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A. COMPARISON OF THE HORIZONTAL MAGNETIC DIPOLE
WITH THE HORIZONTAL ELECTRIC DIPOLE IN GEO-
PHYSICAL SUBSURFACE PROBING

Joint Services Electronics Program (Contract DAAB07-74-C-0630)

Wing-Cheung Chan, Jin-Au Kong, Leung Tsang

The use of a horizontal electric dipole (HED) in geophysical subsurface probing with
’¥ In this
report similar calculations are performed for a horizontal magnetic dipole (HMD) by
using the reflection coefficient formula.tion3 and the saddle-point method, and the cal-

the electromagnetic interference fringes method has been studied extensively.

culations are compared with those obtained for a horizontal electric dipole.

The radiation patterns in the broadside direction are compared in Fig. VIII-1. The
angle at which the coupling power is maximum occurs at the critical angle sin_l (1/n),
where n is the refractive index of the half-space medium. The radiation patterns in
the end-fire direction are compared in Fig. VIII-2. It is found that the angle of maximum

20}

-30

-40
HED

-50

Fig. VIiI-2.
Radiation pattern for HMD and HED at ¢=

0. (Values for HED from Tsang and Kong.z)
HMD: €, = 3.2. HED: €, = 3.5.

Fig. VIII-1.

Radiation pattern for HMD and HED at ¢ =
90°. (Values for HED from Tsang and

Kong.?) HMD: € =3.2. HED: € =3.3.

-

PR No. 116 61

JSEP

JSEP



JSEP

56

asf

a2t

335G

W 281

21

HALF-SPACE

FIRST REFLECTED TERM

SECOND
5 REFLECTED TERM

. it . 1 L J o]

5 8 " 14 17 20 2
DISTANCE IN FREE-SPACE WAVELENGTHS

{a}

8 1 14 7 20

DISTANCE IN FREE-SPACE WAVELENGTHS

(b}

Fig. VIII-3. (a) Interference pattern for E,.

Table VIII-1.

€ = 3.3

62 = 5001

(b)

d = 4\
LT = 0.005
Comparison of the half-space solution

with the reflected terms.

61 =3.3
€2=5001

d =4\
LT = 0.005

Comparison of HED and HMD.

HED HMD
Field Components
Broadside g TE g TB y TE g ™M p TM g TM
z $ P z $ P
. ™ TM T™ TE TE TE
f ’ H ] s
End fire EZ H¢ Ep HZ E¢ Hp

Radiation Pattern

Upper medium

Lower medium

Broadside angle

End-fire angle

-g— [xil (6) sin2¢

+ y?o(e) cosze cos2<|>:,

2|15 @2 sine

+ Iyol(d) I 2 cos’a coszq;]

sin~! (1/n)

sin'l( 2 )1/2
l+n2

31.2 . 2

g[yol(e)sm ¢

+ x?o(e) cosze coszcb:l

. 3 1/2

171 2 .. 2
—3 [lylo(a)| sin"¢
pLoeo

N|w

+ Ixol(a)l2 cosza coszcb:]

sin”! (1/n)

1/2

sin—l 1 + n2
2n2

PR No. 116

62




(VIII. ELECTRODYNAMICS OF MEDIA)

power coupling for the HMD occurs at sin~! V4 2/(1+n2), while for the HED it occurs at JSEP

sin—1 A/ (1+n2)/2n2. Thus for the HMD this angle ranges from 0 to 90°, while for the
HED it only spans 0-45°.

Figure VIII-3a shows an interference pattern for E, for a highly reflecting subsurface
situated 4 free-space wavelengths below the surface. The occurrence of the high peak
is illustrated by the first reflected term in Fig. VIII-3b, which evidently is due to the
power launched into medium 1 at the critical angle.

In Table VIII-1, the corresponding field components in the broadside and end-fire
directions are listed. The formulas used in calculating the radiation patterns are also
compared.

The implication of these results is that the HMD may be more effective in subsurface
probing than the HED. In the broadside direction power is more concentrated at the
critical angle; hence, there is a sharper peak in the interference pattern. Note that
these calculations are performed for a horizontal magnetic dipole on the surface of the
probing area. In actual experiments, the HMD may have to be elevated. By using the
reflection coefficient formulation and similar techniques, field components can be cal-
culated in detail.
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B. EFFECTS OF SCATTERING AND NONUNIFORM TEMPERATURE
DISTRIBUTIONS ON BRIGHTNESS TEMPERATURE IN REMOTE
SENSING

Joint Services Electronics Program (Contract DAABO07-74-C-0630)

Leung Tsang, Jin-Au Kong

In passive remote sensing of the Earth with microwaves, the brightness temperature
reading of a radiometer depends on its angle of observation and on the microwave emis-
sive properties of the observed area. Various theories have been developed for inter-
pretation of data collected from satellites and spacecraft, with a half-space dielectric
medium used as the model. It is well understood that in snow, ice, or desert areas the

subsurface temperature profile, absorption, and scattering are dominant factors in the Eﬁ:
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surface-brightness temperal:ure.1 '2 Assuming uniform temperature distribution, Gurvich
and his co-workers derived expressions for the brightness temperatures of a half-space
random medium with a laminar sl:ructure.3 Using a radiative transfer approach, England
considered a nonuniform temperature profile and assumed an isotropic scattering phase
function. Si:ogryn5 examined the brightness temperature of a vertically structured
medium with no scattering. Using a perturbation approach,6 he also studied scattering
by random dielectric constant fluctuations in the low-frequency limit. In this report we
solve the problem of microwave thermal emission from a half-space medium with a
laminar structure and nonuniform temperature profile by using the radiative transfer
approach.

For a half-space medium with constant absorption and scattering coefficients, the
brightness temperature is determined by the following simple closed-form formula7

2k_(1-r )
T, = a_ ot {T +—“—T}, : (1)

B _ _ O a+ycos®H
(a+Ka) rot(a Ka)

where we assume that the temperature distribution has the profile
= YZ
T(z) = T, + Th e'”, (2)

In (1) Tot is the reflectivity of the medium, 6 the observation angle, Ky the absorption
coefficient, and

a = (K +k) /(1 —8)[1 —%Pf +§Pb]. (3)

In (3) Kg is the scattering coefficient, Pf the forward-scattering function, Pb the
backward-scattering function, and the scattering albedo is

K
S

K_ + K
a ]

®= . (4)
We shall now examine several special cases.
(a) For a medium with uniform temperature distribution and no scattering, Th =0,
Ko = 0, and a = K- Thus

Tg = (1-ry )T (5)

The emissivity is seen to be given by 1 - r This result also agrees with that obtained

ot’
by reciprocity arguments.

(b) For a medium with no scattering, k= @=0. Thus

KaTh.
TB = (l-rot) (To + N + y cos 9) : (6)
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As a numerical example, we consider the subsurface temperature distribution of the JSEP
Amundsen-Scott Station in Antaur'ctica.8 The temperature profile is first fitted with expo-
nentials. For April 1, 1958, we find that T(z) = 222 + 81 e*" 1% - 88 0+ 0% The bright-

ness temperatures as a function of frequency at the nadir are shown in Fig. VIII-4 for

230 -

220 e T(2)

210
€ms18

F €1+ 000054

BRIGHTNESS TEMPERATURE (K*®)

190

0 ! 2(‘)0 : 4(;0 ' 5‘;0
FREQUENCY (GHz)
Fig. VIII-4.

Brightness temperature without scattering as a
function of frequency for the temperature distri-
bution at the Amundsen-Scott Station in Antarctica.

€m = 1.8(1 +i0.003) €5 It is seen that at very low frequencies TB is determined by
the temperature at greater depth, which is essentially a constant To = 222 °K, with the
emissivity of ice surface approximately e = 0.978. As the frequency increases, the
subsurface temperature becomes more important. At very high frequencies the bright-
ness temperature approaches the value e(T0+Th), as seen from (6).

(c) For a medium with scattering and uniform temperature distribution, Th = 0. Thus
we find

ZKa(l-rot)
TB = TO. (7)
(a+l<a) - rot(a—Ka)

Numerical results are presented in Figs. VIII-5 and VIII-6 and compared with those
obtained by Gurvich et al.3 We see that for the Shelf glacier (Fig. VIII-5), higher bright-
ness temperatures are predicted with our model. The reason is that Gurvich's results
are applicable to small-scattering cases, whereas the scattering albedo for the Shelf
glacier is rather large. For the Continental glacier (Fig. VIII-6) where the scattering
albedo is quite small, both models agree quite well except at resonance where the
scattering is largest.

(d) For uniform temperature distribution and small scattering albedo, we expand (7)

to first order in & cast in a form to compare it with the results obtained by Gurvich et al. JSEP
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JSEP 1-r_ k% AL
T Ty = (I-r_) (1~ 0ot m
B ot

T.. (8)

" 2,2 2 )
8km cos 9(1 +4km£ cos~ @

This expression differs from their result, since they have cos © o in the numerator
instead of cos 6 in the denominator as shown in (8). By using the wave a.pproach,7 we
have an alternative derivation that confirms (8). .

Numerical results are given in Fig. VIII-7 to compare brightness temperature for
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TE and TM waves as a function of radiometer viewing angle 6 o’ with temperature profile JSEP
T(z) = 222 + 34 exp[0.8lz]. Clearly, scattering lowers the brighiness temperature at
all viewing angles.
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C. INTERPRETATION OF REMOTE SENSING DATA

Joint Services Electronics Program (Contract DAAB07-74-C-0630)

Masato Nagase, Donald Chu

A twd-layer model1 has been used to match microwave emission data of fresh water
ice and snow as measured by Schmugge et al.2 The emissivity of the two-layer medium
is governed by seven parameters: d, e'l, 6'1', €, €3, 2, and P, where €, = ¢} + i€ and
€, = e:;_ + ieé‘ are the complex dielectric constants of the top and the bottom layers, d is
the thickness of the top layer, z o is a characteristic correlation depth of the refractive
index n = ni + ini' = (ei +i€i‘)1/2 of the top layer, and P is related to the variance o‘io

2
- 1"
by P = (ni/nl)o-no.

Table VIII-2. Emissivity of the two-layer medium.

Bear Lake Steamboat Lake South Cascade Lake

dm 0.15 0.8 0.5
Ei 3.2 2.2 2.9-3.2
6'1' 0.04-0.048 0.04 0.095-0.11
eé 80' 60-80 70-80
62 80 0-80 0-20
P 1.1-1.6 1.34-1.38 0.35-0.45
z, mm 0.8-1.2 0.37-0.4 0.5-0.65

S. C. Glacier, P-3 S. C. Glac‘:ier, P-1 S.C. Glacier, P-0
dm 8.4 6.8 4.9
ei 3.1 2.7-2.8 2.6-2.7
ei‘ 0-0.0004 0-0.0004 0-0.0008
eé 3.0-3.2 3.1-3.2 3.0-3.2
Eé' 0.004-0.05 0.004-0.05 0.03-0.05
P 1.8-2.1 1.9-2.0 1.75-2.3
z _mm 0.75-0.9 0.9-0.95 0.5-0.8

PR No. 116 68



EMISSIVITY

EMISSIVITY

€12324004i o862V . )
€280 +80i €« =22+0.04i €:=294+0095i
Pl A €= 80+ 13i 2280+ 20i
P=1.36 P:0.45
- Zg=l.2mm - -
08 ;=O.I5m 10 2o 0.4 mm 1.0 26= 0.6 mm
X 0769 d:08m 4:0.5m
X x
0739H o925x 0914 %0330 x0923 094l
09 |-
08 [~x0.798
o7 o7 |
0459
¥ 1 1 I I Ly ! ! L I 1 I 1 1 1 | \ )
143 273 50 1071 1935 375 143 273 50 1071 1935 375 143 273 50 1071 1935 375
(a) (b) (c)
€226 + 0004 € =2.8+0.0001i «=3.1+0.0002i
b e2:32+0.0002i €2=3.2+0.008i €2:3.2+0.004i
10} P=23 10 Bete 10F P20
2,:0.8mm 2,:0.9mm 24+ 0.85mm
d=4.9m d‘G.Smx d-=8.4
X 0952 0955 %0.940
td 0768 H
0.756 0754
x
o7 | o7 F 07 |- 0724
| 1 1 | 1 1 1 | 1 | 1 1 1 { 1 i | [
143 273 50 1071 1935 375 143 273 50 1071 1935 1375 .43 273 50 1071 1935 375
FREQUENGY (GHz) FREQUENCY (GHz) FREQUENCY (G
(d) (e) (f)
Fig. VIII-8. Results of matching microwave emission data of fresh water ice
and snow. (a) Bear Lake, (b) Steamboat Spring, (c) South Cascade
Lake, (d) South Cascade Glacier, P-0, (e) South Cascade Glacier,
P-1, (f) South Cascade Glacier, P-3.
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JSEP The remote sensing data are matched by inspection and by an automatic inversion
scheme, implemented with the MACSYMA computer system. The results are illustrated
in Fig. VI1II-8 and summarized in Table VIII-2. They agree quite well with ground truth

measurements.
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D. CALCULATION OF THE BRIGHTNESS TEMPERATURE OF
AN INHOMOGENEOUS MEDIUM WITH THE FLUCTUATION-
DISSIPATION APPROACH
California Institute of Technology (Contract 953524)
Leung Tsang, Eni G. Njoku, Jin-Au Kong
With the fluctuation-dissipation approach we calculate the brightness temperature

of a stratified medium with inhomogeneous permittivities and nonuniform temperature,

using a stratified model expressed in the following form:

=~ 3 € 791
TB(k, w) = k™ cos © Z — dz! Tl(z')

€
=1 °°9
R . ik, 2 . ~ik, 2] ®
E;e(kz) Aieﬁ(_kiz) e + Bﬁeﬁ(kﬁz) e
1 " A ikizzt A —ikﬂzzl 2
+ k_z h(k,) Cﬂhﬂ(—kﬂz) e + Dﬁhl(kﬂz) e , (1)
where
A 1 A A
Sglk) = ————75 {xk - yk } 2)
k“+k )
X 'y
A 1 A -
hylk,) = l—{z {e!Z X kﬁ}. (3)
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Here e is the observation angle, EE is the imaginary part of the permittivity in layer £,
Ti(z')is the temperature distribution in layer £, and Al’ Bﬂ, Cﬂ, and Dﬁ are wave ampli-
tudes in region £ that are related to those in other regions by propagation mal:rices.1

In Fig. VIII-9 the brightness temperature as observed from the nadir is plotted as a
function of frequency for the following profiles:

el(z) = 9.0(1+i0.1) - (5.5+i0.83) e
et(z<-20 cm) = 9.0(1+i0. 05)

T(z) = T, + AT PZ

Tt = T(z=-20 cm)

with a = 0.02 cm ', b=0.1 em™L, T, = 280°K, and AT = 20°K. Note that there is an

abrupt change in the permittivity profile at z = -20 cm. At low frequency there is

270

| AT =-20°K
265
260
2551 Fig. VIII-9.

ST Brightness temperature as a function

250F of frequency.
245

L AT=20°K
240

N S R R R R T

FREQUENCY ( GHz)

270 1

x\STRATIFIED

260 | MODEL

Ts
:

250

240

230 -

| s aeaanl ool L
ol | 10
FREQUENCY (GHz)

Fig. VIII-10. Brightness temperature calculated with the stratified
model and compared with the WKB result.
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interference. In Fig. VIII-10 we illustrate the brightness temperature from the nadir
calculated for the following profiles:

€,(z) = (2.88+i0.34) e™°7

€t=€l(z=—l m)

bz

T(z) = 300 - 20 e for -0 <z <0,

1 1

and b=3m ~. The result calculated with the stratified model is found
to agree very well with that calculated with the exact formulas for this case.

When the permittivity profile is smooth enough that the WKB approach?' is valid, the
brightness temperature can also be calculated and expressed in the following form:

lg(0)] g'(z)
lg(z)] g'(0)

witha=2m

0
T, = (1-r T f dz 2T(z) g"(z) exp[2 foz ds g"(s)] (4)
- 00

f(z) |g(0)] g'(z)
£0) |g(z)| g'(0)

0
T = (-r™M) 5 dz 27T(z) g"(z) exp[2 [ 7 ds g"(s)], (5)
—00
where
2 2 2 2,2
g (z) = € k" -k kg =(g'(z) +ig"(z))
2 .2 . .2
letz)| + x5 +

f(z) = .
|6r(2)|

Here rTM is the reflectivity for horizontally polarized waves, rTE is the reflectivity
for vertically polarized waves, and er(z) is the dielectric constant of the inhomogeneous
medium. To illustrate the use of (4) and (5), we plot the WKB result in Fig. VIII-10 to
compare it with that obtained from the stratified model. We note that the WKB result is
quite accurate on the high-frequency side where the CPU time with WKB is also less as
compared with the stratified method.
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