.4 0.356 | -0.003 | -0.008 | 5.507 | 0.044 | -0.002 | 17.753 | -0.313 | 0.206
4 0.004 | 0.001 | 0.002 | 0.951 | 0.005 | -0.010 | 16.759 | 0.192 | 0.290
6 -0.123 | 0.002 | 0.003 | 7.502 | -0.058 | -0.116 2.942 | 0.452 | 0.543
8 -0.201 | 0.003 | 0.003 | 11.266 | -0.085 | -0.155 0.194 | 0.584 | 0.581
10 -0.070 | 0.000 { 0.001 | 6.620 | 0.015 | -0.081 | 21.578 | 0.293 | 0.332
12 -0.142 | 0.001 | 0.003 | 11.868 | -0.059 | -0.225 7.817 | 0.570 | 0.801
14 -0.096 | 0.001 | 0.002 | 8.583 | -0.005 | -0.153 | 28.707 | 0.297 | 0.357
16 -0.027 | -0.001 | 0.003 | 6.179 | 0.074 | -0.086 | 34.126 | 0.143 | 0.206
18 -0.071 | 0.000 | 0.003 | 6.938 | 0.029 { -0.128 | 29.945 | 0.275 | 0.377

This model is independent of soil temperature. In general, the dielectric con-
stant of soil changes very little with temperature for soil that is not frozen. For soil
temperatures below freezing, however, the temperature dependence becomes more
important. Variations in the real and imaginary parts of ¢, as a function of temper-

ature and moisture content are shown in Ulaby et al., [70], p. 2099.
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A.2.2 Standing Water

The dielectric constant of standing water is, in general, a function of the water
salinity S. At frequencies above 5 GHz, however, salinity exercises a negligible
influence on € and, therefore, S may be set to zero in the expressions below (Ulaby

et al., [70] pp. 2020-2025):

€ = € —je (A.15)
€sw0 — €swoo
€ o ey w0 T Couco A.16
sw 1+ (27 f7p0)? (19
o 27 fTow (€swo — 6swoo) + i (A.l7)
sw 1+ (27Tf7'sw)2 27('60_[

where ¢ is the permittivity of free space, €500 = 4.9 and f is frequency in Hz.

In general, €,,0 varies with salinity S (parts per thousand) and temperature T
(°C) as
€sw0 (T, S) = €5u0 (T,0) - a (T, S) (A.18)

where

€swo (T,0) = 87.134 — 0.1949T — 0.01276T% + 2.491 x 1077 (A.19)
a(T,5) = 1.0+ 1.613 x107°TS —3.656 x 107°S

+3.210 x 10755% — 4.232 x 1077 5. (A.20)

These expressions are based on data generated for salinities in the range 4 < S < 35.

Similarly, the relaxation time 7,, may be expressed as
Tow (T, S) = 7o (T,0) - (T, S) (A.21)

where

Tow (T,0) = (zi) (1.1109 x 1071° — 3.824 x 107*T

s
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+6.938 x 107172 — 5.096 x 10—16T"°) (A.22)
b(T,S) = 1.0+2.282x107°TS - 17.38 x 107*S

—7.760 x 107652 + 1.105 x 10725°. (A.23)

This expression is based on data for 0 < T < 40°C and 0 < S < 157 for a solution

of NaCl.

Finally, the ionic conductivity o; is
0:(T,S) = 0:(25,5)e™® (A.24)
where

0;(25,8) = 5[0.18252 —1.4619 x 107%S
+2.093 x 10752 — 1.282 x 10-753] (A.25)
¢ = A[2.033 x 1072 4 1.266 x 10™*A 4 2.464 x 1076 A?
—~5(1.849 x 107° — 2.551 x 1077A

+2.551 x 10‘8A2)] (A.26)
with A =25 — T'. These expressions are valid for 0 < S < 40.

A.2.3 Snow Layer

Hallikainen et al.,[24], have modeled the dielectric constant of a wet snow layer

with a Debye-like model. The relative dielectric constant of snow €, = €. — je is

given by
ro_ Bm}
« = ATy (A:20)
o = CrUlfo)my (A.28)

L+ (f/fo)?
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where m,, is the snow wetness (volume %), f is frequency in GHz, fo is the relaxation
frequency of liquid water at 0°C (GHz) and the coefficients A, B, C and z are

empirically derived for f < 15 GHz as

A = 1.0+ 1.83pg +0.02m1 %%
B = C=0073

r = 1.31

where pq, is the dry snow density (g/cm?).
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APPENDIX B

SCATTERING MODELS FOR ROUGH
SURFACES

This appendix describes three models for backscatter from rough surfaces. A
rough surface may be characterized in terms of the surface correlation length, I,
and the standard deviation of surface height, s. The solutions presented here are
derived by Ulaby and Elachi [62], Chapter 4, and, although valid only within a
limited range of [ and s, may still be used quite effectively in many situations.
The three models presented are (1) the Kirchhoff model under the stationary phase
approximation (also known as the geometrical optics model), (2) the Kirchoff model
under the scalar approximation (also known as the physical optics model), and (3)
the small perturbation model. Loosely speaking, the geometrical optics model is
best suited for very rough surfaces, the physical optics model is suitable for surfaces
with intermediate scales of roughness, and the small perturbation model is suitable
for surfaces with short correlation lengths. Model forms given here are for surfaces
with correlation functions of the form p(¢) = exp(—¢?/1?). The validity conditions

for these models are:

¢ Geometrical optics model:

12 V10

k> 6, 2.76s > ks> 2 cos 0;
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e Physical optics model:

2

kl > 6, 7 76s >

A, m<0.25

e Small perturbation model:

kl <03, m<0.3, ki<3.0

where ) is the radar wavelength, k is the wavenumber, 6; is the radar incidence angle
and m = \/2s/l is the RMS surface slope.

To define the scattering problem geometry, consider a field incident on a rough
surface in direction k; and scattered in direction Rs. Let v; and B,- denote the unit
polarization vectors for the vertical and horizontal components of the incident field,
and let v, and ﬁs denote the unit polarization vectors for the scattered field. These
unit vectors are given in terms of the inclination and azimuth angles for the incident

and scattered fields, (6;, #;) and (0,, ¢,), by the following relations:

k; = %sinfjcos¢; + ysinbsing; + 2 cos by (B.1)
h; = —%sing; + ¥ cosd, (B.2)
¥; = hyxk; =%cosf;cos; + § cosfysing; —zsinfy, (B.3)

where the subscript f € {t,s} represents either the incident or the scattered wave.

For the backscattering case, 0, = 7 — 6; and ¢, = 7 + ¢;.

B.1 Geometrical Optics Model

For a field with wavenumber k; incident on a rough surface, the correlation prod-
ucts of scattering matrix elements used to compute the Stokes scattering operator

are given by

k. 2,2 2 2
(8,50 y = ABLT e [—‘”—qv] . (B.4)

8mqim? “PTmn 2¢?m?
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The polarization dependent quantities are

U,,,Jz-qflle’ﬁ[ Lok (@iks) + ra(hok) (k)] (B.5)
U == (0 k) = ) k) (B.6)
U= =L ) 9k = ra(oc) k) (8.1
Unh = — qlfq;')z[ o(Bok)(Bik,) + ra(9,ki) (9i°ks,)] (B.8)
¢ = ¢+a+qt =21 (kok) (B.9)
e = ki(sin0; cosd; — sin b, cos ¢,) (B.10)
gy = ki(sin0;sing; — sin0,sin g,) (B.11)
¢ = ki(cosb; — cosf,) (B.12)
D = (k)2 + (keh,), (B.13)

A is the illuminated area, and r, and r, are the Fresnel reflection coefficients of the

-surface for v and h polarizations, respectively.

B.2 Physical Optics Model

In this case, the correlation products of scattering matrix elements are

[ka®

<SPQS:;1 )— 1672

(I + I; + I,). (B.14)

The first term, I., represents coherent scattering from the surface and is present
only in the specular direction with respect to the mean surface. The second term,

I;, represents incoherent scattering, and the third term, I, = I,; + I, represents
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incoherent scattering due to the surface slopes. These terms are given by

272
P 2 "' z (qzs _q_tL
I; = =nl*Aaya,,, 0z '12—:1 T [ 4n] (B.15)
00 (n-1) 22
_ 2g-azet o ()70 @l B.1
I, TAq K l%e ; = exp i (B.16)
_ 2 —g2s? (g.s)*m1) Gl
I, = —-7wAgqK,l%e™? ;Te){p ~ (B.17)
I = apa},,(27)" A8(q2)6(gy)e™ O (B.18)

where g, q, and g, are given by (B.10) - (B.12), ¢¢ = ¢2 + ¢,

6(qz)6(qy) (B.19)
0 otherwise,

K: = .5 (bpgtmn + apobinn) (B.20)

K, = qzsz(cpqa:,m + @pgCrun)s (B.21)

(

ryo(cos 0; — cos bs) cos(¢s — ¢;)  pq = vv

rho(cos 0; cos 0, — 1) sin(@s — ¢;) pg = vh
ap = | ol oind ) (B.22)

rv0(1 — cos 0; cos 0,) sin(¢s — ¢i) pg = hv

\ rho(cos 6; — cos8,) cos(¢s — i) pg = hh
bpy = ZpqCOS (B.23)

Cpg = Zpgsiny, (B.24)
A is the illuminated area, and

Zhh = Tho[Sin 6, — sin 91'- COS(¢s - ¢i)]
+ rh1(cos 0; — cos 8;) cos(ds — ¢:) (B.25)

Zyn = —sin(¢s — ¢i)[rrosin 0; cos O + r41 (1 — cos 6; cos 0, )] (B.26)
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Zhy =sin(¢s — ¢i)[rvosinb; cos 8, + r,1(1 — cos b; cos 6,)]
Zyy =Tyo[sin 05 — sin 0; cos(p, — ¢;)]

+ ry1(cos 6; — cosb,) cos(d, — ¢;).

The Fresnel coeflicients are

where

12 cos 8; + 1, cos 0,
Tho =
12 cos 8; — 1y cos 8,
72 sin 6; + 1, sin 6,
Thi = Tho
1) cos 0; — 1y cos 0,
M cos 6; + 1, cos 0,
Two =
11 cos 0; — 1, cos 6,
[m sin; — n2 sin 6; — ry0(7; sin 6; + 12 sin 6;))
Ty = —

11 cos 0; — n, cos 6,

. ky .
sinf; = k—:sm 0;

(B.27)

(B.28)

(B.29)
(B.30)
(B.31)

(B.32)

(B.33)

with k; being the wavenumber in the medium containing the incident field and k;

being the wavenumber in the rough surface medium.

B.3 Small Perturbation Model

The unit polarization vectors for the incident, scattered, and transmitted fields

are now defined as:

kf =X sin 0, cos ¢ + ¥ sin 0, sin ¢, + Z cos b

~

h = —%sin ¢, + § cos ¢,

vi= 13i X kf = *Xcosf, cos s + ¥ cosb,sin ¢, — Zsin b,

Rf:)‘(sin(hcos@+$fsin0fsin¢f:}:2cos01
3?=—)‘(sin¢,+$’cos¢f

v$ =h7 x k} = Fkcosf y cos )y sin ¢; — 2sin
7 =hj ¥ = FXxcosbycos s Fycosbysind; — zsinby,

(B.34)
(B.35)
(B.36)
(B.37)
(B.38)

(B.39)
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where the subscript f € {i,¢} denotes either the incident or the transmitted wave.
The + and — superscripts denote upward and downward traveling waves, respec-
tively. In addition, the transverse vector wavenumbers are defined as k; = Xk, +¥k,
for a general wave and k;; = Xk,; + ¥k, for the incident wave. The z components

of the vector wavenumbers are

klz = kl COs 9_, (B40)
kizi = kycosb; (B.41)
ky, = \/k}—k}sin?0, (B.42)

ky = 1/k2 — k?sin2;. (B.43)

The correlation products of the scattering matrix elements for this model are

given by
(SpeSmn) = Ak? cos” 0s foofmn W (Ike — ki) (B.44)

The spectral density is

. (81)2 l2 )
W(lkl_klin = T—exp “—Ik_L_kJ.i| y (B45)
™ 4
where
k, —kyi|* = kf [sin2 8, + sin® 0; — 2sin 0, sin 0; cos(¢s — ¢,~)] . (B.46)

The polarization dependent factors are

2k2ky,i(k2 — kE) %
v — kki__kzku'], .
f (kky, + k2ky,) (k2 ko — k2ky.;) php k2 2:K22: 141 (B.47)
2k, koo kyi(k2 — k?
= R (B.48)

(k¥ko, + k2ki,)(kozi — kuai)
2kl k2ziklzi(k§ - k?)
= K B.49
I = =~ o ¥ o) (B — 2 ) (B.49)
2ky i (k2 — k?) _
K, B.50
(koo + ki1z)(kozi — kizi) ! ( )

frn=
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with
kokzi + ky k‘y,'
= —= 47 B.51
K, s (B.51)
kykzi — kokyi
= 2= -9V B.52
K, Kk, (B.52)
and

K2 = B+ K2 (B.54)
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PENDIX C

SCATTERING MODELS FOR TRUNKS AND
BRANCHES

Individual trunks and branches are modeled as homogeneous dielectric cylinders
with a specified length [, and diameter d.. Three models are presented for modeling
scattering from cylinders. Each model is valid over a specified range of cylinder
dimensions. The first model approximates scattering from cylinders whose size is
smaller than a wavelength (/. << ) by modeling them as prolate Rayleigh spheroids.
This model is appropriate for many size classes of needles and stems. The second
model may be applied to long, thin cylinders with length greater than a wavelength
but with diameter very small compared to A, i.e. [ >> X and d. << A. This model
is appropriate for many types of intermediate size branches. The final model is based
on the exact solution for scattering from an infinitely long cylinder and is appropriate

for large size classes of branches and trunks.

C.1 Scattering Matrix for Prolate Spheroids

A solution for scattering from small prolate spheroids with a prescribed orienta-
tion has been presented by Tsang et al., [60], pp. 160-162. For cylinders with total

length I, and diameter d., the axis dimensions of the spheroid with equivalent volume
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are
I, (3\3
_ L3 1
R (2) (1)
d. (3\3
e = 5(3) (C2)
b = a (C.3)
For spheroids with ¢ > a, define
1 1—e
A== 2o+ (17 ) (€4)
and
1
A= Ay= — — A, (C.5)
abe

where e = /1 — a?/c?. For a spheroid oriented with axes specified by &, g, and 2,

such that its surface is described by

2 2 2
Ty Y , %
;; + -l;{ + 2 1’ (C-6)

the scattering matrix elements are

S, = Q{(f)s-i,,)(;ib.éi)+(ﬁs.gb)(g)b-ﬁ,-)+(ﬁs-éb)(éb-ﬁ,«)} (C.7)

14+ vgA 1+ vaAs 1 4+ vaA,
Sho = Q{ (. 1::"%2" ”‘)+ (ksiﬂ% %), (ﬁsii)vﬁ f"')} (C8)
R >t B
L
where

Q= vole=1), (C.11)
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ko is the wave number, vy = 4mwabc/3 is the spheroid volume, ¢, is the relative
dielectric of the spheroid, and

Vd = %I?—C' (6.,- - 1) . (C12)

The vectors (9, iz,) and (f)s,iz,) are the directions of the vertical and horizontal

polarization vectors of the incident and scattered waves, respectively.

C.2 Scattering Matrix for Long Thin Cylinders

A solution for scattering from cylinders that are long and thin relative to wave-
length has been derived by Sarabandi,[50]. For circular cylinders of cross sectional

area A = wd?/4, the elements of th polarizability tensor P are

& — 1
P, = 2A6, 1 (C.13)
P, = Py (C.14)
P, = A(e —1) (C.15)

For a non-magnetic cylinder with the direction of the incident electric field specified

by @ = d,& + d,§ + d,2, the far field scattered amplitude is

. k2 s s g sinU
() =-32 (ke x ko x (1P - &) i (C.16)
where
U = 0.5kol.(ks - 2 — k; - 2), (C.17)

the vectors k; and k, are the directions of propagation of the incident and scattered
fields and ko is the wavenumber. For vertical and horizontal polarization vectors

(9!, k!) incident on the cylinder and vectors (¢, h!) scattered from the cylinder, where
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the prime indicates that the vectors are in the local coordinate system of the cylinder,

the scattering matrix elements are

Sy = S() - 9 (C.18)
Sk = S(8}) - b, (C.19)
Sun = S(h) - 0, (C.20)
Swn = S(hY) - B (C.21)

C.3 Scattering Matrix for Large Cylinders

For an finite-length dielectric cylinder oriented vertically, (Ruck et al.,[49]):

© (_l)n C”{Meimﬁ' i zoo (__ 1 )n Cvneincb'

S Wad)=QWut)- | ) A C.22)
-y (_1)" Cneimﬁ’ Ezo:_oo (_1)'1 C;{Eeindﬂ

n=—-o00
where ¢’ is the azimuth scattering angle in the plane perpendicular to the cylinder
axis, ¥; is the angle formed between this plane and the unit vector along the direction
of propagation of the incident field and ), is the angle formed between this plane
- and the unit vector along the direction of propagation of the scattered field. The

summation coefficients are the same as those for an infinitely long homogeneous

cylinder with relative dielectric constant €, and diameter d:

2 (1) 2
CZ‘M — _VnPn ann(xo)Hn (‘TO)Jn(zl) (C23)

2
PnNn - [qn T(ll)(xO)Jn(ml)]
_ MaNa — g3 Ja(20) H (20) J3(21)

CTE = . (C.24)
PnNn - [qn T(?-l)(mo)‘]n(‘rl)]
2
o, = il Sogndn(®) (C.25)
720 | PNy = [gaH{ (20)Jn(21)
where
2, = Fodcost (C.26)

2
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T, = ]igﬂ €, — sin® 1 (C.27)
" ns;;i/)i <er—s1in21,/)i_00512 ¢i> (C.28)
Vi = s1dn(z0)d(z1) = s0d0(z0)Jn(z1) (C.29)
P, = rHW(20)J(z1) = soH M (20)Jn(z1) (C.30)
No = s1HO(z0)J; (1) — soH,(20) Jn(21) (C.31)
M, = rida(zo)d(z1) — S0J.(20)Ju(z1) (C.32)

and

1 € 1
So="—"—"7, T T, N~ F—/7.
cos P e — sin® ¥ \ €r — sin?

Here, J,( ) and J.( ) represent the Bessel functions of the first kind of order n and

(C.33)

their derivatives and H{!)( ) and H'(")( ) represent the Hankel functions of the first
kind of order n and their derivatives.

The correction factor @ (¥;,%,) transforms the infinite cylinder solution to the
finite cylinder case. In so doing, it is assumed that the length of the cylinder is such
that [, >> X or that the cylinder dimensions are such that the relations 0.5 < kog <

10 and I. >> % hold (Ruck et al.,[49]). In this case,

(C.34)

Q (i, s) = il. cos 9, {Sin [ko (sin¢; + sin ¢, %] } |

(ko (sin; + sin,) %]

T COS ¥;

The scattering matrix of an arbitrarily oriented cylinder may be expressed as
S=R-§8-T (C.35)

where

R=| (C.36)
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and

bi - 08)  (0; - he
T = (. ) (A A) . (C.37)
(hi-9F) (hi-kS)

The unit vectors in (C.36) and (C.37) represent the directions of the polarization
vectors for the scattered and incident fields, respectively. The vectors (z‘),,iz,) are
directed along the scattered vertical and horizontal polarization directions in the
reference coordinate system of the radar. The vectors (¢, h¢) are directed along

the scattered vertical and horizontal polarization directions of the coordinate system

P

local to the cylinder. The vectors (v;,h;) and (ﬁf,izf) represent a similar set of
directions for the incident field.

Given the previously stated constraints on the cylinder dimensions, the only

region of error for this model is at angles of incidence at or near end-on (¥; ~ %).
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APPENDIX D

SCATTERING MODELS FOR LEAVES

Individual leaves are modeled as homogeneous dielectric disks with specified thick-
ness 7 and diameter d. Two models are presented for modeling scatter from such
disks each of which is valid over a specified range of disk dimensions. The first model
approximates scattering from a disk whose diameter is small compared to a wave-
length (d << A) by mo.deling it as an oblate Rayleigh spheroid. The second model is
a physical optics approximation of scattering matrix elements. Generally speaking,
the Rayleigh model is appropriate for low frequencies while the physical optics model

is appropriate for high frequencies.
D.1 Scattering Matrix for Oblate Spheroids

A solution for scattering from small oblate spheroids with a prescribed orientation
has been presented by Tsang et al., [60], pp. 160-162. For disks with thickness 7

and diameter d, the axis dimensions of the spheroid with equivalent volume are

= 5() o
-4y

b = a (D.3)
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For spheroids with ¢ < a, define

2 [V@—@  _ J&-&

(a2 — 2)3 c — tan c (D.4)

A=

and

Ao = Ay = — — A.. (D.5)

For a spheroid oriented with axes specified by z;, 9, and 2, such that its surface is

described by

2 2 2
Ty Y | % _

the scattering matrix elements are

_ (D5 - 26) (26 -0:) | (Bs - §o) (- 0:) | (Ds - 26) (26 - Di)
S = Q { 1+ vdA + 14+ vqAp t 14+ vqA. (D7)

h 1b (T4 - 0;) (ils : ﬁb) (9o - 03) (its . i’b) (2 - 0;)
St = ¢ { 1+ vdA S Yy T Rra } (D-8)
) (Ds - Up) (ﬁb ' ili) (0s - 23) (2b ' ili)
Sn = @ { 1+ vdA + 14+ vgAs + 1 + vgA. (D-9)
by - IBb xb i ) (hs . ﬁb) (?}b . h:) (hs . 5’b) (ﬁb . ili)
Shn = Q { 1 + vgA, 1 4+ vgA, 1 + vgA. }(Dl())
where

2
Q= Bue -1, (D.11)

ko is the wave number, vy = 4mwabc/3 is the spheroid volume, ¢, is the relative

dielectric of the spheroid, and
Cvg=— (6, —1). (D.12)

The vectors (6;,iz,-) and (63,113) are the directions of the vertical and horizontal

polarization vectors of the incident and scattered waves, respectively.
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D.2 Physical Optics Model

Here, the disk is modeled as an a x b square resistive plate with area equivalent
to that of the disk. For a disk of thickness 7 and diameter d, the dimensions of the

square plate are

a = %_71 (D.13)

b = a. (D.14)

A physical optics solution for scattering from an arbitrarily oriented plate has
been obtained by Sarabandi, [50]. The resistivity of the plate is

A

(D.15)

where ko and Z, are the propagation constant and intrinsic impedance, respectively,
of free space. Let the. plate be oriented such that the spherical coordinate angles
(6;, ¢;) specify the direction of the unit vector normal to the surface of the plate.
Furthermore, let the directions of propagation of the incident and scattered fields be
specified by the spherical coordinate angles (6;, ¢;) and (5, ¢,), respectively. Then,

define the reflection coefficients

2R
Ty(é)=(1+ A sec ;)" (D.16)
2R )
FE(¢1) = (1+Z—COS¢1) (D17)
0
where
cos ¢; = —[sin6; sin §; cos(¢; — ¢;) + cos b; cos 6;] > 0. (D.18)

The scattering matrix elements are

S,, = —i\ab Slr(ljU SH‘I/V P?{cos ¢ cos B[(sin §; sin 8; + cos 0; cos b; cos(¢; — ¢;))
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Shh

where
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“(sin 05 sin 0; + cos 8, cos 8; cos(¢s — ¢;))
+ cos 0; sin(¢; — @;) cos O, sin(¢s — ¢;)] - (P — T'g)
+[cos(@i — ¢;)(sin b, sin 6; + cos 0, cos 8 cos(ds — ¢;))

+ cos §; sin(¢; — ¢;) - cos 0, sin(@; — ¢;)] - (T — cos® B cos® ¢T'k)}

(D.19)
—f\ab Si?jU Sir‘l/v P*{cos ¢ cos B[— cos; sin(¢; — ¢;)
(sin 8, sin 8; + cos 6, cos §; cos(¢, — ;)
+ cos(¢i — ¢;) cos b, sin(¢s — ¢;)] - (Fu — T'g)
+[ cos ; sin(¢; — ;)(sin O, sin 0; + cos 0, cos b; cos(ds — ;)
+(sin 0; sin 0, + cos 0; cos 0 cos(¢: — ¢;))
-c0s 0, sin(¢, — ¢;)] - (T — cos® Bcos® ¢T'g)} (D.20)
“i“b Si?JU Si“‘/v P*{cos ¢ cos B[(sin 0; sin 8; + cos §; cos 0, cos(¢; — ¢;))

-cos 0;sin(¢; — @s) + cos 0; sin(¢; — @;) cos(ds — ¢;)](Cy — TEg)

+[cos(d; — ¢;) cos0; sin(d; — ¢,) + cos b, sin(d; — ¢;) cos(ds — ;)]

(T — cos® Beos® ¢T'E)} (D.21)
—tabsinUsin VP2{cos ¢ cos fB[— cos ¢; sin(¢; — @;) cos b, sin(p; — @)
)\ U V J t J J J

+ cos(¢; — ¢;) cos(¢s — ¢;)[(Tw — I'g)
+[~ cos 0; sin(¢; — ¢;) cos §;sin(¢; — ¢s)
+(sin 0;sin 0; + cos 0; cos 0 cos($; — ¢;)) cos(¢s — ¢;)]

(Ty — cos® Bcos? ¢T'g)} (D.22)

P = (1 = cos® B cos? ¢)~1/? (D.23)
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and

k
U = %a(sin¢—sin¢')

V = %—Iz(sin B cos ¢ — sin B cos ¢').

The angles §,4,8' and ¢’ are defined through

sing = sinb;sin(d; — ¢;)

cos¢ = [l —sin®0;sin?(¢; — ¢;)]"/?

sinB = g[cosb;sinf; — sinb; cos§; cos(d; — ¢;)]

cos B = —q|cosb;cosf; + sinb; sinb; cos(¢; — ¢;)]

sin ¢’ = sin 0, sin(¢, — ¢;)

cosd’ = (1 — sin’ 0, Siﬂ2(¢s - d’j))l/2

and .
cos 0, sin §; — cos §; sin 0 cos(¢s — ¢;)

\/1 — sin® 0, sin*(¢, — ;)

sin f' =

where

q= {1 — sin? 0; Sin2(¢j - ¢i)]‘1/2-

(D.24)

(D.25)

(D.26)

(D.27)

(D.28)

(D.29)

(D.30)

(D.31)

(D.32)

(D.33)
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APPENDIX E

SECOND ORDER SCATTERING IN THE
CROWN LAYER

This appendix presents the derivation of the second-order radiative transfer solution
for specific intensity in the crown layer of a tree canopy. The coupled radiative

transfer equations in this layer are

I (p,4,2) = e Gy ¢ —d) + / :e-“f""f’/“f:(u, $,2')dz’
(E.1)
- o _ ,
Ic_(_ﬂa 9, Z) = e Z/uI:(_ﬂ’ ¢? 0) + / e’ e )/uj:c_(_”a ¢a Z’) dz’

(E.2)

where Kkt and k] are the crown layer extinction matrices for positive and negative
propagating intensities, It and I7, respectively, and ! and F are the crown layer

source functions. Applying the canopy boundary conditions yields the solutions for

the specific intensities:
I:(Il, ¢, Z) = e_K’j(Z"'d)/I‘e—ang/ufR’ (,u)e_n'_H‘/"e—K'C—d/“

Lo (=0, 60) 6 (1 = 1) 8 (¢ — o)

+ o~ Ki(z+d)/u—KIHifupy (1) e~ K H/u

0 - '
/ eh‘,c (=d-z )/uf':(_u’ ¢, ZI) dz’
—-d
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+ e R eHd/ug-KIH LR (1)

—d _ ,
gy &5 ST~ ,1) 2
—(d+H)

-d ,
+ e~KE(+d)/u / . @ (6 o) de!
- t

+/ zde—"i‘ =g+ (. 6, ) d2' (E.3)

I (—p,¢,2) = Iy (—po, o) 8 (1 — po) 6 (6 — o)

Y - '
+/ oK (22 )/“.’F'c'(—u,qb,z')dZ' (E.4)

The solutions for the first-order positive- and negative-going specific intensities at a

depth z in the crown layer are

I

1[ r2 , PN
Lo (mé2) = — [ [ &P (1, 65—, o)K7 e dz ]Io (o o)

L
(E.5)
I (i62) = {8 o) 86 o)
0 - , -
+ ;ll" l;[z eK'c (z-2 )/“’Pc(_,u) ¢J —Ho, (vZSO)eK’c /o dzl] }
To (—po, $0) (E.6)

where I (—po, @o) is the intensity incident on the layer in the direction (—puo, do)
with pg = cosfy and P, is the crown layer phase matrix.

The first-order crown layer source functions are

POz = = [ [ Pt O 6, 2) a0
[T [ Pt M (02040 (B)
PO o) = 2 [ [ Pom b N 2
[ [Pt O (8,21 0] (B9
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Substituting the first-order intensities into (E.7) and (E.8) and rearranging yields

1 27 11 ,
g:(ﬂ ¢a = {;'/0 A ;Pc(”’ ¢; #/a¢)
' [/ TR (1§ o, o)’ bo dz,] aw
-d

1 }
+ —’Pc(u, &; — pho, Go)efee 7/ Ho

27
b [ P )
[/ efte (=7 )/“"Pc(—l/a ¢'; — po, ¢0)en:z’/”° dz'] dQ’}

'Io(“,uo,%) (Eg)

2n
R nes) = L[ [ LP-neind)

- [ [ e RECP (s — o, do)erE e dz'] as’
—d

1 , -,
+ —Pc(—#, é; — po, <Po)en° 2/

/t/%/ll 4= )

[ / e oD (—p, ¢ — o, do)e’e ¥/ dz’] dﬂ’}

2z

To (—po, ¢o) - (E.10)

Substituting these first-order source functions into (E.3) and neglecting interac-
tions with the ground gives the second order solution for positive-going intensity in

the crown layer:

cdc ('u ¢, ) = /d —K,+(z—z')/ltf'(1)+(#’¢ zl) ' (E.ll)

= {3 [l [ [ Lp et

. (/Z e_nc.q.(zl_zn)/ul,Pc(Hl,¢l; — Lo, ¢0)enc_2”/#0 dzll> dQ,j| dzl

—d
1 z et 2—2"V/u =5
+ /_L de K’c( )/l ’Pc(u’ ¢; ___uo’ ¢0)enc /I-‘O dZI
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-K}(z=2")/u Y,
+ / [/ / l‘t’ ¢, u b ¢ )
(/ e =KD (—p | ¢'5 o, do)e’ * /o dz"> dQ’] dz'}
o (= po, ¢o) (E.12)

The positive-going intensity emerging from the crown is then:
L ¢) = 19 (1 4,0) (E.13)
0 +,0 2r 1]
= {3 Lo [T [ P mein )
pJ-d o Jo p
( / [ REED (4 85— o, do)e e dZ”) dQ’] dz’

+ = / eFL 1P (1, 65 o, go)e’e /e d2

' 1 1
+ - / Kz /“[/ / Pelp, ¢ —4', ¢)
(// enc_(z,—z")/u',Pc(_H,v ¢,; —Ho, ¢0)enc—z"/#° dZH> dQ/:| dz'}
'I() (—;l,o, ¢0) (E14)

For backscatter, take p = po and ¢ = ¢o + 7. Making these substitutions and

rearranging the equations gives the second-order solution for backscattered intensity:

1[0 4. .
IdC (}Lo, d)O + ﬂ.) = {;U,_-/ en:z /uopc(”O’ ¢0 + 5 — Ho, ¢0)CK'C 2! [uo dzl
0 -

1 , 27 11
+#—/ el ' uo [/ / (poy b0 + 5 p', ¢)
0

~ ( [ D (5 — o, o)t e d> dﬂ’} dz'
—d

+i/ n*’/uo[/”/ —P.(po, o + 75 —p', ¢')

( / CREEIND (i ;o do)etE e dz") dQ’} dz’}

To(—pordo) (E.15)

This solution represents the sum of three scattering mechanisms. The first term

corresponds to the first-order solution for direct crown backscatter. The remaining
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two terms correspond to second order scattering mechanisms. Each of these terms

L(w,¢)
2 Crown Layer

d] ——

Figure E.1: Terms contributing to direct crown backscatter in the second-order so-
lution.

is illustrated in Figure E.1. The mechanisms involved in each process are:

o Term 1: This is the first-order term that represents an intensity incident on
the layer at an angle 6, propagating to a depth z' and scattered directly back

to the radar.

e Term 2: This is a second-order term representing an intensity that is incident
on the layer at an angle 6y, propagates to a depth 2”, is then scattered in an
upward-going direction defined by (¢, ¢'), propagates to a depth 2/, and is then

scattered back toward the radar.

o Term 3: This is a second-order term similar to term 2. It corresponds to an

intensity that is incident on the layer at an angle 6y, propagates to a depth 2", is
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then scattered in a downward-going direction defined by (—u’, ¢'), propagates

to a depth 2/, and is then scattered back toward the radar.

It is important to note that for a given radar incidence angle, computation of term 1
requires knowledge of the crown layer phase matrix only for a single scattering con-
figuration. Similarly, knowledge of the extinction matrix is required only for intensity
propagating in the (—po, ¢o) and (o, o + ) directions. However, computation of
terms 2 and 3 requires knowledge of the phase and extinction matrices for scatter
and propagation in all directions. For complicated phase and extinction matrices,

this greatly increases the time required to compute the second order solution.
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APPENDIX F

CONNECTING MODELS FOR CANOPY
BIOPHYSICAL PARAMETERS

~ This appendix discusses some connecting models that relate fundamental canopy
parameters to the parameters that drive MIMICS. Section F.1 defines the volume
fractions of leaves, branches and trunks in a canopy, section F.2 defines the leaf
area index of a canopy and section F.3 defines the specific and total water densities
and biomasses of the canopy constituents. All three sections relate their defined

parameters to MIMICS inputs.

F.1 Elemental Volume Fractions

The volume fraction of particles with an average volume V,, (cubic meters) dis-

tributed with a density N, (particles per cubic meter) is
v, = NV, (F.1)
Therefore, the volume fraction of leaves within the crown layer is given by
= Nir / / abfy(a,b)da db (F.2)

where N, is the number density of leaves within the crown volume, 7 is the leaf

thickness, a and b are the dimensions of the equivalent flat plates that model the
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leaves and fj (a, ) is the probability distribution function (PDF) of leaf sizes. Here,
the leaf thickness is assumed to be constant for all of the leaves.

Similarly, the volume fraction of branches within the crown layer is given by

=Ny

Vp = 4

J[ it (1, o) die e (F.3)

where N is the number density of branches within the volume, [. is the branch
length, d. is the branch diameter and f, (I, d.) is the PDF of branch sizes.

Finally, the volume fraction of boles within the trunk layer is

v = Z—g:‘ / / H,d*f. (H,, d;) dH, dd, (F.4)
where N, is the area density of trunks over the appropriate landscape patch, H, is
the average height of the trunk layer, H; and d; are the bole height and diameter,
respectively, and f. (H;,d,) is the PDF that describes the distribution of bole size.
Here, a landscape patch is defined as a section of land that consists of some identifi-

able stand that is homogeneous with respect to the spatial distribution of the canopy

elements.

F.2 Leaf Area Index

The leaf area index (LAI) is defined by Ulaby et al., [70], p. 1563 as the total
single-side surface area of all the leaves contained in the canopy over a unit area of

ground. This quantity is given by

Lar = (F.5)

T

where v; is the leaf volume fraction, d is the thickness of the crown layer and 7 is the

leaf thickness.
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F.3 Biomass Parameters

F.3.1 General Definitions

The gravimetric moisture content of a specific plant part is defined as

M,
mg = m (FG)

where M, is the mass of the water in the plant part and My is its dry mass. The

dry mass for a particle with volume V,(cm?®) is
Mi=pV,  (grams) (F.7)

where p, is the dry density of the particle in grams per cubic centimeter. Knowing

My and my, the mass of water in the particle is given by

M, = s M, (grams) (F.8)

and the specific water density within such a particle is

M
D = —= (F.9)
P vp
_ ™ Fa
Co1- mgpp (cm3) ' (F10)

Knowing the density of water in a typical particle, it is of interest to find the total
area density of water in the landscape patch that contains the distribution of such
particles. For particles distributed with a volume fraction v,, the total area density

of water within the landscape patch is

D, = 1000 D5 v,h, (F.11)

k
= 1000 l—f-%l—p,,v,,h,, (—gi) (F.12)

2
g m

where h, is the vertical extent (in meters) of the particle distribution.
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The specific biomass of a particle is defined in terms of mass per unit volume
of the specific plant part. The total biomass is defined in terms of the total mass
per unit area over the appropriate landscape patch. Both biomasses may be defined
in terms of wet and dry plant material. The specific dry biomass of a particle is

equivalent to its dry density. The specific wet biomass of the particle is

B:Lp = pP+D:Up (F13)

- [%n_g] (fﬁ) . (F.14)

The total dry biomass of a class of particles is
t kg
By, = 1000 ppvph, — (F.15)

and the total wet biomass of a class of particles is

B, = B +D., (F.16)
1
= 1000p,,v,,h,, (1—-—mg.) (F17)
s kg
= 1000, B, hp —2)- (F.18)

F.3.2 Constituent Biomasses and Water Contents

Table F.1 lists the specific water contents and the specific biomasses for the three
canopy constituents. Each of these parameters is given in units of grams per cubic
centimeter and represents the density of water or material within the plant part
itself. The variable p represents the dry density of the vegetation material and the
variable m, represents the gravimetric moisture of the constituent part as defined by
(F.6).

Table F.2 lists the total water density and total biomasses of the indicated canopy

constituents. These parameters are defined in units of kilograms per square meter
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and account for the constituent mass per unit area over the appropriate landscape
patch. The variable h. represents the crown the thickness of the crown layer and d
represents the thickness of the trunk layer.

The total biomass of leaves is also known as the total foliar biomass and defines
the mass of leaves or needles per unit volume of canopy crown. For deciduous trees

in temperate climates, this quantity is closely related to the net primary production.

Table F.1.
Specific water content and biomasses of the individual canopy constituents.

Constituent | Specific Water | Specific Dry Specific Wet
Content (c—él—;) Biomass (a%—g) Biomass (Eé—g)
Leaves ol =T—_’_n;fl;—lp1 By =pm wl = Tlerlnj
Branches oh = %Pb B3, = py oh = ﬁn‘j
Trunks D;, = 1Tm'g'pz B3, = pt By, = 1-,::;9,
Table F.2.
Total water content and biomasses of the canopy constituents.
Constituent " Total Water Total Dry Total Wet
Density (I-l%é-) Biomass (r];—%) Biomass ( Jl\n%')
Leaves D}, =1000D? vk, | BY = 1000pvh, | B, = 1000B} vk,
Branches D, =1000D; vsh. | By, = 1000psvsh. | BL, = 1000B%, vph.
Trunks D!, =1000D%v,d | BY = 1000p,v,d | B, = 1000B%,v,d
Total Weody
Material Dy = Dy + DYy | By = By, + By | B, = By, + Bl
Total Crown
Material DfuCZDttub'*'D:ul B(ticsztib'i'B(til Bttuc: B:ub'*'B:ul
Total Canopy
Material D+ D+ Dy | By+By+By | By + B+ B,
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APPENDIX G

MODELING MULTIANGLE AND
MULTITEMPORAL BACKSCATTER FROM A
WALNUT ORCHARD - THE EOS
SYNERGISM STUDY

In this appendix, MIMICS I is used to model microwave scatterometer data that
were obtained during the August 1987 Eos Simultaneity Experiment (Cimino et
al.,[9]; Dobson et al.,[15]; McDonald et al.,[41], [42],[43], [44]). During this exper-
iment, truck-based scatterometers were used to measure radar backscatter from a
walnut orchard in Fresno County, California. Two sets of L- and X-band measur-
ments are modeled. The first set consists of a seies of multiangle data for which
a set of trees was observed at varying angles of incidence. The second set consists
of a series of diurnal measurements in which this same set of trees was observed
continuously over several 24 hour periods.

With in situ ancillary data describing canopy architecture and moisture condi-
tions used as input, MIMICS is run at L- and X-band frequencies of 1.5 GHz and
9.6 GHz. Measured scatterometer data are compared to theoretical data generated
by MIMICS. MIMICS is seen to predict the diurnal variations that are observed on
24 hour cycles. Examinations of backscatter response to changes in canopy dielectric

properties are performed to determine the causes of the changes observed in the short
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term trends and diurnal patterns.

G.1 Study Objectives and Test Site Description

One of the objectives of the EOs Synergism Study is to characterize short-term
variations that occur in vegetation canopies as a result of processes that change on
rapid temporal scales (Cimino et al.,[9]; Way et al.,[81]). To this end, a concern of this
analysis is to model the diurnal variations observed in the microwave backscatter from
a tree canopy. Successfully coupling the measured canopy backscatter to modeled
data will significantly aid in understanding the diurnal and short-term changes in
canopy properties, thereby allowing one to infer physiological processes occurring in
the plant. This in turn will influence the ability to monitor changes in vegetation
that occur on both seasonal and year-to-year time scales.

A field experiment was performed at the Kearney Agricultural Center in Fresno
County, California during the summer of 1987 as part of the synergism study. The
test site consisted of a stand of over 200 six-year-old black walnut trees. The evap-
otranspiration of these trees has been monitored for several years, thus providing a
somewhat controlled environment in which the synergism study could be performed.

The orchard consisted of several individual water-stressed and unstressed tree
plots. This analysis focuses on one individual plot of 48 unstressed trees. The average
spacing between orchard rows was 6.7 meters and the average spacing between trees
of a given row was 3.3 meters. These trees were irrigated in the evening with the
amount of water equivalent to 100% of the water that evaporated from the canopy
during the day as determined by meteorological measurements made at a nearby
weather station. This experiment occurred during the trees’ second year of controlled

water treatment.
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A hedgerow pruning technique has been used on these trees for several years.
Consequently, the orchard does not represent a canopy with a true continuous crown
layer. However, the tree crowns represent a significant enough fraction of the crown
layer to allow for the canopy to be modeled as having a continuous crown layer.
This is accomplished in the modeling analysis by re-distributing the crown layer
constituents uniformly throughout the crown layer as if this layer were indeed con-
tinuous, thereby applying effective constituent volume densities in computing the

phase and extinction matrices.

G.2 Scatterometer Measurement Procedure

Several sets of microwave scatterometer data were recorded over the course of
the synergism experiment (Cimino et al.,[9]; Dobson et al.,[15]). The scatterometer
experiments were designed to investigate the possibility of diurnal variations in radar
backscatter from tree canopies. This analysis focuses on two of these data sets. The
first is a set of multi-angle data in which the same set of trees were observed at
incidence angles ranging from 40° to 55°. This measurement set was recorded over a
time span of about two hours during the mid-afternoon. The second data set consists
of a three-day measurement series during which this same set of trees was observed

continuously over a three day period at a 55° incidence angle.

G.2.1 System Description and Operation

L- and X-band data were recorded using the University of Michigan scatterom-
eter system, POLARSCAT (Tassoudji et al.,[58]), which was mounted on a boom
platform for observation of the orchard. POLARSCAT is a calibrated polarimetric

radar system capable of measuring the amplitude and phase of the signal backscat-
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tered from a scene illuminated by its antenna for each of the four linear polarization
configurations (HH, VV, HV, VH). The L- and X-band channels operated at 1.5 and
9.6 GHz, respectively.

An HP 8753 Vector Network Analyzer functions as the transmit source and the
primary signal processor. Automatic control of the equipment is accomplished with
an HP 9000 computer. The computer is interfaced with the network analyzer and
peripheral equipment including a disc drive and printer to provide for real-time data
reduction, hard-copy output, and data storage. Other functions of the system are
controlled by a network of DC control lines which originate from a manually operated
control panel. This network controls the scatterometer RF sections, the antenna
positioner, the polarization switching, and boom movement.

The antennas were mounted on a rotatable positioner at the top of a rotatable
boom that allowed pointing along any direction in azimuth and elevation. A video
camera was mounted next to the antennas to allow the operator to view antenna
pointing direction with a video monitor. The HP 9000 computer, HP 8753 Vector
Network Analyzer, peripheral equipment, and other controlling instrumentation were
located inside a motor home to provide for cooling and a clean working environment.
The boom was elevated to a height of 12.2 meters and the system was parked next
to the orchard.

Each canopy measurement was recorded for a fixed incidence angle and polariza-
tion configuration by rotating the antennas in azimuth and recording 30 independent
samples over the azimuth extent of the target. The 30 samples were then averaged
together to yield an average radar backscatter over the azimuth sweep. Thus, each
backscatter data point corresponds to an average of thirty spatially independent

backscatter measurements. This type of processing allows for the effects for signal
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fading and target inhomogeneities to be accounted for.

Figure G.1 illustrates the scatterometer measurement geometry. The region
probed by the scatterometer contained three rows of trees. The shaded areas repre-
senting the tree crowns correspond to estimated volumes that contain foliage. The
sensed volume V shown in Figure G.1(a) may be determined at a slant range R given
the radar beamwidth 8 and look angle . The volume V has a length that depends
on the range resolution of the scatterometer system. Since the vegetation canopy
has a deterministic row structure, the fraction of V that contains vegetation may be
readily computed through geometrical analysis. Considering Figure G.1(b), as the
scatterometer scans through an azimuth angle a, V traces out an arc centered at the
slant range R. The foliage fraction may be defined as the fraction of this scanning
arc volume at the slant range R that intersects the foliage volume.

Figure G.2 compares the uncalibrated backscattered power as a function of slant
range for L- and X-bands to the foliage fraction computed using an X-band antenna
beamwidth # = 2.8°. Through a straightforward geometrical analysis (Paris,[46]),
it is possible to determine the sources of backscatter that contribute to the total
backscattered power at a given slant range. Useful information exists at ranges
where the power is above the noise floor. From this standpoint, useful data exist
for 11 < R < 35 at L-band and for 13 < R < 18 at X-band. Comparing these
traces to the foliage fraction indicates that significant sources of L-band backscatter
exist at ranges for which the foliage fraction does not exist, thereby indicating the
presence of significant scattering interactions between the canopy and ground sur-
face. On the other hand, the X-band backscattered power contains essentially no
information outside the foliage fraction region, indicating a lack of such scattering

interactions. The reason for the apparent lack of backscatter interaction mechanisms
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Row A Row B Row C

Row A Row B Row C

(b)

Figure G.1: Side view (a) and top view (b) of the walnut orchard showing the scatterom-
eter measurement geometry. For a scatterometer beamwidth (3, the sensing
volume V is defined at a given slant range R by the pulse width and' the
scanning arc angle a.
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Figure G.2: Uncalibrated L- and X-band canopy backscatter versus slant range at § = 55°.
The foliage fraction was computed for the estimated X-band sensing volume
and scaled to fit on the dB axis.
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at X-band is twofold. First, the occurrence of such interactions at ranges outside the
immediate crown volume is masked by the system noise. That is, the signal level
of these mechanisms is below -40 dB. Second, the relatively narrow X-band antenna
beamwidth (8 = 2.8°) limits the size of the sensing volume V' to such an extent that
much of these interaction mechanisms are lost simply because measurement geom-
etry prevents them from being observed. If the scatterometer were positioned on
a much higher boom, the measurement footprint within the canopy would be large
enough to observe these interactions. X-band modeling in this analysis will focus on
the direct crown component of canopy backscatter. It is interesting to note that the
foliage fraction predicts the slight dip in backscattered power that occurs at R ~ 16
m as a result of the hedgerow canopy structure and that this drop is more significant

at X-band than at L-band.

G.2.2 Calibration

The scatterometers were calibrated to an absolute level using a set of wire meshes
and a Luneberg lens. In order to calibrate all four polarization configurations, a
polarimetric calibration target was developed. The target consisted of an array of
parallel wires oriented 45° with respect to the antenna polarization vectors. This
configuration generates like- and cross-polarized returns for each of the two transmit
polarizations.

One calibration sequence was performed using the wire targets before the multi-
angle data set was recorded. Two calibrations were performed against the polarimet-
ric targets during the diurnal data series between August 24 - 26. One calibration
was performed immediately before the beginning of the diurnal series and the other

was performed immediately after the diurnal series was completed. Between these
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calibrations, system stability was monitored by measuring the backscatter from the

Luneberg lens several times a day.

G.3 Orchard Canopy Characteristics

As part of the synergism study, an extensive set of ancillary data was collected in
order to characterize the walnut orchard. Data describing canopy architecture (Ustin
et al.,[71],[72]), dielectric properties (Dobson,[10]) and canopy water status (Weber
and Ustin, [82],[83]) were analyzed to determine canopy density, branch and leaf
orientation and size distribution, constituent dielectric properties, and other gross
canopy characteristics. This section describes the canopy architecture and other

properties that have been adapted for input to MIMICS.

G.3.1 Canopy Architecture

Because of the row structure of the orchard and the hedge-row pruning practices,
statistical sampling of the tree crown geometry was not possible. Instead, the length,
diameter at mid-length and zenith and azimuth orientation angles for all branches
with diameters greater than 2 cm were measured for eight trees. The number and
size classes of all lateral branches were also recorded. All branch segments were
numbered so that the tree skeletons could be reconstructed from these observations.
In addition, the smaller branches with diameters less than 4 cm were statistically
sub-sampled by class size. Four sample classes were considered (0-1, 1-2, 2-3, 3-4 cm
diameters).

To adapt the branch geometry data for input to MIMICS, the orchard is divided
into distinct crown and trunk layers with heights of 3.1 m and 1.7 m, respectively.

These heights correspond to the observed canopy architecture. The branches are
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then divided into the four size classes identified in Table G.1. Figure G.3 is a sketch

of the geometry of an individual tree, showing the four branch classes and the leaves.

3.1 meters

primary
branch

secondary
branch

trunk branches 1.7 meters

Figure G.3: Illustration of a walnut tree showing the four branch classes and the
leaves.
The larger branches tend to be located in the lower portion of the canopy and are
therefore considered to be part of the trunk layer. This layer consists of the trunk-
branch size class and includes the tree trunks and all branches with diameters greater
than 4.0 cm. The remaining three branch size classes are distributed throughout the
crown layer. As shown in Table G.1, the primary branch class consists of all branches
with diameters less than 4.0 cm and greater than 0.9 cm. The secondary branch class
includes those branches whose diameter is less than 0.9 cm and greater than 0.4 cm.
The high order stems constitute the smallest size class and have diameters less than
0.4 cm. Most of these stems represent the green petioles that are attached directly

to the leaves. These size parameters, are summarized in the table along with their
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average diameter and length, volume density (branches per cubic meter), and the
functional form of branch orientation for each class.

In general, the larger branches tend to have mostly vertical orientations whereas
the smaller branches exhibit no preferred orientation. Plots of the branch orientation

PDF's are shown in Figure G.4. The branches in the trunk layer were assigned a cos® 8

2.0 ——r————r S T
Trunk
[ U IR Primary
1.5 -
S S B LI Secondary/Stems
o9
a) -
(a®}
NP PPN | I o
/2 3n/4 T
0 (radians)

Figure G.4: Branch orientation probability distribution functions (PDFs).

distribution so that the mean value of 0 is 0. The primary branches were assigned a
distribution of sin® 20 so that § has a mean value of 45°. The secondary branches and
higher order stems were assigned spherical distribution functions (sin 8)so that they
show no preferred pointing direction in the elemental solid angle d©2 = sin 6d6d¢.
This implies that these branches are oriented such that their axis directions are uni-
formly distributed on a spherical surface. Trigonometric functions were chosen to

describe these distributions since they provide a reasonable description of canopy
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architecture and their forms allow for convenient numerical integration. These func-
tions are converted into probability distributions for use in MIMICS by dividing
each by a normalizing factor given by [ f(0)df. Note that the PDFs describing
primary and secondary branch orientations are completely described over the domain

0<9<§

Table G.1: Canopy Branch Classes.

Branch Size Class

Constituent Class | Trunk Crown Branches

Characteristic Branches | primary | secondary | stems
Max. Diam. (cm) | - 4.0 0.9 0.4
Min. Diam. (cm) | 4.0 0.9 0.4 -
Ave. Diam. (cm) | 7.3 1.9 0.6 0.1
Ave. Length (cm) | 92.8 35.8 10.9 5.0
Density (#/m3) | 0.13 1.25 1.14 250
Orientation f(#) | cos®6 sin®20 | siné sin 0

Characteristics of the leaves were determined from detailed leaf counts (Ustin et
al.,[72]) and are summarized in Table G.2. Leaves were assigned a sin § orientation
such that the direction in which the normal to the leaf surface is oriented is uniformly
distributed over a spherical surface. The leaves are modeled as thin circular dielectric
disks with a specified diameter and thickness. The leaf number density together with

the leaf diameter and crown height yield an equivalent canopy leaf area index (LAI)

of 3.4.

For purposes of defining the folding angle x, the leaf is modeled as a square plate
of area a X a equivalent to the area of the leaf modeled as a disk. The angle x is
measured along the leaf midrib as illustrated in Figure G.5(a). Knowing x and a
determines s, the distance between the opposite edges of the leaf. The leaf radius of

curvature p is then defined as shown in Figure G.5(b). If the square plate conforms to
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Table G.2: Leaf Characteristics.

Number density 250 leaves per cubic meter
Average diameter 7.47 cm
Average thickness 0.1 mm

Leaf area index 3.4
Orientation f(6) =sinb
Folding angle X = 152° along midrib
Radii of curvature p; = 7.7 cm (along midrib)
p2 = 10 cm
a
al2 al2

>>

-

IS

(@ (b)

Figure G.5: Geometry used to model an a X a leaf folded along its midrib. The folding
angle x shown in (a) defines the distance s between the opposite edges of the
leaf. Chord length s and arc length a define the sector of a circle with radius
p shown in (b).
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a cylindrical surface such that a now defines a circular sector with chord length s, then
p is the radius of the cylinder. p; corresponds to the radius of curvature determined
from the leaf folding angle along the midrib. p;, the radius of curvature along the
other leaf axis, has not been derived from measured data but rather represents an
estimated value.

The effect of leaf curvature on canopy backscatter may be accounted for through
an analysis based on the model for a curved leaf introduced by Sarabandi et al. [51].
The backscattering cross section of a curved leaf (o) normalized to that of a flat leaf

(o) of equivalent area may be approximated by

2

% | ZF (n) —F () (G.1)
of V2
where
Fy) = /07 exp (iuz) du (G.2)

is the finite range Fresnel integral,

\/z T2 = a\/%; (G.3)
p P2

and ko is the free space wavenumber. A plot of (G.1) as a function of frequency is

wlm

shown in Figure G.6. This plot illustrates the effect leaf curvature has on backscatter
from a single leaf. Normalized backscatter of a leaf conformed to a cylindrical surface
with p; = 7.7 cm and of a leaf conformed to an ellipsoidal surface with p; = 7.7 cm
and p; = 10 cm are shown. For a given curvature geometry and radar frequency,
an effective leaf diameter d. may be defined that corresponds to the diameter of a
flat disk-shaped leaf having backscatter identical to the curved leaf. Since g, ~ A?

where A, is the effective leaf area, the effective diameter is



260

Cylindrical Leaf, p, =7.7 cm
Ellipsoidal Leaf, p, = 7.7 cm, p, = 10 cm
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Figure G.6: Backscatter from a curved leaf normalized to a flat leaf of equal area.
Backscatter is shown for a leaf curved to fit a cylindrical surface with radius
of curvature p; = 7.7 cm and for a leaf curved to fit an ellipsoidal surface

Frequency (GHz)

with p; = 7.7 cm and p, = 10 cm.

10.
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where d; is the diameter of the flat leaf. The effect of leaf curvature on canopy
backscatter may be approximated in MIMICS by using flat leaves with effective
diameters that depend on the frequency under consideration. Table G.3 lists the
normalized backscatter and corresponding effective diameters for L- and X-bands.

At L-band, the effect of leaf curvature is essentially negligible.

Table G.3: Effects of Leaf Curvature at L- and X-Bands.

Normalized Backscatter Effective Diameter

(9c/01) (cm)
L-Band  0.972 (-0.1 dB) 7.42
X-Band 0297  (-5.3 dB) 5.52
Flat Leaf 1.000 (0.0 dB) 7.47

A correction factor that accounts for the difference between the actual canopy
LAI and the LAI observed with the scatterometer system may be determined by
considering the foliage fraction together with the variation of leaf number density
with height. The effective leaf area index may be computed by integrating the
product of the average area of a single leaf A; and the leaf number density per unit

volume N, over the slant range extent of the crown layer d/ cos 0:

_d_
LAL(0) = / % Ni(s,8) A cos 0ds (G.5)

0

The value of LAI, represents an estimate of the leaf area actually observed by the
scatterometer. The number density NV, for a given slant range s and incidence angle
6 is given by Ni(s,0) = f(s,0)Ni.(s) where f(s,8) is the foliage fraction and N(s)
is the number density of leaves at s. The correction factor Q)(8) by which the actual
canopy LAI is modified is given by the ratio of the effective LAI to the actual canopy
LAIL Q(0) = LAI(0)/LAL By making use of canopy ground measurements and

the scatterometer measurement geometry illustrated in Figure G.1, @Q(6) may be
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computed over the range 40° < § < 55°. The factor Q(6) represents a slowly varying
function that has a minimum of 0.35 at § = 40°, increases to a maximum of 0.6 at

51°, and then tails off to 0.55 at 55°.

G.3.2 Canopy Dielectric Characteristics

Observations of the relative dielectric constant of soil and vegetation were made in
situ at 1.2 GHz using an Applied Microwave PDP1.2 field portable dielectric probe.
Observations were made of the soil surface and tree trunks. Trunk measurements
included both the exterior bark and the interior sapwood. The soil measurements
were made using vendor-supplied attachments while the vegetation measurements
were made using coaxial probe tips designed specifically for insertion into the tree
boles. A statistically insignificant amount of dielectric data were recorded for the
vegetation in the crown layer. However, the dielectric behavior of these constituents
may be inferred from observations of other canopy physiological parameters, and the
models applied here to predict the relative dielectric constant do in fact agree with

the few recorded observations.

Dielectric Properties of Tree Trunks

To measure the relative dielectric constant of tree trunks, several probe tips were
inserted at various depths into one of the tree boles in the 100% treatment plot. The
probe could then be attached to any of these probe tips for observing the dielectric
constant. The sensing probes were 0.141” in diameter, yielding a sensing volume for
a dry medium that extends a maximum of 0.18 cm from the tip.

The dielectric properties of the tree boles were seen to vary dramatically with time

and exhibit a diurnal pattern which depended upon the insertion depth of the pfobe
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into the tree trunk. Figure G.7(a) shows a piecewise fit to the measured values of the
real part of the dielectric constant. Data are shown for two insertion depths during
a three day period that coincides with the time during which diurnal scatterometer
data were recorded. The numbers on the time axis correspond to midnight on that
day of August. The dielectric constant is seen to reach a peak near daybreak at
about 6:00 am. Shortly thereafter, the values decrease rapidly until a minimum is
reached at about 12:00 noon. Beginning at about 7:00 pm, the dielectric constant
increases until the maximum is again reached. These trends are consistent with data
observed throughout the entire coarse of the experiment.

The dielectric constant attained its highest values at about 2 cm depth inside
the bole. Figure G.7(a) shows values recorded for this depth along with values
observed at a 4-cm depth. In general, although the dielectric constant exhibits similar
periodicity for all insertion depths., the values observed at other depths do not attain
the extremely high maximum values observed at 2 cm nor do they reach the same
minima. Although the maximum values obtained at the 2 cm depth approach that
of water or sap, no bleeding of sap occurred around the probe tip. The piecewise
fit was chosen to represent an estimate of average dielectric for the outer bole layers
since these layers generally exhibit high loss and therefore limit propagation of the
incident field into the inner trunk layers.

Figure G.7(b) compares this piecewise fit to the real and imaginary parts of bole
dielectric constant for a 2-cm probe depth. To be consistent with measured data, a

loss tangent of 0.25 was used to compute the imaginary part of the piecewise fit.
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Figure G.7: Comparison of a periodic piecewise fit to measured L-band trunk dielec-
tric constant data for (a) two insertion depths and (b) real and imaginary
parts.



Dielectric Properties of Soil

The soil was monitored on an approximate hourly basis. Each observation con-
sisted of a minimum of 15 independent, randomly selected samples used to calculate
the mean ¢, of the surface layer. Because of spatial variations associated with the
locations of the sprinkler heads used to irrigate the soil, the measured dielectric
data exhibited a high degree of scatter that made it difficult to estimate an effective
soil dielectric. Therefore, the soil surface area that received irrigation and remained
mostly wet was analyzed separately from the area that received no irrigation and
remained mostly dry. The overall effective dielectric behavior was then estimated by
combining these results.

Figure G.8 illustrates the process used to estimate effective soil dielectric. Figure
G.8(a) shows the reali part of the measured dielectric data for the irrigated and
non-irrigated areas. The fit to the measurements recorded for the irrigated areas
was derived by considering the measured dielectric values together with the orchard
irrigation schedule. During these three days, the orchard was irrigated 2.5 hours per
day beginning at 6:00 each evening. The irrigation periods are manifest by the jumps
in the dielectric constant that begin at 6 p.m. each day. The dielectric continues
to increase until the irrigation shuts off. Then, €, decreases as the soil dries. The
measurments of €, of the non-irrigated area were essentially constant with a real part
of 3.2. The loss tangent of the soil dielectric was assigned a value of 0.1 at L-band,
as was determined from the measured data.

Figure G.8(b) shows the real part of the L- and X-band effective soil dielectric
used to model the combination of irrigated and non-irrigated areas. The X-band soil
dielectric was estimated by applying the model developed by Hallikainen et al. [25].

This model expresses the real and imaginary parts €. and €’ of the dielectric constant



266

400 ——————1———————
[ Fit to irrigated area
--------- Fit to non-irrigated area
«sa 300 | o <] ] Measured irrigated area
g . Measured non-irrigated area
(o]
@)
Q
5 200
[S]
8 L
2
a)
A 100} .
L Ba g0 fou
S e I el -
0.0 N N . 1 " . . 1 N -
24 T 25 T 26 T 27
@ @ @
Day of August
(a)
40. v . v T v . v T - -
<
=
(]
&

0.00 N . N 1 N . . 1 N N .
24, T 25 T 26 T 2.
) @) @)
Day of August

(b)

Figure G.8: Behavior of the soil dielectric constant showing (a) the fits to the mea-
sured L-band dielectric constants of the irrigated and non-irrigated areas
and (b) the estimated behavior of the L- and X-band dielectric constant
for the combination of irrigated and non-irrigated areas. (i) indicates
the beginning of a 2.5 hour irrigation period.



267

of soil consisting of a mixture of sand, silt and clay in terms of the polynomial

€ = (ag+ 1S+ a;C)+ (bo+ 0,5 + b,C)my + (co + 1S + ,C)m?2  (G.6)

v

where € = €, or €, m, is the soil volumetric moisture content and S and C' are the
sand and clay textural components of the soil in percent by weight. To determine
the X-band soil dielectric, (G.6) was solved for m, using the L-band dielectrics to
find an effective value for m, and then applied at 9.6 GHz to estimate the X-band
dielectric.

The general decreasing trend in €, occurred because the canopy had been irrigated
very heavily during the previous week. Whereas the canopy was irrigated 2.5 hours
each day during the diurnal experiment, it had been irrigated 5 hours per day during
the previous week. As the irrigated soil dried out form this saturated state, the total
surface area of dry soil increased, thus leading to a general decrease in the effective
soil dielectric over the three-day period.

By applying the wet soil dielectrics model, a correspondence may be drawn be-
tween the change in soil dielectric and the change in soil volumetric moisture. Ac-
cording to this dielectric model, the change in soil dielectric from a maximum of
€ =~ 22+412.2 to a minimum of €, ~ 5+10.5 approximately corresponds to a decrease

in soil volumetric moisture from 0.32 to 0.1, or 68%.

Dielectric Properties of the Crown Constituents

Very few dielectric measurements were obtained for tree crown constituents. How-
ever, the dielectrics of the leaves élld branches may be inferred from other ancillary
data. Leaf gravimetric moisture content mg, may be used to determine the leaf
dielectric constant. This quantity is defined in terms of the fresh and dry weights

of the leaves, Wy and Wy, as mg, = -M—,%,TW—" Analysis of wet and dry leaf weights
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indicate that the average leaf gravimetric moisture was approximately 0.7. Applying
the vegetation dielectric model proposed by El-Rayes, [18], and Ulaby and El-Rayes
[63] at L- and X-bands, the relative dielectric constant of leaves were found to be
28.3+18.5 and 21.8+18.8, respectively. This value was also assigned to the dielectric
of the higher order stems. No discernible variation of leaf gravimetric moisture with
time was observed.

In order to assess the plant water status, a substantial amount of leaf water po-
tential data was recorded (Weber and Ustin [82], [83]). The dielectric constants of
the tree branches have been inferred by examining these leaf water potential mea-
surements. Water potential is a complex characteristic of all plant tissue that defines
the thermodynamic state of water in the plant (Bradford and Hsiao,[3]; Kramer,[34];
Passioura,[47]). Two components of water potential are of concern in this study.
These are turgor preséure and osmotic potential. Turgor pressure is the pressure
exerted by the cell contents on the cell walls. Osmotic potential is a measure of the
ability of a solution to draw water from pure water through a semi-permeable mem-
brane, and can be measured as the pressure that must be exerted on the solution
such that no net flow of water occurs from pure water. Water potential is the sum
of osmotic potential and turgor pressure. Measurement of water potential provides
a sensitive means of assessing plant water status.

The movement of water through a plant is along a water potential gradient from
the soil, through the roots and stems, to the leaves, and, finally, to the air. Evap-
oration of water from the leaf through. the process of transpiration increases the
concentration of solutes thereby décreasing the water potential. This leads to the
movement of water from the stem to the leaf and so on down to the roots. In a

steady-state situation, if the plant had adequate water, the system dynamics would
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lead to a constant water potential at any point in the system. Water potential reaches
a minimum when the plant reaches the period of highest water demand or when it
is water stressed.

Figure G.9 shows the measured values of leaf water potential for the three day

experiment duration. A periodic piecewise fit to these data is also shown. Each
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Figure G.9: Comparison of measured leaf water potential to piecewise fit.

measured data point represents the water potential measured for one individual leaf.
More negative values of water potential indicate a stronger draw of water by the leaf
from the plant. That is, the pressure with which the leaves are drawing water from
the plant increases as the water potential becomes more negative. This phenomenon

should have some effect on branch dielectric constant. Specifically, the branch di-
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electric should decrease as leaf water potential becomes more negative. Similarly,
as water potential becomes less negative, the leaves draw less water from the plant,
and branch dielectric should increase. Therefore, the behavior of branch dielectric
should be similar to that of the piecewise fit shown in Figure G.9.

Figure G.10 shows the real part of the piecewise fit to the dielectric constant
for the three classes of woody vegetation. All measured values of the branch di-
electric that were recorded during this time are also shown. These measured data
were found by measuring the dielectric constant of a secondary branch at the point
where it branched into higher order stems. The L-band piecewise fits shown for the
branches were obtained by scaling the leaf water potential fit to match the measured
data. Figure G.9 was first scaled to match the measured values of secondary branch
dielectric. The primary branches Jwere then assigned a dielectric function that had
slightly more dynamic‘range than that used with the secondary branches. The max-
imum values of the secondary branch dielectrics were chosen to be close to the leaf
dielectric. The loss tangent of all woody constituents, € /¢, is assigned a value of
0.25, as was measured for the bole and secondary branches.

Since all dielectric measurements of this orchard were performed at L-band, X-
band dielectrics were obtained through application of the model developed by El-
Rayes,[18] and Ulaby and El-Rayes [63] for estimation of vegetation dielectric con-
stant. The vegetation dielectric is modeled with a Debye-Cole dual-dispersion model
consisting of a free water component that accounts for the volume of the vegeta-
tion occupied by water in free form and a bound water component that accounts
for the volume of the vegetation occupied by water molecules bound to bulk sucrose
molecules.

Assuming the bulk density of the dry vegetation material p = 0.4 and a constant
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temperature T' = 13.6° C, the dielectrics model was numerically inverted at L-band
(1.2 GHz) using the dielectric functions shown in Figure G.10(a), yielding effective
values of my as a function of time. Given the effective m,, the model was then applied
at 9.6 GHz to obtain the real and imaginary parts of the X-band dielectrics. Figure
G.10(Db) illustrates the real part of €, at X-band. In general, the X-band dielectrics
tend to be less than the L-band values and have less dynamic range. This frequency
behavior has, in fact, been observed for other tree species (Dobson et al.,[11]). The
diurnal variations shown in Figure G.10 are identical for all three days. That is, these
functions were chosen to represent an average dielectric response of the vegetation

over the duration of the diurnal experiment.

G.4 Modeling Analysis

As a first step in the modeling analysis, MIMICS was run as a function of radar
look angle at L- and X-bands. Table G.4 lists the canopy dielectric parameters used
in this analysis. These values correspond to measurements made at the approxi-

mate time that the multi-angle scatterometer data were recorded.  Figure G.11

Table G.4: Canopy Dielectric Characteristics.

Constituent L-Band X-Band
Ground Surface 254+12.5 20.2+4+17.6
Trunk Branches 454 1:11.2 35.0+:14.8

Primary Branches 34+18.5 25.9+:10.8
Secondary Branches 30 +1i7.5 22.7+1:9.4
Leaves and Stems 28.3+18.5 21.8+1:8.8

shows a comparison of L- and X-band modeled and measured data over the range
40° < 6 < 55° for like- and cross-polarized backscatter. Figure G.11(a) compares

the predicted total canopy L-band backscatter with the scatterometer data. This
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figure demonstrates very good agreement between MIMICS-generated data and the
measured values. The like-polarized backscatter exhibit similar amplitudes with HH
being slightly higher than VV in both the measured and modeled data while the
cross-polarized backscatter is about 5 dB lower than the like-polarized response. Re-
sults similar to these have been obtained for like-polarized configurations by Chauhan
and Lang [6] by using a distorted Born approximation to model the like-polarized
backscatter from this data set.

The failure of the model to predict the cross-polarized backscatter at 40° is at-
tributed to the inhomogeneous characteristics of the orchard canopy architecture.
Whereas MIMICS I has been derived for a canopy that has a continuous crown
layer, it is being used to model Backsca,tter from a canopy with a crown layer that
is discontinuous. As incidence angle becomes smaller, a larger proportion of the
canopy area observed by the scatterometer consists of smooth, bare soil that is not
covered by the orchard canopy. Since the model predicts backscatter for a canopy
that has a homogeneous crown layer, some error will be introduced in the modeled
data. We expect that the model will be more successful in predicting backscatter
from this orchard at higher angles of incidence since the scatterometer observes al-
most no bare soil at these angles. We also expect this effect to be more pronounced
for cross-polarized configurations since a smooth soil surface generates very little
cross-polarized backscatter compared to that generated by the crown layer.

As has been shown in Figure G.2, measured X-band backscatter consists primar-
ily of the direct crown contribution to the total canopy backscatter. Figure G.11(b)
compares the predicted direct crown X-band backscatter with the scatterometer data.
Here, MIMICS agrees with the level of the like-polarized backscatter but underes-

timates the cross-polarized response by as much as 10 dB. The failure of MIMICS
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to more accurately reproduce the angular dependence of the like-polarized backscat-
ter at 45° and 50° may be attributed to the inhomogeneous nature of the orchard
canopy. Whereas MIMICS has been derived for canopies with continuous crown layer
geometries, it is applied here to a canopy with a discontinuous crown layer. Further-
more, as can be seen from Figure G.1, the effective canopy geometry sampled by the
scatterometer measurement volume changes with 6. This fact is further illustrated
by the dip in backscattered power and in the foliage fraction at R ~ 16 m (Figure
G.2). As radar incidence angle changes, the canopy backscatter responds to these
changes in the sampled canopy volume. The angular dependence of backscatter at X-
band has been partially accounted for by applying the LAI correction factor @() in
generating the multi-angle MIMICS data. However, crown layer discontinuities also
affect the character of backscatter from the stems and branches. This effect is more
prevalent at X-band in‘part because of the relatively narrow X-band beamwidth and
also because the crown layer constituents that contribute most to this effect (leaves
and smaller branches) contribute more to X-band scatter than to L-band.

As previously noted, the X-band cross-polarized backscatter is significantly un-
derestimated by MIMICS. In general, the effect of higher-order multiple scattering
on radar backscatter becomes more important as frequency increases. Ulaby et al.
[65] have shown that, at millimeter wave frequencies, a numerical solution to the
radiative transfer equations in which higher-order scattering i1s accounted for may
add more than 10 dB to the predicted first-order cross-polarized backscatter while
having little effect on the like-polarized backscatter. Since the numerical solution
for radiative transfer requirés specifying the scattering phase matrix in all incident
and scattering directions, determination of the higher-order scattering contribution

becomes very computationally intensive. The phase matrix of the walnut orchard
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crown layer has a very complicated form and determination of the numerical solution
is computationally prohibitive. Although an expression for the second-order scatter-
ing in the crown layer may be derived, analysis of these higher-order effects is beyond
the scope of this study. While Ulaby et al. [65] derived their results at millimeter
wave frequencies for which the scattering albedo for vegetation w ~ 0.6—0.9, it is un-
derstood that w usually increases with increasing frequency. In light of the study by
Ulaby et al.,[65], it is expected that, as frequency increases, higher-order scattering
would first be manifest in terms of its effect on the cross-polarized backscatter.

Figure G.12 shows the relative contributions of the three most important contrib-
utors to the total backscatter for the like- and cross-polarization configurations at
L-band. Whereas in both like-polarized cases the same three mechanisms dominate
the total backscatter, MIMICS predicts that the crown-ground and trunk-ground
interaction terms are the more dominant mechanisms for the HH backscatter while
the direct crown backscatter is the more dominant for VV backscatter. The major
contributors to the cross-polarized backscatter are those mechanisms generated by
the crown layer. This is expected since the crown layer branches are oriented such
that they depolarize more than the trunk layer constituents.

Having established that MIMICS successfully predicts canopy backscatter as a
function of angle, the model is now run at a constant incidence angle, § = 55°, while
varying the canopy dielectric parameters so as to simulate the variations seen over
the three-day diurnal experiment (Figures G.8 and G.10). Figure G.13 presents the
resulting computed backscatter along with the measured values of canopy backscat-
ter for the like- and cross—polariéations. At L-band, MIMICS successfully predicts
the appropriate level of the measured data together with the decreasing trend in

backscatter observed over the three day period for all three polarization configura-
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tions. Furthermore, MIMICS predicts the 1 to 2 dB dip seen in oy and ofjy in the
early afternoon of each day.

The X-band MIMICS data presented here represent the direct crown component
of total canopy backscatter and have been produced for a canopy with an effective leaf
area index of 1.0 in order to account for the variations in effective canopy geometry as
a function of incidence angle. An offset of 8 dB has been added to the cross-polarized
MIMICS data to approximate the effects of higher-order scattering. Although the
measured X-band data exhibit significantly more scatter than does the L-band data,
the early afternoon dip in backscatter is present for all three polarizations and is
predicted by MIMICS.

The variation in the measured data that is associated with the scatterometer
measurement process comes primarily from two sources. The first of these is fading
that arises from the coherent nature of the scatterometer. Following the analysis
in Ulaby et al. [70], pp.483-486., the uncertainty due to fading is about +0.2 dB.
The other source of variation arises from statistical sampling of the inhomogeneous
orchard canopy. This is caused in large part by the partially discontinuous properties
of the crown layer. Because of the azimuth scanning technique used to account for
the effects of fading, each measured data point represents an average of 30 samples
recorded over a single azimuth sweep. The locations sampled within the canopy by
each of these 30 samples do not correspond precisely to those observed during other
azimuth sweeps. Therefore, some variation will exist simply because the values of ¢°
do not represent measurements of precisely the same canopy volume. In addition,
factors such as wind speed contribute to a time-varying canopy geometry. This effect
is readily observed in the measured diurnal data, especially at X-band. Since X-band

backscatter is a great deal more sensitive to changes in the geometry of the leaves
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and stems than is L-band, and since these constituents exhibit more time-varying
behavior than do the larger branches, a higher degree of scatter is observed in the
measured X-band data. Modeling results shown here demonstrate extraordinarily
good agreement between measured and predicted backscatter, especially when this
measurement variability is taken into account.

Comparison of the modeled and measured canopy backscatter allows some insight
into the sources of backscatter variation that are caused by changes in the physio-
logical state of the vegetation and soil. The trends observed in L-band backscatter
over this three day period may be explained in part by Figure G.12. At 6 = 55°, the
HH polarized backscatter is dominated by the trunk-ground backscatter component.
This term responds directly to changes in both trunk and soil dielectric. The VV
polarized backscatter, however, is dominated by the direct crown component which
should depend strongly on changes to the dielectrics of the crown layer constituents.
The components which interact with the ground do have a measurable effect on o¥y,,
but these effects are not as pronounced as they are with ofjp;. Therefore, 0%y should
exhibit some response to changes in soil and trunk dielectric, but not as much as
O‘%H. The cross-polarized backscatter, however, is dominated by both the crown-
ground and direct crown components. The trunk-ground component is more than
10 dB below these other two and should have almost no effect at 6 = 55°. o}y
should therefore respond mostly to changes in both the crown and ground dielectric
properties. The X-band response consists only of the direct crown component of
canopy backscatter. The diurnal variations observed here are therefore attributed to
changes in crown layer dielectrics.

The MIMICS simulations shown in Figures G.14 through G.15 explain how L-

band backscatter responds to changes in soil and vegetation dielectric constants.
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Each figure shows ¢° as a function of the real part of the dielectric constant for
the like- and cross-polarization configurations. Figure G.14 shows backscatter as a
function of trunk and primary branch dielectrics while Figure G.15 shows net canopy
backscatter as a function of soil and trunk dielectrics. The imaginary parts are varied
as well, keeping a constant loss tangent for each constituent (0.25 for vegetation and
0.1 for soil). These figures give a direct indication of the sensitivity of backscatter
to changes in the canopy parameters. In each case, the dielectric parameters were
varied over a range appropriate to the measured dielectric data.

The HH-polarization response indicates that varying the soil dielectric constant
from 20 + 22 to 2 4 :0.2 corresponds to a maximum change of approximately 6 dB
in ofjy. Comparing this to the changes observed in of vs. trunk and branch
dielectrics confirms that this quantity is most sensitive to changes in soil dielectric.

The responses of a%v and ofyy seen in Figure G.14 (b) and (c) indicate almost no
sensitivity to changes in trunk dielectric. However, these quantities are very sensitive
to changes in primary branch dielectric over the range from €, = 20 + ¢5 to 4 + 1.
This sensitivi.ty gives rise to the dips in backscatter seen in the early afternoons in
Figure G.13 (b) and (c). The responses of oy and ofjy to soil dielectric seen in
Figure G.15 (b) and (c) show about a 2-3 dB change in ¢° over this range of soil
dielectric values, indicating some sensitivity to soil moisture.

The decreasing trend in measured ¢° may be attributed to the decreasing soil
dielectric constant. All three polarizations respond to this change but with varying
degrees of sensitivity. As shown in Figure G.13, the absolute level of o} decreases
by about 2 dB over the three day period while o3y, and o3,y each change by about
1 dB. Since a 68% decrease in effective soil volumetric moisture (mv,) has been

observed, which includes the effect of irrigated as well as non-irrigated soil surfaces,
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oy exhibits a sensitivity to changes in soil moisture of about 2 dB/0.68 = 2.94 dB
while 09y, and oYy have sensitivities of about 1 dB/0.68 =1.47 dB. Since ofjy is
twice as sensitive to changes in muv,, HH would be the the most effective polarization
for determining changes in soil moisture.

The VV and HV polarizations are more sensitive to changes in the dielectric
properties of the crown constituents. This is substantiated by the dips observed
in U%V and U%V during the early afternoons. The VV and HV backscatter dip
from between 0.5 dB to 1.5 dB each afternoon. However, U%H which is much less
sensitive to branch dielectric (Figure G.14(a)) exhibits no such dips. It is probable
that the branch dielectrics are related to the water potential via the plant water
status. 0%y and ojy are therefore seen to yield some indication of water status,
thereby containing some information about the physiological state of the plant.

In this analysis it wés found that accurate estimates of leaf parameters are impor-
tant in modeling the X-band backscatter. Figure G.16(a) shows the X-band direct
crown MIMICS response to changes in LAI and leaf gravimetric moisture for HH po-
larization. This gives a direct indication of how direct crown backscatter varies with
leaf parameters. About 6 dB of sensitivity is observed over the indicated range of
parameters. This underscores the importance of accurately estimating leaf dielectric,
curvature and LAI in analyzing X-band radar data.

Figure G.16(b) shows HH polarized X-band direct crown backscatter response
to changes in primary and secondary branch gravimetric moisture. The range of
moisture values shown here corresponds to the range of effective values applied in
estimating the X-band dielectric constants. ofjy; shows only about 1.2 dB of sensitiv-
ity over changes in moisture values for the primary branches. However, significantly

less sensitivity is observed to changes in secondary branch moisture. This indicates
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Figure G.16: X-band HH-polarized direct crown backscatter response to changes in (a)
leaf gravimetric moisture and leaf area index, (b) primary and secondary
branch gravimetric moisture and (c) primary and secondary branch gravi-
metric moisture with primary branches assigned a sin 6 orientation function.
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straightaway that the dips observed in the X-band diurnal backscatter are caused by
variations in the dielectrics of the primary branches.

Figure G.16(c) illustrates the effect of modifying the branch orientation on X-
band HH polarized direct crown backscatter. The primary branches here have been
assigned an orientation PDF of the form sin 8 which is identical to that assigned to
the secondary branches and stems. Although the sensitivity to branch moisture here
is similar to that shown in Figure G.16(b) where these branches had an orientation
PDF of the form sin*20, there is about a 0.5 dB decrease in backscatter over the
entire range of primary and secondary branch moisture. This indicates a direct
response of HH-polarized backscatter to changes in branch orientation.

Figure G.17 shows the MIMICS-predicted backscatter to chnges in canopy biomass
for the walnut orchard response for VV and VH polarizations. These data were gen-
erated by varying candpy height and generting o° at each height. The models for
canopy biophysical parameters presented in Appendix F were applied to compute
the dry canopy biomass. The actual height of the canopy was 4.8 meters. Data are
shown for P-band (0.5 GHz), L-band (1.5 GHz) C-band (5 GHz) and X-band (9.6
GHz). For low values of biomass, the backscatter at both like- and cross-polarizations
is dominated by the direct-ground component of canopy backscatter whereas at high
values the canopy itself dominates 6°. Therefore, the o value observed at low values
of biomass is determined solely from the estimate of direct ground backscatter for
both polarizations. In order to achieve a reasonable estimate of both the like- and
cross-polarized direct ground backscatter, measured values from Ulaby and Dobson
[61] were used to simulate the direct ground backscatter. This approach was nec-
essary because the first-order ground backscatter model implemented in MIMICS

does not account for any cross-polarized return. It should also be noted that at



287

'
b
T
P

(dB)

S vv

0

0.0 2.0 4.0 6.0 8.0 10.0
Total Canopy Height (meters)

1 1 1 1 1 J
0.0 0.297 0.594 0.891 1.188 1.485

Dry Canopy Biomass (kg/mz)
(a) VV-polarized response.

6’y (dB)

-40. 1 1 1 1
0.0 20 4.0 6.0 8.0 10.0

Total Canopy Height (meters)

L 1 | 1 1 ]
0.0 0.297 0.594 0.891 1.188 1.485

Dry Canopy Biomass (kg/mz)
(b) VH-polarized response.

Figure G.17: Walnut orchard backscatter response to changes in canopy biomass for (a)
VV-polarization, (b) VH-polarization. The incidence angle § = 30°.
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high biomass values the X-band cross-polarized responce is several dB lower than
anticipated because MIMICS does not account for multiple scattering in the crown
layer. This analysis demonstrates that the lower radar frequencies (P- and L-bands)

are more sensitive to changes in canopy biomass than are the higher frequencies (C-

and X-bands).
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APPENDIX H

MODELING MICROWAVE ATTENUATION
AND BACKSCATTER FROM ALASKAN
BOREAL FOREST CANOPIES

In March 1988, a series of airborne SAR data was acquired over the Bonanza
Creek Experimental Forest near Fairbanks, Alaska (Way et al., [77], [76]; Dob-
son et al., [13], [14]). This study was the first in a series of multi-season aircraft
experiments flown over selected forest sites for the purpose of understanding the
kinds of biophysical properties that may be detected with spaceborne SAR systems
such as the C-band SAR to be flown aboard the European Space Agency’s Earth
Resources Satellite (ERS-1). The purpose of this experiment was to determine if
changes in plant fluid status associated with thawing and freezing result in changes
in radar backscatter which could be detected by SAR and to determine if theoretical
backscatter models such as MIMICS could predict these changes.

Two aircraft-mounted SAR systems were deployed during this study. The Jet
Propulsion Laboratory’s (JPL) P-, L- and C-band quad-polarized SAR, mounted
aboard a NASA/Ames Research Center DC-8, operated at center frequencies of 450
MHz, 1.26 GHz and 5.3 GHz, respectively. The Naval Air Center/Environmental
Research Institute of Michigan’s (ERIM) L-, C-, and X-band quad-polarized SAR,

mounted on a Navy P-3, operated at center frequencies of 1.25 GHz, 5.26 GHz and
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9.38 GHz, respectively. An array of passive reflectors and active radar calibrators
(ARCs) was deployed in the vicinity of the Fairbanks International Airport and
imaged during the overflights to provide for external calibration of these systems.
This analysis focuses on the data obtained by the JPL SAR on March 13 at 15:03
and March 19 at 23:17 and by the ERIM/NADC SAR on March 22. All of these
passes have a common look direction. These dates were selected to encompass the
range of environmental conditions that occurred over the duration of the experiment.
An unseasonably warm period during which thawed conditions prevailed in the for-
est extended through the evening of March 13. This was followed by more normal
subfreezing temperatures for the remainder of the experiment. As liquid water was
frozen by the subfreezing temperatures, the dielectric properties of both the vegeta-
tion and of the 20-30 cm snow layer that covered the ground were modified, thereby

changing the scattering and absorption properties of these constituents.

H.1 Test Site Description and Canopy Properties

The Bonanza Creek Experimental Forest is 30,000 hectares in size and is con-
tained within the Tanana Valley State Forest west of Fairbanks, Alaska, within a
zone of discontinuous permafrost along the Tanana River. The wide diversity of
forest successional stages that exist in the forest include mono- and mixed-species
stands of aspen, birch, white spruce, balsam poplar, black spruce, willows and alders.
To minimize the effects of surface slope on the radar backscatter, this study focuses

on stands that are on the relatively flat islands along the Tanana River.
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H.1.1 Stand Selection

A series of forest stands were selected on the basis of forest cover conditions and
accessibility for use in canopy extinction studies using point targets (Kasischke et al.,
[32]). For measurement of canopy transmissivity at C- and X-band, arrays of passive
reflectors were deployed both in forested stands and on a nearby unforested sandbar.
These stands consisted of a mono-species alder stand, along with mixed-species white
spruce and balsam poplar stands.

In addition to the stand selected for the canopy extinction studies, several other
stands were selected for backscatter analyses. Each of these stands is of uniform
age with a single-species composition and encompasses at least 4 hectares in area.
Of these stands, 19 were white spruce, 12 were balsam poplar and 11 were black
spruce. Ancillary data»has been obtained and summarized for seven of these stands
(Jaeger, [30]). The measured and derived stand characteristics provide the basis for

the MIMICS simulations of canopy backscatter and transmissivity.

H.1.2 Temperature Conditions

An unseasonably warm period prevailed in early March 1988. During this time,
thawed conditions prevailed in the vegetation and a melt zone formed in the sur-
face layer of the snow. These conditions persisted through the March 13 JPL SAR
overflight. Air temperatures during this flight ranged between 2.0°C and 9.5°C. Sub-
freezing temperatures returned on March 14 for the remainder of the experiments.
The air temperature on March 19 ranged between —14.0°C to —14.5°C and was less

than —20.0°C during the flight of the ERIM/NADC SAR on March 22.
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H.1.3 Ground Surface Characteristics

The ground surface was covered with a snow layer 20-30 cm deep. Below the
snow layer, the upper 20 cm of the mineral soil was frozen throughout the entire
experiment. Detailed measurements were made for one white spruce and one black
spruce stand at the times of the overflights. These measurements included air and
snow temperature profiles, snow depth, snow density profiles and snow wetness.
Wetness measurements included a hydrochloric acid detection technique (Davis et
al., [8]) and in situ dielectric measurements at L- and C-bands.

The early March thaw caused the snow layer to have a complex wetness structure
that varied with stand species (Dobson et al., [13]). Although the average dry density
of the snow pack was found to be 0.2 g/cm?® throughout the experiment, snow wetness
varied considerably with spatial location, depth, and time. The average volumetric
moisture of the snow pack was found to be 2% during the SAR overflight on March
13. A Debye-like model presented by Hallikainen et al., [24] was applied to estimate
the dielectric properties of the snow. This model relates the snow dielectric to snow
wetnéss (volume %), frequency and dry snow density. The modeled values of snow
dielectric constant are listed in Table H.1 at L-, C- and X-bands for frozen and

thawed conditions.

Table H.1: Modeled Dielectric Characteristics of Snow for Frozen and Thawed Con-
ditions. '

Frequency Thawed Conditions Frozen Conditions

(March 13) (March 19-22)
L-Band 1.58 +10.024 1.37+4:0.0
C-Band 1.54 +40.079 1.37+140.0
X-Band 1.49 +40.09 1.37+1:0.0

The dielectric of the frozen mineral soil was measured using portable dielectric
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probes in a trench cut into the permafrost. The average L-band dielectric constant

of the soil was found to be 7.96 + 20.96.

H.1.4 Stand Geometry

Ground surveys of seven stands were conducted to determine the number of trees
per unit area by species and also record their respective diameters at breast height
(DBH) (Jaeger, [30]). Within each stand, a line transect was drawn along the longest
stand axis. Ten sample plots were selected at random distances along the transect.
Within each plot, the DBH and species were recorded for all trunks with diameter
greater than 1 cm and taller than 30 cm. The status of each tree (alive/dead,
broken/unbroken) was noted along with the height of at least four live trees per plot.

To estimate above ground biomass for each stand, the enumerated stand data
were coupled with alldmetric equations. The measured DBH, heights, and status
of each tree were used to estimate quantities including basal area, biomass volume,
and biomass on the basis of allometric expressions drawn from the literature for each
species (Kirby,[33]; Manning et al.,[40]; Singh,[52]; Yarie and Van Cleve,[84]). These
expressions have been derived for stands in Alaska and in the Canadian Northwest
Territories and Yukon. The specific equations applied here are listed by Jaeger [30].
These estimates were summed over all trees in a stand to yield the estimates shown
in Table H.2 as averaged over the net areas of all sample plots in each stand. The
standard deviations listed in the table are based on the plot-to-plot variance within
each stand.

In addition to the six stands listed in Table H.2, the stands containing the tri-
hedral corner reflectors were also characterized with respect to density, height and

diameter (Kasischke et al.,[32]; Jaeger,[30]). These stands included a single species
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Table H.2: Summary of Stand Biophysical Parameters.

Species White Spruce Black Spruce | Balsam Poplar
Stand Name WS-1 | WS-2 | WS-5 | WS-7 BS-1 BP-2
- Density
Mean (trunks/hectare) | 1248 | 2073 | 1484 | 1123 1975 1615
Standard Deviation 342 576 618 654 1483 407
Basal Area
Mean (m?/hectare) 46 41 44 46 12 50
Standard Deviation 16.6 7.0 85| 124 3.3 25.8
Basal Volume
Mean (m3/hectare) 442 | 332 | 392 | 442 51 344
Standard Deviation 169 60 100 115 12 190
Dry Biomass - Summer
Mean (kg/m?) 217 16.7| 18.1| 21.5 3.7 18.2
Standard Deviation 8.8 3.6 4.8 6.1 0.8 10.9
Dry Biomass - Winter
Mean (kg/m?) 21.7| 16.7| 18.1| 21.5 3.7 17.9
Standard Deviation 8.8 3.6 4.8 6.1 0.8 10.7

of alder and mixed species stands of alder, balsam poplar and white spruce. Table
H.3 summarizes mean IDBH, height and basal area for all stands.

To characterize the trunk layer geometry in terms of parameters required for
MIMICS input, DBH histograms were generated from the ancillary ground measure-
meﬁfs and coupled with the allometric height equations listed in Table H.4. Together,
these data define the PDF in size required to compute the trunk layer phase matrix
for a given stand. Measurements of orientation angles were performed to characterize
the PDF for characterizing trunk orientation. However, the number of non-vertical
trunks in each stand was very small and the lean angles of these trunks was also
small. Hence, all trunks are assumed to have a vertical orientation for purposes of
MIMICS simulations.

The thickness of the crown layer for each stand was defined based on field observa-
tions. For both white spruce and black spruce, the crown layer thickness is assumed

to be equal to trunk height. For alders and balsam poplars, the crown layer thick-



Table H.3: Summary of Mean DBH, Height and Basal Area for All Stands.

Stand | DBH | Height | Basal Area
Name | (cm) (m) | (m?/hectare)
WS-1 | 19.6 22.1 46
WS-2 | 145 20.1 41
WS-5 | 17.9 21.3 44
WS-7 | 214 24.5 46
BS-1 8.8 7.6 12
BP-2 | 18.0 17.6 50
Stands with trihedral reflectors:
Stand Species DBH | Height | Basal Area
Name (cm) (m) | (m?/hectare)
Alder alder 6.0 6.3 66.5
Balsam Poplar | balsam poplar | 11.0 12.7 22.9
alder 6.0 6.3 3.1
White Spruce | white spruce 7.8 8.6 12.4
balsam poplar 94 11.6 10.0
alder 6.1 6.3 54

Table H.4: Equations Defining Height-to DBH Relationship.

Species Equation

White Spruce  H = —1.7096 + 1.4224(DBH) — 0.016(DBH)?
Black Spruce  H = 0.9494 4+ 0.7657(DBH)

Balsam Poplar H = 1.0526 + 1.143(DBH) — 0.0145(DBH)?
Alder H =2.871 + 0.5666(DBH)

H = height in meters
DBH = diameter in cm measured at breast height
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ness was assumed to be 25% of the average trunk height. To estimate the number
density and sizes of crown layer constituents, the total biomass of each stand listed
in Table H.2 was apportioned among the various constituent classes using allometric
equations reported in the literature (Manning et al.,[40]; Singh,[52]; Van Cleve and
Viereck,[73]; Yarie and Van Cleve,[84]). Typically, these equations provide a statis-
tical breakdown of biomass apportionment for dry biomass of the trunk bark, trunk
wood, the branches and the twigs and foliage. Since most of these equations were
empirically derived for stands outside of the Bonanza Creek Experimental Forest,
perhaps with differing local site conditions, they may produce errors in characteriz-
ing the biomass apportionment of the Bonanza Creek stands. However, they are the
best available sources of information.

Additional apportionment error arises in partitioning the branches and foliage
into component parts ‘required by MIMICS (i.e. various branch size classes and
foliage). In this case, apportionment of biomass was accomplished on the basis of
destructive sampling undertaken at the time of the overflights. Results of the biomass

apportionment are summarized for each species in Table H.5.

Table H.5: Dry Biomass Fractions of Canopy Components as Percent of Total.

White  Black Balsam Alder
Spruce Spruce Poplar

Trunk 85.79  86.45 90.0 90.0
Primary Branches 6.13 4.94 4.9 4.9
Secondary Branches 5.48 5.06 5.1 5.1
Foliage 2.60 3.55 NA NA

The size and orientations of crown layer constituents have been inferred through
a combination of field observations and morphology data from Nelson et al.,[45].
Table H.6 summarizes the geometry of the crown layer constituents. The orientation

functions are specified in terms of the inclination angle § where § = 0 corresponds



Table H.6: Geometry of Crown Layer Constituents.

Species Constituent Average Average Orientation
Class Length (cm) Diameter (cm) Function

White Spruce  primary branches 113 2.24 sin* 6
secondary branches 57.16 1.04 sin® @
needles 1.6 0.1 sin @

Black Spruce  primary branches 81.3 2.37 sin®(6 — 30°)
secondary branches 51.17 1.06 sin® 6
needles 0.8 0.1 sin 0

Balsam Poplar primary branches 200 1.5 sin”(6 + 60°)
secondary branches 100 0.75 sin®(8 + 60°)

Alder primary branches 200 1.5 sin”(6 + 60°)

: secondary branches 100 0.75 sin®(8 + 60°)

to a vertical cylinder. Each of these functions is normalized to convert it to a PDF
for implementation in MIMICS.

Table H.7 lists the number density of each canopy constituent for each of the
seven stands, assuming that each stand may be modeled as a continuous (closed)
canopy. Under this assumption, the number density Ny of a given constituent may
be computed from

N net stand biomass X biomass apportionment fraction
k

~ biomass of a single element x crown layer thickness x stand area
The biomass of a single element is computed from the size and dry density parameters

of that element.

Table H.7: Number Density of Canopy Constituents.

Stand Name Canopy Density Primary Branches Secondary Branches Needles

(trees/m?) (#/m®) (#/m%) (#/m?)
Alder 1.36 1.19 9.92 NA
BP-2 0.16 0.85 6.69 NA
WS-1 0.12 0.44 2.37 12,300
WS-2 0.12 0.48 2.57 13,310
WS-5 0.12 0.50 2.7 14,000
WS-7 0.12 0.48 2.6 13,490

BS-1 0.20 0.25 1.31 18,340
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H.1.5 Stand Dielectric Characteristics

The dielectric properties of the trees vary as a function of frequency and canopy
properties such as constituent dry density and chemistry and amount of liquids in
the constituent. As environmental temperature changed from warm to sub-freezing,
the chemistry and volume fraction of liquids in the canopy constituents changes
dramatically between thawed and frozen states. These changes were reflected in
the dielectric properties of the canopy elements. The dielectric properties of the
stands were monitored with L- and C-band portable dielectric probes. The dielectric
behavior of the stands was modeled by applying these in situ data together with
dielectric models. The dielectrics listed in Table H.8 were inferred by coupling trunk

dielectric profiles to dielectric models (Dobson et al., [13]).

Table H.8: Relative Dielectric Constant for Tree Constituents.

Species Frequency Relative Dielectric
(GHz) +5°C -15°C
White Spruce 1.25 36.47 +¢10.99 5.19+411.09
5.3 29.01 +1:11.97 4.85+410.32
9.38 22.78 +113.20 4.81+10.18
Black Spruce 1.25 12.46 4+ 14.50 3.72+10.78
5.3 9.30 +¢3.33  3.47+1:0.23
9.38 7.82+1:3.22 3.44+1:0.13
Balsam Poplar and Alder 1.25 30.71 4+:9.56  4.95+ ¢1.07
5.3 24.184+19.85 4.61 + :0.32
9.38 19.16 4+ :10.69 4.57 +:0.17

H.2 DBoreal Forest Transmissivity Analysis

Data collected by the ERIM/NADC SAR have been applied to analyze canopy
transmissivity (Dobson et al., [13],[14]). These data were recorded at C- and X-bands
during a total of six passes over the test site on March 22. To compute the one-way

canopy propagation loss, the point target responses of the trihedrals that were placed
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in the forest stands was compared to the response of those trihedrals placed in the
open on the sandbar. The background clutter was removed for each target response
and the image intensity was normalized to correct for known effects such as range
fall-off and antenna variations. The confidence interval associated with this process
and with uncertainties in trihedral alignment is estimated to be £1 dB (Dobson et
al.,[13)).

Three stands were selected for the deployment of the reflector arrays. Four targets
were placed in a single species alder stand, seven targets were placed in a balsam
poplar stand that contained shorter alder trees, and nine reflectors were placed in a
white spruce stand that contained a mixture of alders and balsam poplars. At several
reflector site, ancillary data were recorded that included tree species, location relative
to the trihedral, diameter and height. Table H.9 summarizes the stand statistics in
the neighborhood of each target for the region of the stand toward which the reflector
was bore-sited. Statistics were recorded for only six of white spruce stands. These
data, together with more extensive tabular summaries (Kasischke et al.,[32]), show
significant local variance in stand geometry, both locally within the neighborhood of
individual targets and in comparing different target locations within the same stand.
Not only does the within-stand variability affect the estimation of canopy extinction,
but it should also be noted that in examining the measured transmissivity data there
is an inherent bias toward values of low extinction due to the logistics of placing
physically large reflectors in a canopy of large discrete scatterers. The measured
extinction values represent realizations over only the few azimuth degrees required
to construct the synthetic aﬁerture. It would be best to have a set of infinitesimally
small point targets that one could place at a statistically large number of random

locations within a given stand.
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Table H.9: Stand Characteristics in the Neighborhood of the Trihedral Reflectors.

Target  Species Trees/hectare Average DBH - Average Height
(cm) (m)
T06017A Alder 18333 6.09 (1.46) 6.32 (0.83)
T06020A  Alder 17778 7.00 (1.89) 6.84 (1.07)
T06018A  Alder 30000 5.78 (1.49) 6.15 (0.84)
T06076A Alder 40000 5.49 (1.72) 5.98 (0.98)
T06026P  Alder 1375 8.13(1.44) 747 (0.81)
Balsam Poplar 1250 8.49 (1.60) 11.84 (1.80)
TOGOOSP  Alder 1125 538 (1.46)  5.92 (0.83)
Balsam Poplar 3125 10.64 (3.33) 12.62 (2.16)
T06006P Alder 476 5.43 (0.29) 5.95 (0.16)
Balsam Poplar 2540 8.86 (4.02) 11.00 (2.95)
T06021P  Alder 1665 6.59 (2.50)  6.60 (1.41)
Balsam Poplar 1905 11.50 (5.22) 12.34 (3.60)
T12201P  Alder 606 5.63 (2.22)  6.06 (1.26)
Balsam Poplar 1313 11.85(4.17)  13.71 (2.18)
T12202P  Alder 2063 4.28 (0.95) 5.2 (0.54)
Balsam Poplar 4286 11.55 (4.34) 12.95 (2.73)
T12203P  Alder 273 750 (0.73)  7.12 (0.42)
Balsam Poplar 1091 14.66 (4.91) 14.45 (2.71)
T12201S  Alder 0 0.00 (0.0) 0.00 (0.0)
Balsam Poplar 600 11.40 (3.89) 12.80 (2.26)
White Spruce 2200 10.45 (4.72) 10.86 (3.86)
T12202S  Alder 938 6.55 (2.10) 6.58 (1.19)
Balsam Poplar 1250 11.54 (3.32) 13.35 (2.22)
White Spruce 469 15.60 (2.86) 15.10 (1.82)
T06005S  Alder 2333 5.66 (3.37)  6.08 (1.91)
Balsam Poplar 778 9.29 (3.74) 11.63 (2.81)
White Spruce 1556 8.32 (3.99) 9.17 (3.61)
T06011S  Alder 947 6.73 (4.77) 6.69 (2.70)
Balsam Poplar 1900 8.03 (4.04) 10.30 (3.94)
White Spruce 1700 7.28 (3.80) 8.23 (2.72)
T12203S  Alder 1375 577 (1.96)  6.14 (1.11)
Balsam Poplar 750 10.85 (2.82) 12.75 (1.48)
White Spruce 1500 7.36 (4.49) 8.25 (3.96)
T09101S  Alder 1647 6.41 (2.24) 6.50 (1.27)
Balsam Poplar - 2235 8.69 (3.52) 11.26 (2.73)
White Spruce 4235 5.62 (2.38) 6.72 (2.15)

Numbers in parentheses are standard deviations.
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To simulate one-way propagation loss for these three stands, each set of stand
statistics recorded in the neighborhood of the targets was used as input to MIMICS,
applying the dielectric constants for frozen vegetation constituents (Table H.8) and
the trunk height versus DBH equations (Table H.4). For the mixed-species stands,
MIMICS was run separately for each constituent species and the resultant propaga-
tion losses were added together to estimate the total net loss.

When modeling each of these stands, only extinction through the trunk layer
was considered. This approach was taken because (1) the trunk layer statistics were
well characterized by the ancillary ground measurements, (2) the apportionment of
biomass in the crown of each species was only approximate and (3) the computation
time required to model each species in the neighborhood of each reflector was pro-
hibitively long. Furthermore, since over 85% of the dry biomass for each of these
species is in the trunk layer (Table H.5), the canopy extinctions should be dominated
by the trunk layer. Given the computation time constraint and in light of the limi-
tations of the biomass apportionment for the crowns, MIMICS was run for the three
stands modeled only as trunk layers.

Figures H.1 - H.3 show MIMICS simulations of the maximum and minimum one-
way propagation loss for each of the three stands together with the measured values
as determined for each trihedral reflector. In all cases, trunk layer extinction increases
smoothly with incidence angle and the X-band extinction is generally higher than
that at C-band. The maximum and minimum MIMICS simulations correspond to
the maximum and minimum biomass conditions for each of the three stands. Figure
H.1 shows these data for the alder stand, Figure H.2 shows data for the balsam poplar
stand and Figure H.3 presents'the white spruce stand simulation. In all cases, the V-

polarized extinction is greater than that at H-polarization with the difference being
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less than 1.5 dB.

If all extinction were indeed caused by the trunk layer, then the MIMICS sim-
ulations for the maximum and minimum biomass conditions would be expected to
bound the measured propagation loss values. For the alder stand, MIMICS overes-
timates extinction by as much as 3 dB at each frequency. However, MIMICS does
predict the general polarization and incidence angle behavior. The low values in
the measured data may be related to the high variance in the tree density in the
neighborhood of the target boresite direction and the natural tendency to place the
reflectors in local clearings within the dense alder canopy.

The measured values observed for the balsam poplar stand are well bounded by
the MIMICS simulations for both frequencies. However, the balsam poplar stand
generally contained larger and fewer trees than did the alder canopy, thereby yield-
ing individual measurements that were more dependent on the locations of fewer
individual trees in front of the reflectors. This effect increased the spread in the
measured data.

This same effect is observed in the white spruce canopy. In this case, MIMICS
underestimated a numbér of observed values. This effect may be attributed to the
lack of a crown layer in the modeling analysis. This is expected to have more of an
effect in the white spruce canopy since these trees have a high number density of
needles within the crown whereas the deciduous species were not foliated.

Figure H.4 is a plot of the MIMICS-simulated one-way propagation loss versus
the measured loss at C-band. Data are shown for all three stands at both polar-
izations. Each set of stand data were fit with a straight line to help illustrate the
combined effects of measurement and model error. Good correlations exist between

measured data and model simulations for all three stands, with the correlation coeffi-
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Figure H.1: Transmission loss for one-way propagation through the alder canopy. Mea-
surements are shown for four trihedral targets at (a) C-band and (b) X-band.
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Figure H.2: Transmission loss for one-way propagation through the mixed balsam poplar-
alder canopy. Measurements are shown for seven trihedral targets at (a)
C-band and (b) X-band.
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Figure H.3: Transmission loss for one-way propagation through the mixed white spruce-
balsam poplar-alder canopy. Measurements are shown for nine trihedral tar-
gets at (a) C-band and (b) X-band.
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cient p > 0.75, however MIMICS never predicts 0 dB of loss which may be measured
at low values of incidence angle because of placement of the reflectors in canopy
gaps. This indicates that more reflectors should be used in this type of study and
more careful attention should be paid to random placement of the targets in the
canopy. Furthermore, this figure illustrates the underestimation of canopy extinction
by MIMICS in the white spruce stand. This illustrates the importance of including
the crown layer constituents in canopy transmissivity analyses, especially for foliated
species.

Figures H.5 and H.6 show MIMICS simulations of one-way canopy transmissivity
at C- and X-bands for a mature white spruce stand (WS-2). This simulation is
compared to the mean value observed by the trihedral reflector measurements for the
young mixed-species stand. The total canopy transmissivity is shown along with the
individual contributions from the crown and trunk layers for H- and V-polarizations.
The total transmissivity is shown to be dominated by the transmissivity through
the crown layer, which is comprised of needles and branches. This is caused in a
large part by the high number density of needles in the crown layer (13,310/m?).
At the higher incidence angle (§ = 56°), The MIMICS simulations agree very well
with the average measured transmissivity, predicting values to within one standard
deviation of the mean. However, at the steeper incidence angle (6 = 36°), MIMICS
underestimated the transmissivity (overestimates extinction) by at least 1 dB. In
fact, the mature canopy‘ exhibits more extinction than the mixed-species stand in
nearly all cases. This is because the younger stand has a less developed crown layer
than the mature stand.

Having established confidence in the ability of MIMICS to simulate extinction for

these canopies, a variety of similar architectures and differing environmental condi-



307

2.0 ———————————————
10.0
8.0

6.0

MIMICS Data (dB)

4.0

2.0 H

0.0-...1...I...l...I...I...
0.0 2.0 40 6.0 8.0 10.0 12.0

Measured Data (dB)

o] Alder Stands, H Pol.

o] Alder Stands, V Pol.

o] Balsam Poplar Stands, H Pol.
o] Balsam Poplar Stands, V Pol.
A White Spruce Stands, H Pol.
A White Spruce Stands, V Pol.

Alder best fit -- p = 0.87
--------- Balsam Poplar best fit -- p = 0.75
—————— White Spruce best fit -- p = 0.87

Figure H.4: Comparison of MIMICS simulated and measured transmission loss for one-
way propagation through the alder, balsam poplar and white spruce canopies
at C-band. The best-fit straight lines are shown for each canopy, together
with their respective correlation coefficients p.
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Figure H.5: Comparison of MIMICS simulated one-way canopy transmissivity for a ma-
ture white spruce stand (WS-2) at C-band to the average measured transmis-
sivity of the mixed-species white spruce stands. Error bars are based on the
mean value + one standard deviation.
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Figure H.6: Comparison of MIMICS simulated one-way canopy transmissivity for a ma-
ture white spruce stand (WS-2) at X-band to the average measured transmis-
sivity of the mixed-species white spruce stands. Error bars are based on the
mean value + one standard deviation.
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tions are now considered. Figures H.7 and H.8 present simulations of total one-way
canopy transmissivity for mature stands of white spruce and black spruce, respec-
tively. V-polarized data are shown for L-, C- and X-bands for frozen and thawed
canopy conditions. In all cases, transmissivity decreases as the canopy changes from
the frozen to the thawed states. Furthermore, transmissivity is inversely related to
canopy biomass, i.e. transmissivity decreases with increasing canopy biomass. Be-
havior as a function of frequency demonstrates that transmissivity also decreases as

frequency increases.

H.3 Boreal Forest Backscatter Analysis

Data recorded by both the JPL SAR and the ERIM/NADC SAR have been
applied to analyze canopy backscatter (Dobson et al., [13],[14]). Data was extracted
from the SAR imagery for large single-species stands and spatially averaged to obtain
the mean backscatter from a single stand. C- and X-band data were recorded with the
ERIM/NADC SAR on March 22 (frozen canopy conditions) (Kasischke, et al.,[32]).
Since the antenna gain pattern of this system contains significant ripple that is not
fully characterized, the data are not fully calibrated to an absolute level. Valid
data comparison is therefore limited to data recorded for stands at a common range
within a given pass. Comparison of data recorded on different passes and at different
incidence angles are only approximate since the passes may have different biases.
Similarly, comparison of data between frequencies can only be performed on a relative
scale. Therefore, MIMICS simulations of data recorded by this system are restricted

to comparing those data recorded at a common range location on a given SAR pass.
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Figure H.7: MIMICS simulated one-way canopy transmissivity for a mature white spruce
stand (WS-2) at L-, C- and X-bands for (a) frozen canopy conditions and (b)
thawed canopy conditions.
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Figure H.8: MIMICS simulated one-way canopy transmissivity for a black spruce stand
(BS-1) at L-, C- and X-bands for (a) frozen canopy conditions and (b) thawed
canopy conditions.
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L-band data were collected with the JPL SAR on March 13 (frozen canopy con-
ditions) and on March 19 (thawed canopy conditions) (Way et al.,[77]). The antenna
gain pqttern of this system is relatively smooth and the data is easier to correct for
gain variations. The two i)asses of L-band data were calibrated against the SAR
response to several 182 cm trihedral corner reflectors located at the Fairbanks Inter-
national Airport.

MIMICS simulations of canopy backscatter is limited to those stands that were
characterized by on-site sampling. Since the stands considered in this study were
only partially characterized by on-site sampling, information on biomass apportion-
ment and canopy constituent size and density characteristics is only approximate.
Errors introduced in the biomass apportionment analysis will have an effect on the
backscatter simulated by MIMICS.

The 20-30cm thick snow layer also significantly complicated the backscatter anal-
ysis. The roughness parameters and other characteristics of the snow-ground inter-
face were not characterized. These parameters could only be estimated by fitting
MIMICS to ground backscatter measurements of open areas on sandbars that were
outside the tree canopies. Since the roughness of these regions do not correspond
to the roughness of a forest floor, and since the goal of this study is to examine
model performance without using parameter fitting, the snow substrate was mod-
eled as a half-space of snow with estimated RMS roughness of 1.2 cm and 24 cm
correlation length. This ignores scattering at the snow-ground interface completely
and in some cases reduces the effectiveness of the MIMICS simulations. A simple
technique that accounts for the snow-ground interface at L-band was introduced in
Section 3.2.2, however, because of lack of adequate characterization of the ground

surface, its effectiveness is also somewhat limited.
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H.3.1 Comparison with Measured Data

Table H.10 lists the MIMICS backscatter simulations together with the SAR
backscatter observations for six stands. Measured data were recorded by the JPL
SAR at L-band for both frozen and thawed conditions. A one-to-one comparison of
the measured and simulated values shows very good agreement for both frozen and
thawed canopy states. MIMICS, however, significantly underestimates VV-polarized
backscatter from stands BS-1, BP-2 and Alder under frozen conditions. The cross-

polarized backscatter from frozen BS-1 is also significantly underestimated. Figure

Table H.10: Comparison of MIMICS Estimates to Measured L-band SAR Data (dB).

March 13, 1988 March 19, 1988

Thawed Conditions | Frozen Conditions

Stand Polarization | SAR MIMICS | SAR MIMICS
WS-1 HH -10.0 -9.2 | -13.1 -12.2
\'AY -10.4 -12.1 | -14.9 -15.6

VH -15.2 -14.9 | -21.0 -22.8

WS-2 HH -8.4 -9.11-11.4 -12.8
\'AY -9.9 -12.3 | -14.5 -16.4

VH -14.2 -15.0 | -20.4 -23.6

WS-5 HH -8.1 -9.11-11.1 -12.2
\AY -9.1 -12.0 | -14.8 -15.5

BS-1 HH -12.9 -10.7 | -14.9 -16.9
\'AY -14.4 -15.1 | -16.4 -23.2

VH -20.0 -19.5 | -23.7 -32.5

BP-2 HH -9.2 -11.7 | -12.7 -14.4
\'AY -10.4 -11.6 | -14.8 -22.0

Alder HH -8.7 99| -11.3 -14.6
\'A% -9.7 -11.4 | -14.0 -23.2

H.9 graphically illustrates the effectiveness of MIMICS in predicting the HH- and VV-
polarized backscatter. The measured SAR data are plotted against that predicted by
MIMICS. Data are shown for all six stands for both frozen and thawed conditions.
From here it is seen that MIMICS tends to underestimate backscatter for all stands

except for white spruce. An underestimation of VV backscatter for frozen conditions
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for all stands except white spruce is also clearly evident. Since the alder and balsam
poplar stands have no foliage in their crown layers, and since the black spruce stand
has a fairly sparse crown layer as compared to the white spruce canopies, scattering
mechanisms involving interaction with the ground surface contribute more readily
to the net canopy backscatter than they do for the white spruce stands, since they
are fully foliated. The general underestimation of ¢® may therefore be attributed
to the modeling of the snow surface as an infinite half-space. It is expected that
accounting for scatter at the snow-ground interface would increase 0° somewhat and
may alleviate this problem.

Table H.11 compares the measured and predicted L-band polarization ratios

of/oVv and ofjy /oYy for the six stands under frozen and thawed conditions. Here

Table H.11: Comparison of Measured and Modeled Polarization Ratios at L-band.

ohu/ovy (4B)
March 13, 1988 March 19, 1988
Stand | Thawed Conditions | Frozen Conditions
SAR MIMICS | SAR MIMICS
WS-1| 04 29| 18 34
WS-2 1.5 3.1 3.1 3.6
WS-5 1.0 2.9 3.7 3.3
BS-1 1.5 4.4 1.5 6.3
BP-2 1.2 -0.1 2.1 7.6
Alder 1.0 1.5 2.7 8.6
ohu/ovy (4B)
WS-1 5.2 ‘ 5.7 7.9 10.5
WS-2 5.8 5.9 9.0 10.8
BS-1 7.1 8.8 8.8 15.6

MIMICS performs nicely with the exception of frozen conditions where underestima-
tion of VV- and VH-polarized backscatter on account of the snow/soil model becomes
apparent. MIMICS successfully predicts the the polarization ratios are smaller for

the thawed canopy state for all of the stands.
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Table H.12 illustrates the effect of changing freeze/thaw state on the canopies.
Measured and simulated L-band values of the ratio of} ,yeq/fogzen ar€ Presented for

each stand. MIMICS successfully predicts the observed increase in ¢° in going from

Table H.12: Comparison of the Effects of Freeze/Thaw State on L-band Backscatter.

aéhawed/ afqmzen (dB)
HH \'AY VH
Stand | SAR MIMICS | SAR MIMICS | SAR MIMICS
WS-1 3.1 3.1 4.5 3.6 5.8 7.9
WS-2 3.0 3.7 4.6 4.2 6.2 8.5
WS-5 3.0 3.1 5.7 3.6 - 7.9
BS-1 2.0 6.2 2.0 8.1 3.7 13.0
BP-2 3.5 2.7 4.4 10.4 - 15.1
Alder 2.6 4.7 4.3 11.8 - 16.2

a frozen to a thawed state. For the white spruce stands, the MIMICS estimates are
in very good agreement with the measurements. Notable discrepancies exist again
at VV and VH polarizations for the more sparse stands.

Figures H.10 and H.11 present L-band polarization responses for frozen and
thawed white spruce (WS-5), respectively, as simulated by MIMICS. Responses are
shown for co-i)olarized and cross-polarized configurations. Figures H.12 and H.13
present the measured frozen and thawed L-band responses.  Again MIMICS suc-
cessfully recreates the behavior of the measured data. MIMICS not only correctly
reproduces the shapes of each of the surfaces, but it accounts for the increase in-the
pedestal observed in going from frozen to thawed states. These figures demonstrate
that MIMICS has successfully modeled the backscatter response of this stand for
all of these polarization states. Figure H.14 shows the linear polarized response of
this stand as simulated by MIMICS for frozen and thawed conditions. The character
of the responses are very similar for the two environmental states, with the thawed

conditions yielding slightly more cross-polarized backscatter.
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Figure H.10: MIMICS simulated L-band polarization response of frozen white spruce
stand WS-5.
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Figure H.12: Measured L-band polarization response of frozen white spruce stand WS-5.
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Modeling at C- and X-bands has been complicated by the lack of available cal-
ibrated SAR data from the ERIM/NADC SAR. Furthermore, since this SAR flew
only during times for which the canopies were frozen, only this environmental state
is considered. To deal with the uncalibarted data problem, the backscatter values
were normalized to that of the white spruce stand WS-1 for each SAR pass. These
normalized data are presented in Figure H.15. For the most part, MIMICS pre-
dictions agree with the SAR measurements to within +1.5 dB. Exceptions to this
include some observations of the balsam poplar, black spruce and alder stands at
VV-polarization. As was the case at L-band, this is probably caused by the method

used to model the snow-soil interface.

H.3.2 White Spruce Simulations

Having established the ability to model backscatter from these forest stands,
MIMICS is now used to simulate backscatter over a wider range of sensor param-
eters and the backscatter is examined on a more detailed level. White spruce and
black spruce stands are considered in these simulations. Since the best estimates
of backscatter were obtained for white spruce canopies, these stands are considered
first

Figure H.16 shows the simulated backscatter from stand WS-5 at L-, C- and X-
bands for frozen conditions. Figure H.17 shows backscatter for thawed conditions.
In general, MIMICS predicts that ¢° increases at L-band as the canopy moves from
a frozen to a thawed state. However, a decrease is observed in ¢ at C- and X-bands
for these conditions. Furthermore, for frozen conditions, ¢° increases with frequency
whereas the reverse is true for thawed conditions.

The scattering contributions to the net canopy backscatter are depicted in Fig-
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Figure H.16: MIMICS simulated canopy backscatter for a white spruce stand (WS-5) at
L-, C- and X-bands under frozen canopy conditions for (a) HH-polarization,
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ures H.18 through H.21 for L- and C-bands for frozen and thawed canopy states. In
all cases, canopy backscatter is dominated by the direct crown contributions to ¢°,
thereby negating effects that the snow-covered soil may have on the net backscat-
ter. Treatment of the ground surface becomes important only at L-band, for HH-
polarization, where the ground-trunk interaction is significant at high incidence an-
gles.

Figures H.22 and H.23 present net L- and C-band backscatter for all white spruce
stands for frozen and thawed states. As expected, o° is seen to respond similarly for
all three canopies. At L-band, for all polarizations ¢° increases as the canopy thaws
while at C-band, ¢° decreases. The C-band cross-polarized backscatter, however,

remains relatively constant.
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and (c) VH-polarization.



329

-5.0 T T T
°©
§
-]
S asof ]
a Toul
T
‘é ---#--- Direct Crown
° --9--- Trunk-Ground
-20.0 -
_—""'—‘a“_-“_“9.““-“-6““--”‘*-5\
asob ! L L
2. 30. 40 50. 60.
Incidence Angle (degrees)
(a) HH-polarization.
-5.0 T T T
°
§
a
-
)
=
>
o0 —_— Toul
S W0 --@-+- Direct Crown T
-~ Truok Ground
250 1 A 1
20. 30. 40. 50. 60.
Incidence Angle (degrees)
(b) VV-polarization.
-10.0 T T T
T wof .
Q
-
o
=
- Toul
o> 300 y
° ---@---- Direct Crown
«=@--- Crown Ground
’~~~~
40,0 b—nem | L .
20. 30. 40. 50. 60.
Incidence Angle (degrees)

(c) VH-polarization.

Figure H.19: Canopy backscatter components for white spruce stand (WS-5) at L-
band under thawed canopy conditions for (a) HH-polarization, (b) VV-
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Figure H.20: Canopy backscatter components for white spruce stand (WS-5) at C-band
under frozen canopy conditions for (a) HH-polarization, (b) VV-polarization
and (c¢) VH-polarization.



5.0 . T .
Total
«--@---- Direct Crown
-10.0 |- --©--- Trunk-Groud |
©
g
a
Q
8
o
250 ] I I
2. 30. 40. 50. 60.
Incidence Angle (degrees)
(a) HH-polarization.
-5.0 T T 1
-100 - 1
©
§
aQ
2 -15.0 | -
8
>
e: Toul
: -20.0 - --9--- Direct Crown 7
--&--- Trunk-Ground
.25.0 1 1 1
2. 30. 40. 50. 60.
Incidence Angle (degrees)
(b) VV-polarization.
-10.0 ; y T
E -20.0 B
a
Q
8
) — Toul
> -30.0
“o ---®--- Direct Crown
==0--- Crown Ground
40.0 L 1 .
20. 30. 40. 50.
Incidence Angle (degrees)

331
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Figure H.21: Canopy backscatter components for white spruce stand (WS-5) at C-
band under thawed canopy conditions for (a) HH-polarization, (b) VV-
polarization and (c¢) VH-polarization.
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Figure H.22: Total canopy backscatter for frozen and thawed white spruce stands at L-
band for (a) HH-polarization, (b) VV-polarization and (c) VH-polarization.
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H.3.3 Black Spruce Simulations

The black spruce stand considered here is much more sparsely populated stand
than the white spruce. This stand, in fact, does not represent a closed canopy.
However, to simplify this initial analysis, MIMICS I is applied to model ¢° for the
black spruce stand as if it were indeed a closed canopy.

Figures H.24 and H.25 show ¢° at L-, C- and X-bands for frozen and thawed
conditions. Backscatter from this stand exhibits more complex behavior than does
that from white spruce.  For frozen conditions, 0 shows a general increase with
frequency. However, for thawed conditions, backscatter decreases with frequency
for VV and VH polarizations whereas the HH-polarized backscatter increases with
frequency. As the canopy moves from a frozen to a thawed state, L-band backscatter
increases for all three polarizations.

Examination of thé individual contributions to the net canopy backscatter lends
some insight into the behavior of ¢°. Figures H.26 and H.27 show the major con-
tributors to L-band backscatter for frozen and thawed states while Figures H.28 and
H29 show those for C-band backscatter. At L-band, the trunk-ground interac-
tion mechanism is a significant contributor to ¢° at HH-polarization for both frozen
and thawed states. However, the direct crown mechanism is the dominant term for
VV and VH polarizations. Similar trends are observed at C-band. The decrease in
scattering contributions that involve the ground surface is probably responsible for
MIMICS underestimating the black spruce backscatter.

To gain an understanding of the effect of the snow layer on net backscatter,
the approach presented in Section 3.2.2 may be applied at L-band to model the
scattering at the snow-soil interface. Figures H.30 and H.31 compare backscatter

from the canopy with the ground layer modeled as a half-space of snow to this layer
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modeled as a 20 cm thick snow layer over a frozen soil half-space. Figure H.30 shows
this simulation for frozen canopy conditions while Figure H.31 shows these data for
thawed canopy conditions. In both cases, ¢ is higher for the snow-covered soil for
all polarizations. The effect is more prevalent for like-polarized backscatter with o2,

being responding slightly more than o).
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