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I. Introduction

The goal of the first year effort was to calculate scattering
from al inhomogeneous layer with irregular boundaries to model
natural terrains such as a layer of vegetation or sea ice. The
inhomogeneities were modeled by spherical or disc-shaped discrete
scatterers which were small compared with the incident wavelength
and were in the far field of one another. It was found that the
cross-polarized scattering was dominated by multiple scattering
effects and was sensitive to tne orientations and distributions of
the scatterers. This model has been applied to interpret measure-
ments from vegetation, snow and sea ice.

The goal of the second year was to extend the scattering model
developed in the first year to handle disc-shaped scatterers which
are comparable to the incident wavelength and to use the scattering
model to investigate the relative merits between active versus
passive sensing of soil moisture over vegetated terrain. Results
indicate that scattering imeasurements are more sensitive to soil
moisture changes than emission measurements. This is because
while both types of measurements lose sensitivity to soil moisture
because of the vegetation layer, the loss is greater for passive
than active measurements

II. Work Accomplished

The results of the investigation during the first year have
been documented and published. Details are given in three papers
appended to this report as Appendices A, B, and C.

Part of the results of the second year effort has also been
published. This part appears in Appendix D. Other results of the
second year study have been documented for publication. It is
appended as Appendix E in this report.

III. Conclusions

Significant progresses have been made in the previous years.
We are looking forward to continue our efforts at the University
of Texas at Arlington to make further progress in the theoritical
modeling area.
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APPENDIX A

SCATTERING FROM RANDOMLY ORIENTED SCATTERERS OF ARBITRARY SHAPE
IN THE LOW-FREQUENCY LIMIT WITH APPLICATION TO VEGETATION
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SCATTEPING FROM RANDOMLY ORIENTED SCATTERERS OF ARBITRARY SHAFE
IN THE LOW-FREQUENCY LIMIT WITH APPLICATION TO VEGETATION

M.A, Karam and A.K, Fung
Remote Sensing Laboratory
University of Kansas Center for Research, Inc.
Lawrence, Kansas, USA 66045

Abstract

A gensral theory of intensity scattering from small
particles of arbitrary shape has been developed based
on the rediative transfer theory. Upon permitting the
particles to orient in accordance with any prescribed
distribution, scattering models can be derived. B8y
making an appropriate choice of the particle size, the
scattering mode! may be used to estimate scattering from
media such as snow, vegetation and sea ice. For the
purpose of lllustration onlv comparisons with measure~
ments from a vegetated medium are shown. The difference
in scattering between e¢lliptic- and circular-shaped
leaves is demonstrated. In the low-frequency limit, the
major factors on backscattering from vegetation are
found to be the depth of the vegetation layer and the
orientation distribution of the leaves. The shape of
the leaf is of secondary importance.

|. Introduction

The scattering from randomly or‘ented circular
discs has been used to mode! wave scittering from a
vegetation canopy.}l”

This study deals with scattering from randomly
oriented scatterers of arbitrary shaps in the low-fre-
quency limit. First, a general representation of ths
polarizability tensor in the reference frame Iis obtained
in terms of the angyles of orientation and the polariza-
bility tensor In the local frame (the principal frame
of the scatterer). Then the polarizability tensor is
used to calculate the scattering amplitude when the
scatterer is illuminated by an incident plane wave.

From the scattering amplitude the backscattering cross~
section for a layer of randomly oriented scatterers may
be computed based on the first-order solution of the
aquation of transfer.® As an illustration, the study

is specialized to the case of randomly oriented ellip-
tically shaped leaves to model scattering by a vegeta-
tion canopy. Differences in scattering between circular
versus elliptic leaves are illustrated.

2. The Polarizability Tensor In The Referencr Frame

For a wave incident upon an arbitrarily shaped
scatterer with all dimensions smal) compared with the
slectromagnetic wavelength, the scattered field due to
the presence of the scatterer can be represented by that
radiated from an equivalent dipole with moment P,

F ol

where E; Is the applied field in the sbsence of the
scatterer and ¥ is the polarizability tensor.

For a scatterer with its principal axes coinciding
with the local frame, the polarizability tensor can be
written as,

5 - E sk

where a};'s depend on the electric properties and the
dimensions of the scatterer,® and x}'s (with Xj=x',
xjmy', xi-z‘) are_the local frame axes related to the
reference frames x; through angles of rotation (a,8,Y)5

Q;-fj

me|

(1)

(2)

Alm*m

(3)

where A;.'s are given in Appendix A of Ref. 9,

To transform the polarizablility tensor from the
local frame to the reference frame we multiply Eq. 2
from both sides by the unit dyadic

T mf-:l ' @
yielding

aP " Hé nel %mn*m n (5)
where

%n " ‘é c'h"imkin " %m (6)

From Eq. 6 it is clear that &, is the symmetric tensor.
The explicit values of Khn's are given in Appendix A of
Ref. 9. In the special case of a sphere’ we have

R 3(c§-|) 7)
a a, = v

it 2 (c§+2) 0

where ¢ aci+jc!l is the relative dielectric constant of
the scatterer with respect to that of the host medium;
and Vg is the voiume of the scatverer, (Note: there
is a br difference between values of a};'s and those
reported in Refs. 7 and 10. This factor depends on how
we express the scactered field in terms of ai"s.)
Substituting Eg. 6 into 5 we obtain

%mn " % él Mimdin ® %5ma

where &, is the Kronecker delta.

(8)

3. The Scattering Amplitudes In The Reference Frame

For a wave incident upon a randomly orientged scat-
terer in i direction with polarization vectors h' and
vl (Fig. 1), the scattering amplitude matrix for the
scattered wave in s direction with polarization vectors
hS and v5, is given by!

2
=2 k ‘g = o Bt
f(s,i) -Wp'gh PP ray q-;h q9q
’ L]

(D D M S R L
p=v,h quv,h Pq

where fc(5,1) is the scattering amplitude for the
scattcreg wave in s direction with polarization p due

to an incident wave in | direction with polarization g
(p=qmv or h); and k is the wave pumber of the host me-
dium. The polarization vectors vi and h! are related

to the incident direction i by

n

(9)

-~ ~ ~ ~ 3 -~ ~ ~
= 2Xi/|zXi| & P h;xm = (ycos¢;~xsin¢,)
me]
V- R'xi ] % vi; = cosd (;cow +.sin¢ )-;siné
o Y i jrysine; i

(10)

where

L - R

D,
e e 4



i Figure 1,

The polarization vactors for the
inclident and scattered wave.

ié f& i x = sind (xcos¢i+ysln¢i)+zcosei
ml

()

Similar relations can be written for the scattered

wave. Substituting Eq. 5 into 9 we can write qu(s.f)
as,

f (Sn”-rz iu pq

To show that Eq. 12 obeys the reciprocity theorem we
interchange s and | in Eq. 12, yielding

(12)

M(i 3) -1,— Z f o O p = foplseh) (13)
it is worth noting that a,, depends on o, 8, Y and ay,
but is independent of s and i.
4, The Extinction Coefficient Fo
Randomly Oriented Scatterers

. by R;(8;,4;) through a collection of randomly oriented
scatterers, the tota! loss per unit length is given by
the extinction coefficients as,

k (i) = K, (l)
9 tjg:s

. The subscript a stands for absorption, the subscript s
for scattering and the subscript gqw»v or h represents
the polarization of the incident wave.

The scattering coefficients can be written as?

. u’q(?)- f dn <|qu(s.l)l2

(&)

(15)

p=v,h

where dily Is the differential solid angle in the direc-

tion of thc scattered wave s, and the ensembie average

» < js taken over the spatial distribution and orienta-
tions of the scetterer. The spatia) averaging is equi-

~ valent to multiplying Eq. 15 by the number density Ng.
From Eq. 12 we can write:

3
* %2 % jiss
f_(s,f) I e o
- I pa’’ l m-l n=} £§% =l mA qunqu P
[ (16)
1 where * is the complex conjugate symbol. From £q. 10
and Eqs. (A-11)~(A=17) of Ref. § it follows that:

for a plane wave propagating in 7 direction definad

s sy R o e

{
|
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s s
fh plof da =0 met an
J;ﬂ mn mJ da=0 n#d)J (18) ﬁ
Substituting £qs. 17 and 18 in 16 and then 16 into '1
15 we get
. ¥k
k’q(l) - "Olrl \
y 22. 1(q>(p'>> 09 |
pigah ﬁn e
where ’“mnl ts the vatue of Iam,'z after integration with
respect to a over (0,2r). After integrating £q. 19 with
respect to diig and summing over n and scattered polari-
zatjon we can urltc the scattering coefficient as:
N k k)
" 0 — 2 2
kgoll) = g5 < (Z lonyi )cos ¥
me)
— 2 2
+(Z 151%)sin®s > (20)
.oNg 3
kgp(1) = 55 < (E, ITl?) > @)
Substituting Eqs. (A=12)=(A-17) into (A=19) of Ref. 9
and then substituting the result (with i=m and j=n) into
Eqs. 20 and 2) we can write the scattering coefficient
in terms of £, vy and a}; es: :
Ny k“ . ’
ail) = g < {cos?s]a}!
+(sin28+coszycos 5)|°§212 X
+(sinza+sinzycosze)la‘ Iz}cos ai
02[s¥n25|oi|]2+sinzvcos Biazzl
+coszvcoszalaislz}sin29‘> (22) .
- N kk 2 2
kep(i) = 'TE'" <cos Bla"l +(sin%8+cos®ycos a)]ozzl
+(sin eﬁslnzycos B)|033]2 (23)
In Eqs. 22 and 23 the ensemble average <> is taken over
the scatterer orientation with respect to the angles 8
and y. Under the assumption that al ai and y=0, Eqs.
22 and 23 reduce to Eqs. (68) and ( ;) in Ref. 2.
The absorption coefficient, for a unit Incident
plana wave in | dirsction with polarization q » can be
written as
. =i o]
k, (i) = N ke" < WQ Q) dv
aq 0 r J; q q
0
« Nokc" <(Q Q )> Vo (24)
where Tb is the slectric field inside the scatterer,
which Is related to the induced dipole moment Pq through
the rula:ion’
- _l (25)
From Eqs. | and 2 we can write 35 as
- apa
I i al (x'eq’)x! (26) .
9 & T, m ii
-
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Upon substituting Eq. 26 into 25, the field inside the
scatterer Is

JRNETE SRS, .
8 * T & S0 (27)
From Eqs. 24 and 27 the absorption coefficient is

» - - z
i& 2 i
qu(') - NO“J <m-l lﬂ;n‘ (x$~q ) >

2
2 §
a Nk <§|u'l(ék q)b (28)
07a & Teml { L9 “mnTn
where
kC"
ky » ety
v e
0! r

Substituting €q. 10 and Eq. (A=2) »f Ref. 9 into Eq. 28
and integrating with respect to a over (0,27) we obtain,

n ) 2 .2
kgy(1) = Nok, <7{|ai|| cos‘B

2

+|aézlz(slnzas!n y+eos?y)

2

+|053|2(sin26cos y+slnzy)}cosze‘

+{Iai|lzsinze+|aiz|2coszssinzy

+[053lzcoszscoszv}sinzeI> (29)

2g

2

. 2
kan(1) = Noky <laj,[“cos

+Ia52|z(slnzssin y+cos2y)

2yusiny)> (30)

+|033| (sin“Bcos
For an elliptic scatterer in the low-frequency limit
Eqs. 29 and 30 are equal to the extinction coafficient
calculated by using the forward scattering theorem.®

The Backscattering Cross-Section For A
Layer Of Randomly Oriented Eilipsoids

For a collcction of identical sparsely distributed
randomly oriented lossy dielectric ellipsoids embedded
in a layer without upper boundary above a half-space
the like= and cross-polarized backscattering cross~
sections per unit area computed from the first-order
solution of the radiative transfer equation are®

~ ~» - ~ 2
0gq(11) = brcoss [¢lf o (i \,-D) | Boa

. SIMETEN (30
ZrP(;)dsccotcxp(-ZRP(;)dscce‘) » P=g
A = [cxp(-kq(i)dsocei)-cxp(-kp(-f)dsece‘)]
Pq .[rp(f)cxp(-kp(f)sccetd)
seq(Texp(-k (T)asece;)]/(k, (D)-ky (D)) , pha
qu = [l-exp(-{kp(i)bkq(;)}dsecei)]
-[l+:p(f)rq(;)¢xp(-{tp(;) )
+kq(i)}dsece,)]/(kp(i)+kq(i)) (32)

I

In Eqs, 3! and 32 iy and =i are in (8;,7+¢;) and (94%)
directions, respectively; d is the depth of the layer
containing the scatterers; ro(T) and ro(i) are the
Frgsnel reflectivities for tge interface separating the
layer and the lower half-space (p=qav or h), From Egs.
10, 16, 18 and Eq. (A=19) of Ref. 9 we can write

2
§
<cos B‘Ial']z

LI 2

<|f (-1, - NO‘-},‘T
29 (122, Loy
#sin20,(|T51° ¢ ghelayjayy) )

ssin's, 3551 % (33)

2

2
k <cos“6‘IETT|2+sinhe‘|3;;§

O
- Jain20 Rela) jors)> (34)

2

<’fvv“l"‘”z> " NO

< (=102 - (0,05
2
<coszetI;T;|2+slnze‘|ET;|z>
,  (39)
<512
(36)

The explicit forms of Eqs. 33-36 in terms of 8 and v a3
well as al, are given in Appendix C of Ref, 9,

For an elliptic scatterer with semi-axes a; _(iw=],
2, 3) the polarizability tensor elements a;; are

- “ol%:

<Jf, (-1,0)] % = <f (i -i)|“>-ui"2
hh* * hht'y? oi%7

Vo(c -1)
al, = T 37)
il (cr-iSA‘+i
where
3 -
) dS ;
A '7(,’], ‘x)fo Teva, JR(ST (38)
and

2 )
R(S) = !l (s*:,)
In Eq. 37 Vg is the volume of the scatterer given by
3
hn
vo-Ti-ni“ L]

The integral A; in Eq. 38 can be found in Ref. 12. |In
case of a thin elliptic disc (a|>a§zp3) which can be
used to model a leaf, we can writel2

A ® :1‘,'_.2 F(n/2,e)-E(n/2,e)
1 a
} .

A = :1 E(n/2,e)~ l-cz F(n/2,e
2 2(,_.2
e (l-c )

[ ]
Ay = l-;-f-if-’.'—ifsﬁl (39)

where enql-(az/al)z. F(n/2,e) and E{n/2,e) are complete
elliptic integrals of the first and second kind, respec-
tively,!3 given by

n/2
F("/Z'e) - -*-di——

4I-eisinzs
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Figure 2, Backscattering from a
half-space of randomly oriented
elllptic discs [f=l.1 GHz,
€,v30.8+j1.8, a;=2.8 cm, a;=0.84 cm,

3'0 +375 nm, 0°<8<30*, 0°<y<90°,
0%<a<360°].
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Figure 5. Backscattering from a

half-space of randomly oriented

elliptic discs [f=l.1 GHz,
cr=30.8+j1.8, 8)=2.8 cm, 27=0.84 cm,

SACKSCATTERING COEFFICIONT %) 1404
p-
-

a3-0 +375 mm, o'<e<9o' 60°<y<90°,
<a<360°}.
and
E(n/2,8) = I "l-oiun s ds

L

CrnUIAL Foat
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Figure 3. Backscattering from a

half-space of randomly oriented

elliptic discs [fe1.] GHz,
€,=30.8+j1.8, a;=2.8 cm, 2,=0.84 cm,

l;-'O 375 mm, 60°<B<90°, 0°<y<90°,
0%<a<360°].
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Figure 6. Backscattering from a
half-space of randomly oriented
elliptic discs [f=1.) GHz,
€r=30.8+j1.8, a)=2.8 cm, a;=0.84 cm,
03-0 +375 mm, 0'<6<90‘ 0°<y<yC*,
0°<a<360°].
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Figure 4, Backscattering from a

half-space of randomly oriented
elliptic dises [fw],! GHz,
€,=30.8+j1.8, 4)=2.8 cm, 2,=0.84 cm,

3-0 +375 mm, 0'<e<90’ O'<Y<30'
0%<a<360°].
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Figure 7. Cross-polarized pattern
at normal incidence along circular
disc axis [f=1.] GHz, ¢,=30.8+j1.8,

aj=az=l cm, a3=0. .872 mm, 0'<a<360']

6. Comparisons Between Circular And Elliptic Discs

In Figs.

2-6 backscattering characteristics from

elliptic discs, with dielectric constant based on for-

When ay=s; (oblate spheroid), we can urlto‘z

z(m;-l) {mzénz-l) k;ln-'[énz-l)H/m]-l}

(40)
Ay = _2‘) [1-(—)5 sin” [(mz-l)"/m]} ()
where mea)/a3.

In_the_ lbOVC 8y, 32, and a3 ore taken to be paral-
lel to x', ¥', 2' axes, rcspcct?vcly. This means that
the orientations of the semi-axes a), 82, a3 are de-
scribed by (a,8), (a,8,y) and (a,8,v).9" The tilting of
a8y and a2 with respect to the local axes are of course
controlled by 8 and vy, respectively.

A' - Az -

mula given in Ref. 14, are shown for five different com=
binations of orientations. In all cases the orientation
distributions of the axes not specified below are as-
sumed uniformly distributed over (0°,90°).

(1) The major axis is restricted to small tilt
angles, i.e., 0°<g<30°,

(2) The major axis is restricted to large tilt
angles, i.e., 60°<g<90°,

(3) The minor axis is restricted to smal) tilt
angles, i.e., 0%°<y<30°.

The minor axis is restricted to large tilt

angles, i.e., 60°<y<90°,

(5) Both axes are uniformly distributed over
(0°,90°).

Before discussing the characteristics of the cases
shown, note that polarized scattering is usually in
agreement with intuition. To understand cross-polarized
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Figure 8a. Cross-polarized pattern at normal incidence
along major axis of an elliptic disc [f=].] GHz,
¢‘-30.8+jl.8. 81#2.8 cm, a2=0.84 cm, 2320.375 mm,
0°<a<360°].

scattering It should be remembered that the cross-pclar~
ized reradiation pattern for small circular discs in-
creases with the increase in the local incidence angle
(Fig. 7);: while for an elliptic disc of the same volume,
this reradiation pattern could have a dip with the in-
crease in the local incidence angle along the plane
paralle! to the mejor axis (Fig. 8a). The reradiation
pattern paraliel to the minor axis shows a minimum at
near normal incidence (Fig. 8b).

For case (1) (Fig. 2) the horizontally polarized
component at large incidence angles is higher than the
vertically polarized component due to the more nearly
horizontal disc orientations. The reverse is true in
case (2) (Fig. 3) as expected. For the cross-polarized
component case (!) shows a slower angular drop off than

Ry Q
RICNAL Prdas A /
r 8;‘ POOR QUALITY |

s I
ORIENTATION ANGLE Y {OLCRELS!

Figure 8b, Cross-polarized pattern at normal incidence
along minor axls of an elliptic disc [f=].] GHz,
cr-30.8+4l.8, 2)=2,8 cm, #2%0.84 cm, a3=0.375 mm,
0°<a<360°].
case (2), since the cross pattern along the major axis
or minor axes is close to its maximum at near grazing
Incidence and assumes smaller values at near normal
incidence. In cases (3) and (4) (Figs. 4 and §) the
change in distribution is associated with the minor
axis. As expected, the polarized reradiation pattern
is more isctropic over the minor axis than the major
axis. Hence, this change in distribution produces only
small changes in the polarized scattering components.
For the cross~polarized component, the smaller tilt
angles [case (3)]) lead to smaller returns near normal
incidence and a slower angular drop off than case (4).
This |s expected since the cross pattern is at a mini-
mum near the local normal of the disc parallel to the ,
minor axis (Fig. 8b). These are only small differences i
between cases (4) and (5) for the polarized component
for the same reason given for cases (3) and (4). The
cross-polarized return of case (5) lies between those
of cases (3) and (4) as expected. ’

In Figs. 9-11, the backscattering curves for cir-
cular discs of the same volume as the elliptic discs :
with major axis equal to the minor axis, the five cases )
discussed in the previous paragraph reduce to three

« half-space of randomly oriented
circular discs [f=1.] GHz,
. €p®30.8+j1.8, '1"2" em. 33=0.872
i mm, 0°<B<30°, 0°<y<90°, 0°<a<360°).

half-space of randomly oriented
circular discs [f=).] GHz,
€,~30.8+j1.8, a;=az=! cm, 03-0.372
mm, 60°<8<90°, 0°<y<90°®, 0°2a<360°].

top W “10p
i § g 3
-2 N -op
. 1 L ¥ ¢ l
X ) g’” " g'”
- g ; m
L YH
It N N C— 0 X RS C—) % w ) C—
. INCIDENCE ANGLE (DEGREES) INCIDENCE ANGLE (DECREES) INCIDENCE ANGLE (DEGREES)
4
Figure 9. Backscattering from a Figure 10. Backscattering from a Figure 11, Backscattering from a

half-space of randomly oriented
circular discs [f=l.! GHz,
€~30.8+j1.8, aj=az! cm, a3=0.872
mm, 0°<8<90°, 0°<y<90°, 0°<a<360°].
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Figure 12, Comparison between " bl ': -

backscattering from a half-space,
o layer with plane and rough
bottom boundaries [f=1.) GHz,
cs=30.8+51.8, c =10, ko=l.1,
ki=8, Vohe0.009, 60°<s<90°,

Figure 13,
cp»2b.5+4)1.7, ¢

°.£Y£9° ’ °.<0‘36°.] 00‘e<’o.
cases. Flgs. 9, 10 and |} are comparable to *133. 2 or

4, 3 or 5 and 6. The polarized and cross-poiz:|zed
scattaring also follow the general patterns in the core
responding figures for reasons similar to those given
in the previous paragraph., Of course, small differences
exist in Jevel and trend between the corresponding
figures especially for the cross-polarized return (see
for example, Figs. 2, & and 9). In view of the dif-
ferences botween Figs. 7 and 8a, one would expect much
greater difference between elliptic and circular discs.
Howsver, due to the assumed random orientation, the
diffarence due to disc shape in this low-frequency case
is not as pronounced as one might expect. Instead,
significant differences in scattering due to different
distributions are very obvious in the cross~polarized
return. This implies that the cross~polarized return
may sarve as one contributing factor for crop identifi-
cation when significant differences exist between the
orientation of leaves and when the leaf distributions
in orientation are known for vegetation types to be
differentiated.

7. Layer Effect And Comparison With Measurements

In Fig. 12 comparisons are shown between backscat-
rering curves from a vegetated half-space, a vegetated
layer without boundaries, a vegetated layer with plane
bottom boundary and a vegetated layer with rough btottom
boundary. It is seen that scattering from a half-space
has a significantly slowsr angular trend than that of a
half~space. For horizontal polarization, the difference
between 2 plane versus a rough layer boundary is small
at large angles of incidence for polarized scattering
and at small angles of incidence for cross-polarized
scattering. ‘

Since the effects dominating the backscattering
curves at low frequencies (scatterer small compared with
the electromagnetic wavelength) are (1) leaf distribu=-
tion, (2) layer versus half-space, and (3) surface
roughness, in Figs. 13 and 14 we show comparisons with
backscatter measurements from wheat!S using a vegetated
layer of circular leaves with a rough bottom boundary.
The rough surface scatter mode! used Is the Kirchhoff
mode! under scalar approximationi® cheracterized by a
standard deviation of surface height o and surface cor-
relation length ¢,

INCIBINCE ANGLE (DCORTLS)

Comparison with measure=
ments of wheat [f=].5 GHz,
w25, awl,|

cm, aj=az=l.3 cﬂ 2320,02 cm,
o°<y<so‘, o'<o<560'].

in both figures, the data trends are.

8
INGIBONE MGLE (HORELS)H

Figure 14, Comparison with measure-
ments of wheat [fol,25 GHz,
cr=23.5+jh.7, co=25, o=],| cm, L=|}
cm, aj=az=l.} cg #3=0,02 cm,
0°<g<90°, 0’<v<90°. o‘<a<360']

| em, 1w25

fairly flat for the cross-polarized return and pesked
near nadir for the polarized return indicating the
strong influence of the rough ground interface. Al=
though the leaf of wheat Is elliptic, use of circular-
shaped leaves with random orientations appears to pro-
duce good agreements with data. This means that the
e¥fect of leaf shape is indeed not an important factor
in low=frequency scattering.

8. Conglusions

In vegetation modeling at low frequencies, the im-
portant factors governing the backscattering curves are
(1) the roughness of the vegetation-ground interface,
(2) the leaf orientation distribution, and (3) the depth
of the vegetation layer. It is found that the effect of
the leaf shape is not as important a factor although it
does have some effect on the lave! and trend of the
angular backscattering curve.
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Scattering from randomly oriented circular discs
with application to vegetation
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A vegetation layer is modeled by a collection of randomly ori-
ented circular discs over & half space. The backscattering coef-
£icient from such a half space is computed using the radiative
transfer theury. It is shown that significantly different results
are obtained from this theory as compared with some earlier inves-
tigations using the same modeling approach but with restricted disc
orientations. In particular, the backscattered cross-polarized
returns cannot have a fact increasing angular trend which is incon-
sistent with measurements. By setting the appropriate angle of
orientation to zero the theory reduces to previously published
results. Comparisons are shown with measurements taken from milo,
corn and wheat and good agreements are obtained for both polarized
and cross-polarized returns.

1. INTRODUCTION discs. Then the phase matrix elements and
the extinction coefficients are derived.
These quantities are needed in the first-
order radiative transfer theory for com-
puting scattering from a half-space medium
containing randomly oriented sparsely dis-
tributed lossy dielectric discs used to
model a vegetated medium. In this model
the effect of air-vegetation boundary is
neglected due to the sparse distribution
of the leaves. The decay of the incident
wave in the vegetated volume is accounted
for by the extinction coefficient which is
related to the scattering amplitudes in
the forward direction [Ishimaru anu Cheung,
1980; Karam and Fung, 1982b].

The main difference between this study
and those of Tsang et al. [1981] and Lang
[1981] is that our formulation permits the
circular discs to be oriented in any direc-
tion and accounts for changes in polariza-
tion of the scattered field due to changes

The problem of scattering from randomly
oriented scatterers with application to
vegetation has received muzh attention in
recent years, The radiative transfer
theory has been used to calculate the back-
scattering from a layer of randomly ori-
ented ellipsoids with application to vege-
tation [Tsang et al., 1981]. Foldy's
method and the distorted Born approximation
have been used to calculate the backscat-
tering cross section for randomly oriented
circular discs in a half space [Lang, 1981].
The major advantage of this approach is
that most of the model parameters are di-
rectly related to ground truth measurements.

In this study we use the scattering am-
plitude formula by Karam and Fung [1982a]
for randomly oriented scatterers of arbi-
trary shape to derive the scattering am-
plitudes for randomly oriented circular

c 83 b Am R in orientations of the circular discs.
opyright 19 y the American This difference is illustrated numerically
Geophysical Union.
in section 5 where comparisons with mea-
Paper number 350419, sured data on wheat, corn and milo [Dobson
0048-6604:83 (0708-0419508.00 et al., 1977) are also shown.
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2, THE SCATTERING AMPLITUDE MATRIX AS
A SPECIAL CASE OF THAT OF ELLIPSOIDS

Consider a randomly oriented ellipsoid
with its semiaxn; (l,b ¢) aligned along the
coordinates (x',y',2') of a local frame
related to the principal frame (x,y,2)
through the angles of rocationl (a g8,7)
with respect to the z', y' and x' axes,
respectively (called the xyz convention by
Goldstein [1981]) [Karam and Fung, 1982a}.
Thus,

%' = cosBcosax + cosBsinay ~ singz )
§' = (cosusinBsiny ~ sinacosy)x

+ (cosacosy + sinasindsiny)y

+ cosBsinyz (2)
. = (sinasiny + cosasin8cosy)x

- (cosasiny - sinasinBcosy)y

+ cosBcosyz (3)

For an incident plane wave in the ki di-
rection the polarizaticn vectors (vi and
hi) in the principal frame, and the cor-
responding polarization vectors in the
local frame (v;' and hy') can be expressed
as

a

1! v, = Bi X k (4a)

i

h'=z' X killz' Xk v'=h'Xk

(4b)

where
ki - sinéicos¢ix + sineisin¢iy + ccseiz
(4c)

To relate ﬁi , 01 to hi' Vi we express the
principal frame in terms of ky, v4 and hi
as

x = sineicos¢iki + coseicoséivi - sin¢ihi
(5a)
y = gind sin¢ik + cosé simpivi + cos¢ihi

(5b)

SCATTERING FROM RANDOMLY ORIENTED DISCS

z . coleiﬁ1 - sin6101 (5¢)

Then subscituting (5a)-(5¢) into (3) we get

' =t v, + ¢t ,h (6)

ky +EqVy * thghy

ki
where
Ty " [sin(a-¢1)siny + cos(a-¢i)sin8cosy]

. sinei + cosﬁcosycosei (7a)

tyy ™ (sin(a-¢i>sin7 + cos(u-@i)sin8cosyl

* Gos8, - cos8cosysing, (7b)

ty '™ sin(a-¢1)sinecosv - cos(a-¢1)siny

(7¢)
Now substituting (6) into (4b) we get
v,'= 1 (-t v, -t h,]  (8a)
i vi'i hi™i
2 4 ¢2
vi hi
h,' = 1 [e, v, - t_.B] (8b)
i 3 3 hi'i vi'i
th, +t
vi hi

Relations similar to (4)~(8) can be written
for the scattered wave by replacing the
subscript { with s. (Note that the ori~
entation of the scatterer and its effect

on the polarization of the scattered field
are not represented in the most general
form when the local frame is described

by the Eulerian angles of rotation (a»pen-
dix).)

Under the low frequency approximation
[stratton, 1941; Stevenson, 1953; Ruck et
al., 1970; Ishimaru, 1978; Tsang et al.,
1981] the scattering amplitudes for the
ellipsoid in the local frame can be writ-
ten as

Veu'Ylo 'ou?
(vs x )(VL x")

vAa +1

‘2
LI W u
Epo(esd) = m"o“s"’[

(V 'l)("} t,;,O) (:, 0,21)(:, ',;v)
i S i
* + VA F 1 ]

v 1
(9
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2 C(v_'x')(h,"x")
-2 Wy oo o ] i
Eon(si1) = V(e -€) VA, * 1

v,y )Ry "0y (902" (h, ")
+ va + 1 + VA, +1
(10)
(a.c.;v)(Giv.;v)
vA. +1

2
SRCRRE S AT

(ﬁ v.§v)(; c.&v)
+ — L +

va +1

~ '.n ~ ’.A'
(hs z')(vi z')
vAc +1

(11)
S Bt R NP2 S Iy
(h‘ x Hh’; x')
vAa +1
h YeatY(h "en!
(hs z )(hi z')
vAc + 1

.- 2
fn(s,1) = %ﬁf”o(es")[

. (h'ey')(h"ey') .

va + 1

(12)

where the third term_in (10)-(12) is zero
since (hy'+2')=(hg'*2')=0; w is the angular
frequency of the incident wave; €4 is the
permittivity of the scatterer; € is the
permittivity of the surrcunding medium; and
Vo=(4mabc/3) is the volume of the scatter-
er. In (9)-(12) we also have

- abe( s -
v 2 (e 1)

K
R(u) = [(u+az)(0+b2)(u+¢2)]

P-
Aa - 2 &
Jo (a®+u)R(u)
du

Jo 6*wRW)

du
Jo (PrIrw)

When a=b and c<<a the ellipsoid can be
approximated as a circular disc with radius
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a and thickness 2c.

In this limit (Tsang
et al., 1981] we have

” 2
- - em— A B re—
A& 3 e "2,

Hence,

vA = va (5— - 1)%5

Let us define

. (es/e-l) . (cs/e-l) . . wzuev
T vA;$1 ay VA _+1 0 4m "0

We can now write the element of the scat~
tering amplitude matrix for a circular disc
in the local frame as a special case of

(9)-(12).
£1(5,1) = Col(v_"ov, "ay

+ (v e2") (V" 2") (aymap) ] (13)
£,(s,1) = Colv '~h, Day

+ (v 2" (R " 2') (aymay)] (14)

£1,(5,1) = ¢ [(h "+, "),
+ (R"02") (V)" 2") (ay-ay)] (15)

£ (5,0) = colCh "R Dy
+ (h'+2')(h,'+2') (ay=ap)] (16)

In view of (8) an incident field ampli-
tude in the principal frame can be expres-
sed in the local frame where scattering
takes place in accordance with (13)-(16).
Then a similar relation to (8) may be
applied to convert the scattering field
back to the principal frame [Karam and
Fung, 1982a]. Thus,
fvv(s.i)

[ £ (s D

- ' L) ~ "
vs vv vi tvsfvh(s’i)thi

hs hv(s i)t"v:L"":vsfl'xh(;’:‘i)th:l.]/D(;'i)
(17)
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~ L) -~ -~ ' ~ ~
fvh(s,i) - [:“f\'w(s,i):hi+:v’tvh(s.1):v1
"hsfﬂv("i)thi"hnfﬁh("1)‘v1]/D("1)
(18)

+t _f!

fhv(sli) = [th'f;v('ni)tvi vs hv(s’i)tvi

~tpgfon (WDt -t fry (5,06 1/0G, D)
(19)

A-- 'Aa\ 'AA
fhh(s.i) [thsfvv(s’i’th1+tvsfhv(s'i)thi

tey o (sid)e be £ (s,1)e,1/D(s,1)
(20)
where

b
aoa 2 2 2 2
D(s,1i) = [Ktvi+‘hi)(ths+tvs)]

Equations (17)-(21) will be used in the
following sections to calculate the first-
order scattering cross section for a half
space of randomly oriented circular discs.

(21)

3. FIRST-ORDER SCATTERING CROSS SECTION
FOR A HALF SPACE OF RANDOMLY ORIENTED
CIRCULAR DISCS

For a collection of identical randomly
oriented lossy dielectric circular discs
embedded in the lower half space, the
backscattering cross section [Tsang and
Kong, 1978; Tsang et al., 1981] based on
the first-order solution of the radiative
transfer equation [Karam and Fung, 1982c¢]
can be written as

. A 2 cosei
O (~1si) = T — —= P
Im<fvv(1,i)>+Im<fvv(-i.-i)>

"~ -~ 2
. <|fvv(-i,i)] > (22)
. A 2 cose1
cvh(-i'i) = T —

Im<fvv(i,i)>+Im<£hh(-i,-i)>

c <l -1, (23)

SCATTERING FROM RANDOMLY ORIENTED DISCS

u 2n cos¢t

Tpn(~1r1) =

Im<fhh(1.i)>+zm<f

hh('ii-1)>

A A 2
¢ <|fhh('1vi)| > (24)
where A is the wavelength of the incident
wave, Im( ) is the imaginary part operator
and the angle brackets are the ensemble
average symbol over the orientation and
distribution of the scatterer.

4., THE ENSEMBLE AVERAGE OVER THE ANGLES
OF ORIENTATION FOR FORWARD
AND BACKSCATTERING

. In the forward direction, k 3% ; hence,
hg=hj, vg*vi, V¢'=vy' and hg'=h;'. Similar
statements can be made about tyji, thy and
tvsr Chge

In the backscattering direction similar
results are obtained ag in the forward
direction except that hg' and ty,g will dif-
fer in sign from those in the forward di-
rection.

From the above discussion the forward and
backscattering scattering amplitudes in the
local frame (13)-(16) reduce to

£, LD = Cofaprd, 0t ayap] @)

el 3 m e o] 3y m

£10(24,1) = €8 (24,4) = 0 (26)
' I3 = N Y 2 -

fhh(:i,i) tco[?r+(hi 2')"ay aT)] 27)

Also, the scattering amplitudes in the
principal frame described by (17)-(21)

reduce to

fvv(:iﬁi) - Co[}r*‘si(’u"r)] (28)
£ (21,1) = cO[;hitvi(aN-aTi] (29)
£,,(¢1,1) = tco[?hitvi(au-aTi] (30)
£, (t1,0) = CO[%f+tii(aN-aT)] (31)

To calculate the backscattering cross
section in (22)~(24) we first substitute
(7) in (28)~(31) and then we calculate
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the ensemble average of the q. mntitin
<fw(i, 1)z, <£h 1,02, </fyy(-1,1)|2>,
<) fpn( -1, i)l » and <[fp (-1, 1)l~>

Due to the symmetry of the disc we will
assume an equally likely distribution func-
tion with respect to a. The ensemble aver-
age over a will remove the ¢4 dependence,
yielding

n/2

<fw(ti.=i)> - co“o["r*J p(8) dB
0

n/2
'I p(y) dY[(-;-sinzBcoszei-!-coszesinzei)
0
. coszy*icos sin Y}( -a, )] (32)
2 o Y
/2
p(g) dg

<f h(+i,=i)> - C [aT-PJ
0

n/2
I ply) dY{%(sinZBcoszyﬂinzy)}
0

. ("N"'r)] (33)

n/2
<|e, (1,5 = cozno[larlz'fj p(8) de
0

/2
'I p(y) dy ’2 ((%sinzscuzei+coszﬁsin291)
0
2.1 2 2 *
cos Y+2-c03 ] isin Y)Re (“1’ (aN-a.r))
+ (-g-cosl'e 1sinl‘y+ (-m"e 1_c:oul's
+ -g-cos[’e ain"ﬁ-l-%sinzzﬂ sin228) cos"v

3 4, 2 2 2,
+ -R(cos eiam B+sin Zeicos B)sin ly)

] (a4

2
l a'N-aTl

n/2

<|£hh(-i’i)'2> - C°2n0[|aT!2+.[ p(B) dB
0

/2

'I p(y) dy {(sinzacoszyﬂinzy)

0

*
Re ('T (;N-n.r))*—g (s in“B cos“Y

-]i'-sinzssin 2y+sin Y)ll\‘-l l }] (35)

2 /2
<|£,, (-1, 1% %0 %o
- - _8_ p(8) d8
0

/2
‘I p(y) dy {(coszeisin48+sin22ssin261)
0

. cosaw-coszeisin['y-f'(%sinze:osze

+ coszssinzﬁi)sinzh}laN-a,rlz] (36)

i

where np is the number of the scatterers
per unit volume; p(8) and p(y) are the
orientation probabilities with respect to
£ and vy, respectively: Re( ) is the real
part operator and the asterisk is the com-
plex conjugate symbol. The integration
with respect to 8 and v is taken over 7/2
due to the symmetry of the disc. From
(32)-(36) we note that ny appears in both
the numerator and denominator of (22)-(24)
8o it will be canceled out.

5. NUMERICAL RESULTS AND DISCUSSION

To compare our formulation with that in
the literature [Lang, 1981; Tsang et al.,
1981] and to show the agreement between
this theory and some measured data [Dobson
et al., 1977] we will assume an orienta~
tion distribution function with respect to
B and v as

s Bl o s e st sy 5 s g S kit
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AWpe

&

5

BACKSCATTERING COEEF ICHNT o™ (48}

e== ysQand0s s < 30°
4 or vice versa
ITsang ot al,, 1981, Fig, 3!
m— 8 5 equally likely
mnosys ¥
or vice versa

.50 " A ks '

=]
AL

N\
N,

& 60 ) 100
INCIDENCE ANGLE (DEGREES)
Fig. 1. A comparison with Tsang et al.
(1981] (f=1.1 GCHz; a=10 mm; c=0.375 mm;
€r=30.8+31.8).

1

— .,<0<Q
92-91 1l 2
p(R) = (37)
0 otherwise

with S=f and Y. Also, we assume that the
discs have a dielectric constant based on
the formula given by Fung and Ulaby [1978].

In our formulation we have the freedom
to select different distribution functions
with respect to 8 and y and we note the
following:

1., When we set Y equal to zero our for-
mulation reduces to those derived by Tsang
et al. [1981) and Lang [1981]). 1In Figure 1
a case shown in the work by Tsang et al.
[1981) is reproduced. It is seen that when
Yy is not regtricted to zero, substantially
different oyy and oyy are obtained. Since
naturally occurring leaves are, in general,
not restricted in their orientation, we

i et e et W VAP i e

believe that both v and £ should be per-
mitted to vary. In Fipure 2 another case
is illustraced wgich shows that the rela-
tive levels of oyy and opy sre interchanged
and oyy has a higher level and a different
angular behavior as compared to those re-
ported by Lang [1981], when both y and 8
are assumed equally likely distributed.

2. The roles of Y and 8 may be intur-
changed without affecting the ¢° computa-
tion, if they are assumed to have the same
distribution (see Figures 1-5). This is
expected since £ measures tilting in the
x' direction, while y measures tilting in
the y' direction, respectively.

3. When the discs are oriented more

\4)
HH
-3
] o 404 Yy
$ 2 are aqually likely
®
- VH
2 R ST
g \~§¢‘
«20 r \\\\
[*] \\\\
2 ‘\\\
g RN
< N\ HH
2 N\
» \)
g lemmmmemw . ———— W
30 ~
\\\
N
seme g is equally fikely \\
and y = 0 or vice versa \VH

Itang, 1981, Fig. 7|

i [ e i

20 40 60 80
INCI DENCE ANGLE (DEGREES)
Fig. 2. A comparison with Lang [1981]
(f=1.1 GHz; a=10 mm; c=0.25 mm;
Cr-31+,1 1. 8) .

100
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nearly horizontal, we get °§H’°8v (Figure
1). When the discs arg oriented nore
nearly vertical, oyy>oxy (Figures 3-5).

In Figures 3-5, comparisons with measure-
ments at large angles of incidence are
shown (30°-80°). This angular range is
selected to avoid the ground effect in
backscattering. In the case of corn and
milo, it is known that these crops have
large leaves which do bend and twist in
their natural state. As a result, one
leaf may have several scattering centers
and, hence, is modeled by several discs.
The leaf thickness, however, should cor-
respond to disc thickness in modeling. Of
course, the dielectric property of the leaf
must be directly applicable in modeling
also. Figures 3=5 show that the leaves of
these crops are more nearly vertical than
horizontal and that among the crops con-
sidered, the leaf volume is the largest for
corn and the smallest for wheat, Reason~-

a—n THEORY

A oqually Itkety

and 30°< v < %0°

or vice versa
Measurements (Corn)

& VH
® HH
aw

MOISTURE CONTENT BY WEIGHT « 5%

BACKSCATTERING TOEFFICIENT o®i0) (48)

50 b & A & ohen J
& 60 ) 100
INCIDENCE ANGLE (DEGREES)
Fig. 3. Comparison with measurements of
corn (f=1.1 GHz; a=15 mm; ¢=0.167 mm;
€r®30.8+31.8).

o THEORY
A squally likely
and WS r< N
or vice versa
Measurements (Milo)
& VH

BACKSCATTERING COEFFICIENT i) WS}

® HH
W

MOISTURE CONTENT BY WEIGHT » 708

0 . E— o) T
INCIDENCE ANGLE (DEGREES:
Fig. 4. Comparison with measurements of
nilo (f=1.5 GHz; a=12.3 mm; ¢=0,2 mm;
Er-zst 52+J 2. 13) .

able level and trend agreements are ob-
tained in Figures 3~5 in both like &nd
cross polarizations.

6. CONCLUSIONS

By permitting arbitrary orientation in
modeling, reasonable agreements are ob-
tained between theory and low frequency
data (1.1-1.5 GHz) collected from corn,
milo and wheat. It is shown that when the
orientation of the leaves is restricted
[Lang, 1981; Tsang et al., 1981], the
ievels of offy and ofy are interchanged and,
hence, capnot produce agreement with these
crop dsaia,

APPENDIX: THE EULERIAN ANGLES OF
ROTATION AS A LOCAL FRAME

The coordinates described by the Eulerian
angles of rotation are obtained by three
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a

$

L)

°

8

b

g

2 m— THEORY

E # wqually likely

% and 30° S » S %0°
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guccessive rotations_ around the z axis, the
y axis and then the 2z axis again with an~
gles o, 8, and y, respectively (called the
y convention by Goldstein [1981]). The
resulting coordinates can be written as
[Arfken, 1970]
x' = ‘(cosycosBcosa - sinysina)x
+ (cosycosgsina + sinvcosa)§ - cosysingz
(A1)
y' = =(sinycosBcosa + cosysina)x
+ (-sinycosfsina + cosycosc)§ + sinysinei
(A2)

(A3)

2' = sinBcosax + sinBsinay + cosBz

If we use the coordinates described by
(Al), (A2) and (A3) as a local frame *o
describe the orientation of the scatterers,
we can substitute (5) into (A3). This
gives an expression similar to (6), i.e.,

SCATTERING FROM RANDOMLY ORIENTED DISCS

2 = kg * g0y * ey (A4)
where

Cey ™ sinelineicol(a-¢1) + cosBcos®, (AS)
toy ® sinBcosd cos(a-¢,) ~ cosBsind, (A6)
ty ™ sinBsin(a-Qi) (A7)

We see from (A6) and (A7) that they are
independent of angle y. Hence, when we
use (8) to represent the polarization vec-
tors in the local frame in terms of the
polarization vectors in the principal
frame, the system depends only on a and 8.
In fact (A6) and (A7) are a special case
of (7b) and (7¢) when y=0 and only two of
the three angles o, 8, and vy are indepen-
dent in the Eulerian description. Using
the spherical coordinates to describe the
local frame of the scatterer [Lang, 1981,
Figure 3] will lead to the same result as
the Eulerian angles of rotation with r, ¢,
and 6 corresponding to 2', a, and B, re-
spectively.

Another simple way to see the difference
between the xyz and y conventions is to
consider the special case £=0. Then the
xyz convention in (1)~(3) gives

)

x' = cosax + sina§ (A8)
§' - -sinacosyi + cosacosy} + ainy& (A9)
2' = sinasinyx - cosasiny§ + cosyz (ALD)

and the y convention in (Al)-(A3) gives

x' = cos(aty)x + sin(n+y)§ (All)
y' = =sin(aty)x + cos(aty)y (A12)
z' =2 (A13)

Thus the y convention depends only on one
angle, o+y, while the xyz convention still
depends on two angles a and Y.
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A COMPARISON BETWEEN ACTIVE AND PASSIVE SENSING
OF SOIL .MOISTURE FROM VEGETATED TERRAINS

A. K. Fung and H. J. Eom
Remote Sensing Labonratory

University of Kansas
Lawrence, Kansas, USA 66045

ABSTRACT

A comparison between active and passive sensing of soil moisture over
vegetated areas is studied via scattering models. In active sensing three
contributing terms to radar backscattering can be identified: (1) the ground
surface scatter term; (2) the volume scatter term representing scattering from
the vegetation layer; and (3) the surface-volume scatter term accounting for
scattering from both surface and volume. In emission three sources of con-
tribution can also be identified: (1) su~face emission, (2) upward volume
emission from the veget...on layer, and (3) downward volume emission scattered
upward by the ground surface. As ground moisture increases, terms (1) and (3)
increase due to increase in permittivity in the active case. However, in pas-
sive sensing, term (1) aecreases but term (3) increases for the same reason.
This self-compensating effect produces a 1¢ss irn sensitivity to chénge in
ground moisture. Furthermore, emiision from vegetation may be larger than
that from the ground. Hence, the presence of vegetation layer causes a much

greater loss of sensitivity to passive than active sensing of soil moisture.
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1.0 INTRODUCTION

Theories on intensity scattering [1,2] and emission [3,4] have been
developed for an inhomogeneous layer with irregular boundaries. To model a
leafy vegetation layer above an irregular ground surface the phase function
for a dielectric disk is needed (Appendix A) and the top layer boundary may be
removed [5]. Such a model is expected to be valid for vegetated medium where
scattering is dominated by leaves. Note that a real leaf is, in general, not
a flat disk but is curved and may twist, especially if it is long. Hence, 2
dielectric disk will model a scattering center on a leaf and a long leaf may
have several scattering centers.

For soil moisture sensing only polarized scattering has been used in
practice [6]. It is also known from experimental studies that the albedo of a
vegetated medium is usually around 0.3 or less [7,8]. This means that a
first-order solution of the radiative transfer equation obtained by assuming a
weak scattering medium can provide useful estimates. The computational proce-
dure to obtain the first-order solutions for both the active and passive
prcbiems are outlined in the next two sections. The relevant characteristics
of the scattering model is given in . ction 4 and those of the emission model
in Section 5. Comparisons with measurments are shown in Section 6.

2.0 THE FIRST-ORDER SOLUTICN FOR THE ACTIVE PROBLEM

Let us assume that the radiative transfer equations for the upward and
downward intensities, It and i', are applicable within the vegetation layer
(Fig. 1)
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- 2r Ll
] LY 5 o+
Vs dr " ~-|(e [ + el P(-us,u,¢s-¢) " du d¢
2n (1 _ -
g S P(ougs=uso =¢) 17 du d¢ , (2)

where Es' Ee are the volume scattering and extinction coefficient matrices,
respectively,; ug = coség, u = cos8; and 5( ) is the phase matrix. We assume

that the layer has no upper boundary and the boundary condicion at the lower

boundary is

- 2r .l
I+(-d.us.¢s) = %.,T S S ‘G(usolh¢s'¢) I du d¢ , (3) ,'
0 0

where a is the surface scattering phase matrix given in [2]. To account for
polarization effects the intensity column matrices contain the four Stokes
parameters as their elements [9]. Once the total scattered intensity for an a
polarized component I.,% of the intensity matrix at z=0 is found, the

scattering coefficient for this component is defined rezlative to the incident
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intensity IB of polarization 8 as

3 -

° . s/ 1
Ogg ® 4 mcos 8, I /10 (4)

The procedure to determine up to the first-order solution of (1) and (2)
subject to (3) is as follows:

(a) Expand 5, I into Fourier series with respect to the azimuthai angle
and consider one Fourier component at a time.

(b) Convert a Fourier component representation of (1) and (2) into inte-
gral equations.

(c) Use an N-point quadrature integration to rewrite the integrals with
respect to u in (1), (2), and (3) as a matrix product.

(d) Solve the resulting integral equations iteratively by assuming that

Ks is small.

The mth Fourier component of the scattering intensity including only the

zeroth-order and the significant terms in the first-order is
U U MR G ) LN (5)

where 1M is the mtP Fourier coefficient of the incident intensity. In (S)."

?1 represents surface scattering attenuated by the layer,
- K, .:d - <K .d
fie=e Pl g e P, | (6)

. -K__.d |
where fm=1/2. m=0, and f,=1/4, in>0, and e eP1" s the diagonal matrix defined

as
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Kel = Kev' extinction coefficient for vertical polarization,

Kez ® Kop» extinction coefficient for horizontal polarization,

Ke3 = Keg = (Kgy + Ke2)/2,
and p, i are the indices for the Stokes parameters and the quadrature points,
respectively, and " is the mth Fourier component of the surface scattering
phase matrix [2]. &* in (5) represents the volume scattering operator which
scatters a downward propagating intensity upward. Its elements are defined in

terms of the elements of the phase matrix for the Pq polarization component as

(K  .+K__.)d
+ - e @ epileq] ]
(npq)iJ Kg spi f pq(u1, u.) [1 e

(7)
(K )<l

epi*Keqj

where Kspi = Ksp/"i’ Ksp is the volume scattering coefficient for p polari-
zation, and My = cosej. The index j is also for denoting quadrature points

similar to 1 except it 1s used for the incoming polar angle direction. The

last term in (5), (Mf +f1N ), represents combined surface-volume scattering.

The matrix elements of M for the pq polarization element is
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-(K 1-K )d

13 (8a)

(K y-d

epi'Keqj

M may be interpreted as the volume scattering operator which scatters an
upward propagating intensity upward. Similarly, N~ is the volume scattering
operator which scatters a downward propagating intensity downward. Its

elements are

(Kos=K, s )d
= m . - ep1 'eqy -
Kspi fm qu( u.i, uj) [e 1]

(ney)

iJ (8b)

(K )=t

epi'Keqj

Since we assume a weak scattering medium, the dominant term in (5) is
(6), especially at small angles of incidence. On the other hand, the surface
scattering matrix in (6) can be a fast decreasing function of the incidence
angle 8. If observations were made at 8>25° it is possible for the other
terms in (5) to dominate. For soil moisture sensing only small & has been
used. Hence, the effect of the vegetation layer is mainly attenuation. As
soil moisture increases, both the surface and the surface-volume scattering
terms in (5) increase. Hence, the &ecrease in the surface scattering term d&é

to layer attenuation is ccmpensated partly by the surface-volume scattering

terms.

v

3.0 THE FIRST-ORDER SOLUTION FOR THE PASSIVE PROBLEM
. For the emission problem, the radiative transfer equations can be written
in terms of the upward and downward temperatures f*, T= and the temperature of

the layer, ?z. To account for polarization, T* is taken as a column matrix

Fraa



containing two elements, T, and T,, corresponding to vertical and horizontal
polarizations. Since natural emission is incoherent the third and fourth
Stokes parameters are zero. It is usual to assume that Tt are independent of
the azimuth angle [10]. Thus,

+

dT VR o+
Ms g =t Ke T +K T+ F (9)
a1" . == o, = o=
bsq " Ke T =K T+ F (10)
where
- 1 - - -
FE - %’ S Kg Pltug,u) T™(z,u) du
0
1 - - -
+% S KS p(tus,"\v') T‘(Z,u) du ’ (11)

0

where B(tus.u) {s the zeroth-order Fourier component of the phase matrix; Ka

is the absorption coefficient matrix (Appendix A). The boundary condition of

the ground surface is

1

T (-d) = X Glugon) T (-dou) du + & T, (12)
3, .

where G is the zeroth-order Fourier coefficient of the surface phase matrix,
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eg is the emissivity of the ground surface, and fg is the temperature of the

ground medium. The procedure to solve (9)-(12) up to the first-order assuming

small Es is the same as in the active problem given in the previous section

when we leave out step (a). The solution for f*(o

and significant terms in the first-order is

»u) including zeroth-order

K. ;d

;+(0,ui) = [I - e- el

+ Mz - Ml - M3] (1"0)) Tz

K .d - - / K _.d\ =
+ (e ei” , MI) {o.s G(ui.uj) (1-w) (1-e ® ) T,

‘e Tg} , (13)

where i is the identity matrix; w is the albedo of the layer; Mi» uj are the

outgoing and incoming direction cosines corresponding to the points chosen for

an N-point quadrature integration; and e et is the diagonal matrix,

-E d -K_d/u =K _d/u =K _ d/u
e ¢, Diag [e ev 1,.... e & N o eh 1., e

'Kehd/"N]

In (13), 1<, §<N. The matrices My

22,3 represent volume scattering operator§
and their elements denoted by (m

pq)ij for a polarization component pq (p,q=v
or h) are related to the elements of the phase matrix P as

-K_ .d K, _.d
= epi - eqj -

K

K .d
= . e lepi )
(mZPq)iJ 0.5 KSpT [qu(uf.u‘]) + qu(uls NJ)] (1 e /Kep'i ’



 punt S S

(K. .+ .)d
(Mgpg) = 05 Kepy Poalugung) [1 - e T ek ko)
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where Kspi'Ksp/“i' Kepi'Kep/"i' and Keqj'Keq/"j’ In (13) terms involving ﬁ
represent the first-order corrections to the zeroth-order terms. It fis
interesting to note that irrespective of order the major sources of emission
are the upward and downward emissions of the layer and upward emission from
the ground. These source emissions can either propagate directly or be scat-
tered by the layer boundary towards the point of observation with an appro-
priate amount of attenuation (zeroth-order terms). They can also be scattered
by the layer inhomogeneities with or without additional scattering by boundary
towards the point of observation (first-order terms). Terms which represent
scattering of these emissions first downward and then upward by the ground
surface have been ignored in (13).

Usually the upward emission from the layer is at least comparable to that
from the ground for a fully grown vegetation cover. Hence, the ground
emission term cannot dominate the total emission. The downward layer emission
which is scattered upward by the ground is also sensitive to soil ﬁoisture
condition. Its increase with the increase in soil moisture compensates the
simultaneous decrease in gruund emission. As a result the sensitivity to soil
moisture can be reduced by 50% or more when the optical depth of the layer is

0.4.

4.0 SCATTERING CHARACTERISTICS OF A VEGETATION LAYER

In this section we want to show the relative contributions of the terﬁs
in (5) as a function of the incidence angle at different albedo, optical

depths, and ground permittivities. For the purnose of illustration, Kirchhoff

.
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surface model written in series form [11] and Rayleigh phase matrix [2] are
used in Figs. 2-5. Fig. 2 illustrates the contributions of the three types of
terms discussed in Section 2 at an optical depth of 0.1. It is seen that the
surface-volume scattering term is much more important for horizontal
polarization than vertical polarization at large angles of incidence. Fur-
thermore, the horizontally polarized surface-volume scattering term also
becomes comparable to the volume scattering term at large angles of inci-
dence. This is true particularly when the ground moisture is large while
optical thickness is relatively small. In this case, soil moisture sensing is
possible at large angles of incidence even though the surface scattering term
is smail at these angles. Fig. 3 shows that for thicker optical depth the
surface-volume scattering term becomes comparable to the surface scattering
term at much smaller incidence angles than when the optical depth is small
(Fig. 2). This implies that the surface-volume scattering term tends to
reduce the loss in sensitivity to soil moisture sensing as optical depth
increases. In Fig. 4 the backscattering coefficients for the three types of
terms in (5) are plotted versus the optical depth at two different permit-
tivities when the incidence angle is 8.6°. The surface-volume term is small
compared with the surface term. When the same'ca1culations are repeated at
20° incidence in Fig. 5, we see that the surface-volume scattering term -
becomes important and can exceed the surface scattering term if optical depth
is large. Since soil moisture sensing is usually conducted between 10° to
20°, these results indicate that surface-volume scattering terms tend to

reduce the loss in sensitivity of tthe surface scattering term when the optical

-depth is large (t>0.4). To summarize these results, the ratio of the change

in the backscattering coefficients between a wet (soil permittivity = 18) and

a dry {soil permittivity = 3.5) sofl condition, with vegetation cover present

10
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to that with no vegetation cover is plotted in Fig. 6 using the disc phase
function (Appendix A). This ratio fs shown as a function of optical depth.
It depicts the loss in sensitivity in sensing a vegetated soil versus a bare
soil. As expected the loss in sensitivity increases with the increase in

optical depth or albedo.

5.0 EMISSION CHARACTERISTICS OF A VEGETATION LAYER

The angular characteristics of emission from a wet (e=25) and a dry soil
(e=4) surface with vegetation cover is shown in Fig. 7. Unlike surface emis-
sion, there is very little difference in angular treids between horizontal and
vertical polarizations at an optical depth close to unity. Note that the
zeroth-order theory [(13) without the M;-terms] in common use is quite inade-
quate unless both albedo and optical thickness are very small. This point is
illustrated in Fig. 8 where zeroth, first, and exact {(numerical) solutions are :
compared.

In Fig. 7‘the level of upward emission by the layer is much higher than
the emissions by the soil surface at all nadir anglies even for the dry soil
case. At smaller optical depth (t<0.8) (Fig. 9) surface emission may be com-
parable or higher than layer emission. The surface emission term is higher
and the I term (downward'emission scattered upward by the soil surface) is -
Tower for the dry case than the wet case. This shows that the change in 5611
emission due to change in moisture is reduced by the term in general. As
albedo decreases it is expected that layer emission will increase while sur-
face emission may suffer a slight decrease. |

Thus, for the same optical depth, a smaller albedo leads to a smaller
difference in total emission between the wet and the dry soil conditions

because the upward layer emission is larger and surface emission is somewhat

11 . : i
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Tower. In summary, the ratio of the change in emissions from a wet and a dry
soil surface with vegetation cover to that from the same surface without
vegetation cover is shown as a function of optical depth in Fig. 10 using the
disc phase function. It is seen that a larger albedo results in a better
sensitivity to soil moisture change because scattered contribution from soil
surface has increased while the upward layer emission has decreased. Upon
comparing Fig. 6 with Fig. 10, it is seen that, in general, vegetation causes
a more severe degradation in sensitivity on passive sensing thah on active
sensing. It is interesting to note that while larger layer albedo helps to
improve the sensitivity somewhat in passive sensing, it has a significant

adverse effect on active sensing.

Summary of Layer Parameter Effects On
Soil Moisture Sensing

Layer Sensitivity Sensitivity
Parameters Active Passive '
w / N\ /
t /! N\ N\

6.0 COMPARISON WITH MEASUREMENTS

The reductions in sensitivity for the active (Fig. 6) and passive (Fig.
10) sensing of soil moisture are computed from reported measurements and
plotted in Figs. 6 and 10, respectively. The procedure used to generate the
data points in Fig. 6 is as follows:
(a) Scattering coefficient, o°, measurements at 10° incidence angle,
C-band, HH polarization, on bare soil, wheat, corn and soybeans
are taken from [12,13,14]. 0¢° measured from wheat, corn, and

soybeans will be referred to as o° (total).

12



[ s eten T o

(b) Regression lines are generated for each crop and bare soil in the
form of o° versus soil moisture. An example is shown in Fig. ii.

(¢) To estimate optical depth at 10° incidence for a given crop, we
plot o°(total) versus o°(bare soil) for various values of sofl
moisture [6]. This plot is in real numbers. Since o°(total) =
(exp(-21/cos6)] o°(bare sofl) + o°(crop). the siope of the re-
gression line of o°(total) versus ¢°(bare soil) is equal to
exp(-2t/cos6). Hence, the optical depth T can be estimated [6].

(d) Knowing the optical depth, we can use the regression 1ines for

c®(total) and o°(bare soil) to find a vulue for the ratio,
[oodB(wet) - oodB(dry ):‘

total
[} []
I} dB(wet) -0 dB(dry)]

bare soil
which is plotted as a data point on Fig. 6.
The data points in Fig. 10 are obtained from the emissivity data reported
by Wang et al. [15]. The procedure is as follows:

(a) The regression lines on the emissivity data obtained by Wang et
al. [15] for various vegetations versus moisture (or permit-
tivity) are fitted by the theoretical model [(13)]. It turns out
that there is no appreciable difference between the theoretical
and the regression lines. Hence, each line in Fig. 12 represents
both regressfon and theoretical lines. It is found that the

. slope of the regression line is sensitive to the optical depth,
while the level is sensitive to albedo. Hence, each fit provides
an estimate of both albedo and optical depth (Fig. 12) for a
given vegetation layer.

() Knowing albedo and optical depth for a given vegetation layer we

13
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can compute the ratio

[T(wet3 = T(dry) ]y oean
[T(wet) - T(dry)]

bare soil

and plot it as a data point in Fig. 10.

7.0 CONCLUSIONS

Scattering and emission theories up to the first-order are derived and
expressed in a form which permits easy identification of the zeroth- and
first-order terms as well as simple interpretation of the scattering and
emission processes. Upon comparing the loss in sensitivity in soil moisture
sensing due to vegetation cover, it is found that the loss is less in active
sensing than passive sensing. One reason is that the volume-surface
scattering term contributes positively in active sensing, while the downward
emission scattered upward by the ground surface contributes negatively in
passive sensing. Another reason is that emission from vegetation is of the
same order as that from the ground while scattering from the ground is usually

much larger than that of the vegetation at small incidence angles.
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APPENDIX A: Disc Phase Function and Extinction Coefficients

phase matrix for a dielectric thin circular disc may be written in

the scattering amplitude matrix f [16] given as

_ AT, AT
felk®an (1) 9y (aq2a)] o| . = .1
(Aen)Tehy  (Ah) TR,

(A=1)

k = 2r/) : free space wave number,

a : radius of disc,

L : thickness of disc,

e : permittivity of disc,

Jp : first-order Bessel function of the first kind,

qttk[(sinescos¢s-sinecos¢)2+(sinessin¢s-sinesin¢)2],

8 and 6 are polar scattered and incident angles, respectively,

¢ and ¢ are azimuthal scattered and incident angles, respectively,
(see Fig. 1 for geometry)

~ ~

» Vg and hs are unit polarization vectors as shown jn Fig. 1,

-
X

(=sin¢, cose, 0)
= (cos6cosée, cosesing, -sine)

= (-sin¢s, cos9, 0)

» Y € TFd K
("]

Vg * (cosescos¢s, cosessin¢s, -sines)

; is a three by three matrix given as

17




o .

T 0 0 |
A=l o 1 0 (A-2)
0 .
0 0 a,/a,

where

2
ao =1+ ez'c- (ﬂ"l) AO

2
a; =1 +9-2£ (e-1) A

0.5 0.5
«1.5 2 2 2
e (a2 2 -c{a%-cc) n -1f ¢
Ay = (a%=c®) { 3 + % - tan (-;2—,_‘:‘) ]

2 2 -1.5 !az-czloas T -1 c2 0+
Ay = 2(a¢-c®) < - 7+ tan (—7-15)

In the above, a and ¢ are major anrd minor semi-axes of an ellipsoid. Note
that the symbol T in (A-1) denotes transpose of a column matrix.
From (A-1), the phase matrix P may be constructed as
p=a4nkln, <o
s 0
where o is the Stokes matrix expressible in terms of f {9, p. 35] and ng is
the number density of discs. <> denotes averaging over three modified
Eulerian angles [17] which account for the orientations of a disc.

The extinction coefficient matrix K, is given as

Ke = diag(Kv, Kp» K3s K4)

P

(%)

T NP T ay



]

where

Ky = Kay * Kgy
R Kp = Kan + Kgp

K3 = Kg = 0.5(K,+Kp,)

The scattering coefficients K, and K¢, are

p

- 2 2
Key = Mg do <|fvv} + |fhv| >

3

2 2
sh = Mo do <|fhh| + lfvhl >

v

| where [da denotes integration over the solid angle 4n. The absorption coef-

ficients K,, and K, are [9, p. 17]

2

Ky, = Mg k € 7 a% ¢ <|Awv (2>

av

Kap = Mg k € 7 a2 & <|Ash | %>

where €" is the imaginary part of the disc permittivity e.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

FIGURE LEGEND
Geometry of the scatter and emission problem.
Angular behavior of backscattering coefficient of Rayleigh layer
above irregular ground. (w=0.1, t=0.1, ko=0.1, k2=10; where w :
layer albedo, T : layer optical depth, o : standard deviation of
rough surface height, 2 : correlation length of rough surface
height, € ! ground permittivity, and T = S+I+V, where S : surface
scattering term, I : surface-volume scattering term, V : volume
scattering term).
Angular behavior of backscattering coefficient of Rayleigh layer
above irregular ground. (w=0.36, 1=0.98, ko=0.1, k2=10; and T =
S+I+V, where S : surface scattering term, I : surface-voiume
scattering term, V : volume scattering term).
The effect of optical depth on HH-polarized backscattering
coefficient at the incidence angle 6=8.6°. (w=0.3, ko=0.5, k2=10;
and T = S+I+V, where S : surface scattering term, I : surface-
volume scattering term, V : volume scattering term).
The effect of optical depth on HH-polarized backscattering
coefficient at the incidence angle 6=20°. (w=0.3, ko=0.5, k£=10;
and T = S+I+V, where S : surface scattering term, I : surface-

volume scattering term, V : volume scattering term).

20



Figure 6. Sensitivity reduction in backscattering due to a vegetation cover
of optical depth 7. (ko=0.5, k2=10; and Sensitivity Reduction =
[°§B(WEt) - °:B(dry)]tota1/[°g8("et) - °:B(dry)]bare sof1’ Wet
ground ¢=18; dry ground €=3.5.) The disc phase function is used:
disc thickness = 0.2 mm, disc permittivity = 23.4+j4.7, frequency
= 4,3 GHz; case (i) radius of disc = 1.3 cm, volume fraction of

discs = 0.35% (equivalent albedo = 0.3); case (ii) radius of disc

= 0.75 cm, volume fraction of discs = 0.2% (equivalent albedo =
0.1).

Figure 7. Angular behavior of emission of Rayleigh layer above irregular
ground. (uw=0.36, 1=0.98, ground rms slope = 0.15, ground (soil)
and Rayleigh layer temperature = 290°K, and T=V+I+S, where V :

Aoy S, . E o ]

layer upward emission, I: layer downward emission scattered upward
i by soil, S : soil emission scattered and attenuated by layer).

Figure 8. Comparisons between numerical, first-order, and zeroth-order

-~ —aa

solutions in emission for different albedo w and optical depth

T. (The ground is assumed to be a plane. Ground and Rayleigh

v p————

- layer temperature = 300°K.)

i , Figure 9. The effect of optical depth on brightness temperature at the nadir
? angle 6=5.6°. (w=0.3, and T=V+I+S, where V : layer upward -
emission, I : layer downward emission scattered upward by soil, S
: soil emission scattered and attenuated by layer, ground and

Rayleigh layer temperature = 290°K.)
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Figure 10.

Figure 11.

Figure 12.

Sensitivity reduction in emission due to a vegetation cover of
optical depth.t. (o : albedo, 6 : nadir angle, ground rms slope =
0.15, Sensitivity Reduction =

[T(wet) - T(dry)]tota1/[T(wet) - T(dry)]bare cof]® Wet ground
e=18, dry ground €=3.5, T : horizontal polarized brightness
temperature.) The disc phase function with the same parameters

as in Fig. 6 is used.

Backscattering coefficient as a function of soil moisture content
me for wheat field at C-band, 10° incidence angle.

Linear regression fit of emissivity from different vegetation as a
function of soil moisture content m,. (Albedo w and optical depth
T are estimated by fitting the theory to a given regression fit.
The ground permittivity €=3.5 and 18 are assumed to correspond to

the soil moisture m =7% and 21%, respectively.)

22
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