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ABSTRACT

This report reviews the fundaméntals of microwave radiometry,
including radiation theory, antenna effects and instrument design.
The parameters of a surface which control 1ts brightness temperature
at microwave frequencies are reviewed and related to other parametérs
which characterize the surface. Among these, the role of the complex
dielectric constant and its dependence on moisture and ifon content,
and the effects of surface roughness are discussed. A number of
observations of the brightnesss temperature of terrestrial surfaces
are reviewed, interpreted on the basis of model surface properties,

and considered as potential applications of the instrument as a
remote sensor,
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THE MICROWAVE RADIOMETER AS A REMOTE
SENSING INSTRUMENT

I. INTRODUCTION

_Although imaging microwave radiometers were first developed
almost a decade ago, it is only in the last year or so that imagery
of reasonable quality has been accessible to the general scientific
‘public. Thus it is still premature to speak of the applications
of microwave radiometry to remote sensing. The empirical studies
of correlation between features of the imagery and those of the
terrain it represents, the development of detailed correspondences
between observed radiometric temperatures and significant physical
properties of the surface, the quantitative interpretation of those
temperatures in terms of the electrical and structural properties
of the surface, in short, all of the supporting studies which can
“convert an interesting picture into a scientific tool are as yet
in thefr infancy. ‘

Nor is it 1ikely, given the particular limitations of ‘this sensor,
that it can ever occupy the role of photographic, radar, or infrared
imagery. Nevertheless, there are a number of questions, particularly
those involving the distribution of water in the upper few meters of
the earth's surface, to which the microwave radiometer may make sig-
nificant contributions. It must certainly be expected that, as with
other sensors, experience with the imagery will lead to many applica-
tions not now obvious.

This survey, it is hoped, will provide the kind of background in- -
formation that will allow the geoscientist to make more effective use
of the forthcoming imagery. The first sections review the nature of
thermal radiation at microwave frequencies, and the characteristics of
.the instrument used to measure it. We have then tried to show how the
attenuation in and thermal emission from the atmosphere degrades the
imagery, and how the surface roughness and dielectric constant (par-
ticularly the dielectric constant of water) determine the radiometer
~output. A final rather brief section is concerned with the applications
of the imagery.

I1. THERMAL RADIATION AT MICROWAVE FREQUENCIES;
ANTENNA PARAMETERS

It is well known that every body at a finite temperature emits
electromagnetic radiation over a wide range of frequencies and polari-
2ations, and that both the total radiated power and the power in any
spectral band increases with the temperature of the body. The nature
of this radiation is best described by considering a volume (hohlraum)
enclosed by walls maintained at some temperature T (see Fig. 1). If
we now consider a small area dA within this isothermal:-enclosure, a
certain amount of energy will flow through dA in a short time dt. If

1



WALLS MAINTAINED
AT T° K

Fig. 1. Radiation in an isothermal enclosure.

we ask how much of this energy has frequencies in the small interval
df between f and f + df, and is coming towards dA from within a small
cone of solid angle do about the normal to dA, then we find

(1) dE = B(f,t) dAdfdtdo

where the constant of proportionality B(f,t) (watts-meter“2 -

steradian-1 - Hertz=1) is referred to as the "specific intensity"

or "spectral brightness" of the thermal radiation for that temperature
and frequency. It is a consequence of Planck's radiation law that for
the black-body radiation within the enclosure, B(f,t) has the form

(2)  B(F,T) = (2h¥3/c?) [ exp(hf/kT) - 1772

where h is Planck's constant, c¢ is the velocity of light in vacuum,

k is Boltzmann's constant, and f is the frequency in Hertz (or
cycles/sec as it used to be called). At microwave frequencies, (say
f=10GHz or 109 cps to f = 100 GHz or 1011 cps) the quantity hf/kT
i$ usually much less than 1, and (2) can be replaced by the Rayleigh-
Jeans formula

(3)  B(f,T) = 2kT/»?

where A = ¢/f is the wavelength of the radiation. This approximation
to (2% i$ good to better than 3% if the frequency in GHz is less than
T in %. Now at microwave frequencies the radiometer measures power,
i.e., & quantity proportional to B(f,T), but because of the simple
"relation between power and temperature implied by (3), it is customary



to adopt the convention that (3) is always correct and to express the
measured power as’a "brightness temperature" Tb through the relation

‘ : )\2 dE -\
@ Ty ox m)

where dA, df, dt, do become instrumental parameters (collecting aper-
ture, frequency bandwidth, integration time, beam solid angle, re-
~spectively). In fact even this step is often avoided by calibrating
the radiometer directly in terms of brightness temperature,e.q., by
using an emitting body, often a resistor, at a known temperature as

a reference. E ‘

To see better how this collected power can be treated directly
as a temperature, and to introduce some of tke parameters which
describe the antenna used to collect it, consider next a typical
receiving antenna immersed in thermal radiation. It is a fundamental
property of an antenna that if an electromagnetic wave of appropriate
polarization and intensity S watts/meter? is incident on it from direction
8, then the antenna delivers SA(6) watts to a matched load, (that is,
to the radiometer receiver), where A(e) is referred to as the collecting
aperture (meter?) of the antenna. Intuitively one would expect A(e) to
be equal to the projected area of the antenna, and this is roughly true
for many large antennas. Now if Am is the maximum value of A(e) then
we can write ’

(5) A(e) = Amf(e) f<1

where f(6) is the antenna power pattern. But since, for blackbody
radiation, the power per unit area coming towards the antenna from
within a small cone d2 in direction 6, and in the frequency interval
df is S = B(f,T)df do, then the power collected by the antenna from

all directions is (see Fig. 2) '

(6) P, =

] Lo

k df
[ S(e) A(o)da = f\—“—z——f T (6) (o) do
. 2

where the factor of 1/2 is inserted because the antenna accepts only
radiation of one particular polarization whereas the thermal radiation
is randomly polarized. Now consider the transmission line connecting
the antenna to the matched resistor representing the input to the re-
ceiver. This resistor is also a source of random noise and if it is
maintained at some temperature Ty, it will deliver dPy = KTpdf watts
to the transmission line (the so-called Johnson noise) in the frequency
interval between f and f + df. (The transmission Tine is the one-
dimensional analogue of the hohlraum of the first figure.) Thus
associated with a power flow dP,. in a transmission line, there is a
“"temperature" Tr defined by Tr E dPr/kdf. Consequently we say that



POWER DELIVERED
BY RESISTOR TO LINE
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Fig. 2. Radiation absorbed by an antenna.

the power dPa collected by the antenna represents radiation of tempera-
ture T,
a

dPa Am
(7) TS waF - 7 [ f(e) T (6) da

The quantity T4 is referred to as the "antenna temperature"; it has
nothing to do with whether the antenna is hot or cold, but merely
represents the power collected by the antenna as an equivalent radi-
ation temperature via the definition (7).

Now in thermodynamic equilibrium, T, = Ty = T, (i.e., when the re-
ceiver load is at the same temperature as the isothermal enclosure,
and Tp(8) is independent of e) the same amount of power must flow from
antenna to load as from load to anténna. Thus

r -7

(8) T = ;g-Tf f(o) da or Am =12/j f(8) do

so that, in general, when the brightness temperature incident on the
antenna Tb(eg does depend on direction, the antenna temperature becomes

J£(e) Tb(e) do
) [f(8) da

(9 T,

This quantity is what a microwave radiometer measures; it is the
weighted average of the brightness temperature incident on the antenna,
the weighting function being the antenna power pattern f(e). For a



well designed narrow beam antenna pattern, T, is nearly equal to the

. brightness temperature in the direction of the beam, and under reason-

ably stable environmental conditions can be estimated fairly accurately.
In -general, however, particularly if the value of Ty is required to

high absolute accuracy, the integral equation (9) must be inverted.

Procedures are described by Bracewell and Twomey. '

A. Antenna Parameters

There are a number of simple relations between the power pattern
f(6) and the intuitive properties of an antenna such as its beam
‘width. We review these briefly in order to introduce the standard
nomenclature.  Consider first a typical high gain antennapattern
£(6,4)." The pattern depends on two polar angles (see Fig. 3c), as
does the brightness temperature in (9); it is customary to present
(see Fig. 3a) only a cross section of the actual pattern function,
The beam width of the antenna is usualiy taken to be the angular separation
between the two half power points, (f=1/2). It may be different in
the two planes, i.e., the beam may have an elliptical cross section,
It is approximately true that, for the large aperture antennas encountered
in radiometry, 6g = (d/a)-1 rad. where d is the diametﬁr of the antenna;
and the solid angle 0 subtended by the beam is og = 1%/A where A
is the physical area of the antenha. The maximum collecting aperture
Ap is roughly 70% to 80% of the physical area. The final parameter
of interest is the directivity D, where

(10) D= maximum power density radiated by antenna
: average power density radiated by antenna

fmax(e’¢) ; 4y 41TAm

'%E'f f(o,4)d0 - Jf(e.e)dn - A2

since fpax = 1. Again, intuitively, 9 = 4n/D and this is sometimes
used as a definition of the solid angle Qg subtended by the main beam.
Because of (8) we also have that A, = DA2/4n. We have here ignored
the difference between directivity and gain G, defined as G = nD
(where n is the efficiency of the antenna) since efficiency is ex-
tremely high (n > 0.98) for large antennas.



B. Ray Temperatures; Attenuation in the Medium;
Optical Depth

So far we have considered only the brightness temperature of the
. radiation actually reaching the antenna. In practice, the source of
vadiation is far removed and the rays must pass through some intervening
medium (the atmosphere) which will absorb part of the ray, and which
may also emit radiation of 1ts own. Consider (see Fig. 4) a source of
thermal radiation, emitting power at a brightness temperature T which
then passes through an attenuating layer of thickness dz, a distance

z from the source, with power attenuation coefficient a(z) (meter-1).
The power per unit area arriving at the layer is P(z) = B(f,T(z))df da
and the power lost by absorption or scattering is (definition of a(z))
dP = - a(z)dz P(z). This equation is easily integrated to yield

-fg a(X)dX o p e‘T(Z)

0

(1)  Plz) =P_e

where t(2)= f% a(x)dx is the "optical depth" of the attenuating layer
between z and the source. Thus the temperatfr? Tp(2) of the radiation
reaching the receiver at 2 is Tp(2) = T e-T\%), "If the layer at z also
{s warm, with physical temperature T(z) (as measured by a thermometer)
it will emit thermal radiation in proportion to its emissivity or emis=
sion coefficient e(z). The amount of power dPe emitted is

dPe = B(T,F)e(z)df do dz (definition of e(z)). Not all of this reaches
the receiver, since it is attenuated by the factor

%
. { a(x)dx

Thus the temperature of the radiation reaching ¢ from emission all along
the path is

-éﬁ a(x) dx

(12)  Te(n) = 2 T(2) el2) e &z

and the total brightness temperature of the radiation reaching the
‘receiver at 2 is

L
- d
(13) T(2) = T, e t(8) fﬁ‘T(z) e(z) e fz a(z)dz dz
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ih the case where e(z), a(z) and T(z) = T are constants, this reduces
0

(18 T () =T, B a7 & (gL,

In the case where scattering by the intervening medium is insignificant,
e = a and we have

(15) T (0 =T, et 4w qr - )y,

‘This form is often used to express the effect of the transmission 1ine
between antenna and receiver, and of the atmosphere between source and
receiver, but its restrictions (uniform temperature, uniform attenuation,

no scattering) should not be forgotten. It may also be mentioned that (13),
with e(z) = a(z) is often used to determine the temperature of radiation
emerging from a flat surface when the temperature distribution beneath the
surface is not uniform; the expression (13) must be multiplied by the power
transmission coefficient through the boundary in this case.

I11. THE INSTRUMENT

A microwave radiometer is designed to measure the thermal noise power
delivered to it by the antenna. There are two basic configurations (see
Fig. 5) commonly used, the unmodulated or straight video receiver, and
the modulated or "Dicke" type receiver. In each type, the r.f. amplifier
and/or the mixer-i.f. amplifier may be absent. The essential difference
between the two types is that the first is simply a power meter whereas
in the Dicke type the receiver is alternately switched to look first at
the antenna and then at a load maintained at a stable reference temperature,
The resulting signal is later detected in a synchronous detector
(phase-coherent detector, phase-sensitive demodulator) driven in
synchronism with the switch. Although the basic sensitivities of the
two systems are comparable, the Dicke type is much less affected by gain
fluctuations in the electronics, and is essential where relatively long
integration times are required. The video type is often preferred for
measuring short bursts of high intensity radiation, as from hot plasmas.

The sensitivity of the radiometer may most easily be estimated by
considering the radio frequency input to be a random noise signal of
band width df cycles/second. Such a signal permits 2df independent
estimates of its amplitude per second. Now if the output of the video
detector is averaged for a period of t seconds (integrator time con-
stant) the number of independent estimates of the power in each measure-
ment period will be N =2tdf. The precision in measuring the input power
is 1// N and this in turn is equal to the precision in measuring the input
temperature Tin‘ Thus AT/T1n = const//t df, or

8
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K T-
(17) a1 =200
/ t df

where K1 1s a constant depending on the nature of the system. For a
straight video receiver, Ki = 1; for a Dicke receiver with square wave
modulation and narrow band amplifier, K1 = 2.2. The input tempera-
ture Ti{n in not the antenna temperature, but the total input noise
temperature taking into account the noise generated within the receiver
(usually in the first stage). It is customary to write Tip in the form

(18) Tig = 290 (F-1) + Ty K

where T, is the antenna temperature (usually between 109K and 3009K for
radiome%ers viewing the earth) and F is the "noise figure" of the re-
ceiver (i.e., 290 (F-1) is the temperature of the noise power attributable
to the receiver.) Modern receivers, particularly those with cooled input
stages, may have F = 1.3 to 2 at the Tower microwave frequencies; con
ventional mixers, particularly at the higher frequencies, may have F
considerably greater than 20. As an example of (17) suppose a receiver

has a noise figure F = 4, and an antenna temperature T, = 2900K, so that
Tin = 11609, If the predetection band width is df = 400 Miz and the poste
detection time constant is t = 0.01 seconds, then AT = 1.39%K, Thus

antenna temperatures can be measured to a precision of about 20K, This

is somewhat better than typical modern imaging radiometers.

We can now discuss briefly the trade-off of design parameters in
the radiometer system of most interest to geoscientists, the airborne
or satellite borne scanning imager (see Fig. 6). The prototype of this
system carries an antenna which rotates its beam about some axis making
an angle 64 with respect to the vertical. The beam then scans along the
ground almost perpendicular to the line of flight at a certain rate; the
output of the radiometer is used to modulate the intensity of the beam
of a cathode ray tube, or a spot of light on a film. The horizontal
motion of the spot is correlated with the swinging antenna beam. The
vertical motion of the spot could be correlated with the forward motion
of the aircraft. It is customary, however, to use a spot which scans
in one direction only and to move the film past the line scan at a rate
determined by the height/forward velocity ratio of the aircraft. Thus
a continuous strip of image is generated.

The dilemma of system design is now apparent. For good ground
resolution, a narrow beam is required. This in turn requires a high
scan rate for comparable resolution across and along the flight path,
Thus the integration time must be short, and AT large. It is not hard
to show that for a total scan angle of about one radian, and a depression
angle of 459, the product of beam width 65 and temperature sensivitity
AT is given by

10



(19) eB AT = 2 Tin. I-‘(’-{i%-

where V 1s the vehicle velocity and H the altitude. Since for a given
class of vehicle (particularly satellites) the ratio V/H does not vary
much, and T}n can never be smaller than the antenna temperature, the
product egAT is rather inflexible. Contemporary imagers operate with
the product ATeg in the range 4 to 15 (9K - degrees).

PATH ACROSS LINE OF
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Sty \ \ o

S\ AREA OF RESOLUTION =R“flp |
;‘ZT‘ DIAlMETER‘ = ROy

\' .

Y o\ / / !

7 / /

' Fig. 6. Imaging system.

IV. THE ATMOSPHERE

We have previously mentioned the influence of an absorbing medium
between the source of thermal radiation and the antenna. A1l terrestrial
radiometers must contend with the earth's atmosphere, which has very
complex emission and absorption characteristics at microwave frequencies.
It is sufficient here to review the behavior of the two principal con-
tributors to atmospheric absorption namely 02 with a broad line at about
60 GHz, and water vapor, which has a somewhat weaker line at 22.2 GHz.
(The 02 Tine is actually a multiplet, the individual components being
observable only at high altitudes.) Figure 7 shows the sea level
absorption coefficient of 02 alone, for water vapor alone, and for
an atmosphere of moderate humidity. Figure 8 shows the corresponding
" ray temperatures for several standard atmospheric conditions. The

one way attenuation, e™% or optical depth ty of the atmosphere may
be estimated roughly by putting Tapt = Teff ?l-e'TO) where Tapt is

11
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read from Fig. 8 and T f, is the effective air temperature, given

by Teff = 1.12 Ta4p - gS K and Taip is the ground level thermometer
temperature of the air. Thus tq = -10ge (1-Tant/Teff) (see Fig. 9).

For a horizontally stratified atmosphere it is a reasonably good approximation
to assume that if v, is the optical depth of the atmosphere at zenith,

then at an angle of ¢ from the vertical the optical depth is tg sec ¢

for ¢ < 859, If a (h) and T(h) are known as a function of altitude

h, Eq. (13) may be used to obtain Ty,¢. Further details are given

in the references. ‘
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In addition to uncondensed water vapor, one must also consider (see
Fig. 10) the effect of condensed water vapor, in the form of snow, rain,
hail, clouds etc. Recent work is reviewed by Hunter, and by Hogg and
Semplak. The attenuation data 11lustrates a further point. Through-
out most of the microwave range (at least up to, say 16 GHz, and in the
window at 35 GHz) not only the atmosphere, but even clouds and moderate
rainfall are quite transparent so that imagery (albeit slightly de-
graded) can be obtained when visual or infrared observations are

“impossible.

Although the atmosphere is merely a nuisance to those interested
in surface imagery, its properties are of great interest to meteorologists
and oceanographers. Many important contributions to these sciences have
already been made by microwave radiometry. It is the sensor of choice
for many investigations, and it is significant that two of the three
imaging radiometers now flying were developed for meteorologists and
for the U.S. Coast Guard.

14
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V. APPARENT TEMPERATURES OF THE EARTH'S SURFACE.
EMISSION, REFLECTION: ROUGHNESS AND DIELECTRIC
CONSTANT EFFECTS :

~ With the background of the preceding sections it is now possible
to discuss the brightness temperature of the surface of the earth, since
this is the parameter it is desired to image. Although ultimately de-
termined by the surface roughness, the complex dielectric constant and
the physical temperature of the surface (the latter two varying with
depth) it 1s simpler to consider first two derived surface parameters,
the emissivity and the reflectivity. These in turn are best defined in

15



germs ?§ the differential scattering cross section of the surface (see
ig. 11).

%ADIOMETER

Fig. 11. Gecmetry for scattering and radiometer
measurements.

Consider a small section of terrain of area (A), illuminated by a
plane wave of intensity 1, watts/metreZ and of some particular polari-
zation state j. If we consider the energy scattered by the surface in
a given direction 65¢¢, the intensity Ig of the component scattered with
polarization state ﬁ at distance R will be given by

(20) 4nR2 Is’z ajk(a,s) IbA

The proportionality constant o4 (0,s) is called the differential scat-
tering cross section per unit d¥ea of terrain. The subscripts jk in-
dicate the state of the incident (j) polarization, and which state (k)
of the scattered polarization is under consideration. The parameters
(6s) indicate direction from which (o means 6,) the incident wave comes
and into which (s means 6g,¢5) the scattered radiation goes. It is a
‘consequence of the Lorentz reciprocity condition that

(21) ojk(o,s) = ckj(s,a)

It is easy to see that the total scattered power is

16



/2 2m
(22) Py = J desf dog EIS_R?':I = f Istdszs
0 0.

Since the power falling on area A is IgA cos 84, we can define an albedo

(23) a,(e) = Jotal scattered power _ 1 I(Ujk tay )1 A dag
j' o’ T Total incident power Ir T K cos 6,

for radiation incident from 6,, polarization j. (The total scattered
power includes both polarizations). Since what is not scattered is ab-
sorbed, the absorption coefficient becomes

- Total power absorbed _
(24) aj(eo) - Total power incident 1- Aj(eo)

S
1- g sec o / (Ujk + ojj)dszs

Thus the absorption coefficient is 1 minus a weighted average of the
bistatic scattering coefficients o. We are next concerned with how
much power is emitted by the surface by virtue of its temperature,
Ty. Suppose the surface were an ideal black body; it would emit a
certain power per unit solid angle per unit area per unit frequency
interval into the direction 69, with a certain polarization state j.
Now the actual ground will emit less than a black-body, and can be
described by an emission coefficient

Power radiated by ground surface towards
8, with polarization j
(25) e;(e) =

“Power radiated by bTack body towards
8, with polarization j

From the principal of detailed balance, it can be shown that

(26) aj(eo) = ej(eo)

{.e., the emission coefficient is equal to the absorption coefficient.
This is the correct form of Kirchhoff's law for the general surface.

It implies that the emission coefficient can be found from the differential
scattering cross section.

17



With these definitions, we can find the total brightness tempera-
ture of the ground, taking into account both its own emission and the
sky radiation which falls on the ground and is reflected into the radi-
ometer (see Fig,1lb). Consider an ideal high gain antenna looking at
an area with a physical temperature Tq. If this were a black body, the
radiometer would see a radiation tempgrature Tq. The real ground emits
only ej(eQ)T (since temperature and power are’taken to be proportional),
and this 1s %he ground contribution to the brightness temperature (of
polarization  in direction 6g). The sky contribution, representing the
effects of clouds, rain, etc., as well as the atmosphere, 1 represented
by the downward radiation temperature Tsyy(6g) reflected (via the dif-
ferential cross-section ojk(s,0)) into the receiver direction g4, and
integrated over all sky d?rections. It can be shown that this component
contributes a brightness temperature

sec 60 »
Y I f[cjk(,S) + ojj(o,s)] Tsky(s) dgs

¥hus'the brightness temperature at ground level seen by the radiometer
s

(27) Tb(e Y=e(0) T + ESE—39--][0 i (0,8) + 0..(0,8)] T ,.(s) do
Jjt’o j*o ‘g 4m | S Jjit™ sky 5

where
sec 9

ej(e) =1 - -ﬁ;—g-f [ojk(o,s) + ojj(o,s)] dQS

This 1s the basic expression upon which the interpretation of surface
brightness temperature depends. In many circumstances involving clear
air, or uniform moderate cloud cover, T_, (6 ) can be written as

sky oSec 8
= : - _ %o )
(28) Tsky(eo) =(1.127,,.-50) (1 -e )
where t,, the zenith attenuation, can be estimated from Fig. 8 or

Figs 9. Tai, and T4 are physical (thermometer) temperatures. Equation
(27) is sometimes whitten in the form

(29)  Tyle) = eslep) Ty + Fylog) Ty,
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It s clear from the correct expression (27) that here 5 and Tgy, must
represent some type of weighted average ground reflectivity and s%y
radiation temperature. Consistent definitions of 5 and T, are not -
available. 1In particular, it cannot be assumed that 5 + e { 1 except in
certain special cases (flat surface, flat layers, etc.).

~ From this brief discussion one sees that the key to understanding
the variations in radiation temperature of terrestrial surfaces lies in
the differential cross-section o4k. The next few paragraphs consider
the effects of roughness and dieqectric constant on this parameter.

Smooth Ground

The simplest type of ground is one that is perfectly flat. In this
case the ground acts like a specular reflector, i.e., the ojk are zero
unless ¢g = m and 85 = 6. In this case the radiation temperature of
the ground 1is given by

b oy = (1 - [r.|2 2 “To €€ %
(30)  Ty(0) = (1= RIAT + RgE (1= e Lo

where Ri are the Fresnel coefficients for horizontal (perpendicular)
and ver%ica1 (parallel) polarization,

. 2 . ’ . 2
R = cos 60 EY‘ sin 90 . €y cos 90 - ev, - 8$1n eo
h :

. ; R, = ,
cos o+ [s - s1’n2 0 g, COS 6, ~ fe, = sin2 ]
0 r 0 r 0 r o]

and ¢ is the complex relative dielectric constant. For circular polari-
zatioﬁ, or other linear polarizations, the appropriate reflection coeffi-
cients may easily be found in terms of R, and R,; however, it must be
remembered that the polarization state of the incident wave is not
preserved in these other cases, i.e., there would be a cross-polarized
contribution to the sky reflection terms. An excellent example of the
behavior of a smooth surface is shown in Fig. 12. Here the three sets

of data represent measured brightness temperatures for asphalt, glacially
polished limestone (Marblehead, Ohio) and a smooth coal bed exposed

by strip mining operations (Cadiz, Ohio). The three curves represent

the brightness temperatures computed from Eq. (30), using values of
dielectric constant appropriate to the actual surfaces. It is clear

that not only is there good agreement between measured and computed
temperatures, but that such measurements offer a means for remotely
sensing1the value of the dielectric constant when exposed surfaces are
available.
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Fig. 12, Computed and measured brightness temperature of
coal (near Cadiz, Ohio), Timestone (near Marble-
head, Ohio), and asphalt surfaces at 10 GHz, ver-

tical polarization. (Data normalized to 300°K at
the Brewster angle).
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A number of slightly more complex surfaces, for example surfaces
composed of uniform layers of different ¢, can also be handled by (30),
where R 15 to be replaced by the reflection coefficient appropriate
for the multilayer structure. An interesting example of a layered
surface 16 shown in Fig. 13, where the oscillation in vadiation tem~
perature due to changes in the reflection coefficient with layer thick=
ness are clearly apparent.

A second class of surfaces which can be handied by formulas Tike
(30) are those, such as the surface of the sea, or sand dunes, where
the gross surface is continuous with relatively gentle slopes, and there
is 1ittle or no roughness of scale size the order of wavelength. In
this case the surface acts locally 1ike a specular reflector with tilted
normal. The bistatic¢ cross section shows a sharp lobe, or beam, 1n the
specular direction for the average surface, with the beamwidth approxi-
mately equal to the rms surface slope. The Fresnel coefficients must be
averaged ovér the slope distributions, a rather tedious process. The
result in a typical case, see Figs. l4a, 14b, 1s to reduce the contrast
between vertical and horizontal polarization. Here it is less clear
that unambiguous information about either temperature or dielectric
constant can be obtained unless something is known of the slope distribution.

A Digression in Dielectric Constants

Because of the key role played by the complex dielectric constant
in determing the apparent temperature of smooth surfaces; because it
controls the depth from which emission takes place; and because it is
often related to properties such as density or water content, a brief
survey is appropriate. The electrical properties of matter at micro-
wave frequencies are described by the complex number ep = ¢' « je"
(where ¢' and ¢" are the real and imaginary parts, respectively). Often
the complex dielectric constant is written in the form

. ; 1] . d
€p = € - je —‘]ZE;

where o is the d.c. conductivity (mhos/meter), e, is the permittivity of
free space, and & = 2nf. In this case the term ¢' is proportional to the
displacement current, the term " accounts for dielectric losses, and the
term o/wey describes the effect of the dc conductivity (conduction cur-
rent) in an alternating field. In fact, except at D.C., only the com=
bination (e" + o/wey) can be measured, so the division of the loss term
into two parts is somewhat arbitrary. In the following, the conduction
current term will be Tumped in with " unless explicily indicated,

since at microwave frequencies it is usually dominated by dielectric
losses. An alternative notation for the loss term is via the ioss
tangent, tan &, with €, = e!' (1 - j tan 8), i.e., e" =¢' tan 6.
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If we consider a plane wave propagating in the 2z direc}}og in a
medium with dielectric constant ep 1t will have the form e~YZ7Jwl whepe
the complex propagation constant vy is written

- - __2'“' =2'|T‘ +*
RN B e

where

Ao is the wavelength in vacuum

B is the relative magnetic permeability (assumed to be 1)
n* is the complex index of refraction

8 1s the propagation constant or wave number in the medium
o 1is the attenuation constant.

The wavelength in the medium is 2r/8; the skin depth of the medium is

§ = 1/a. (Note the parameter a(z) used in the discussion of atmospheric
absorption 1s 2a, since it represents power loss). The skin depth & is
a useful parameter since it indicates how far _a wave penetrates into a
medium before its intensity is reduced to 1/e2, and thus what the thick-
ness of the layer is from which the thermal radiation emanates.

Unfortunately, the measurement of e, at microwave frequencies,
particularly for substances with small loss tangents, is quite difficult.
A number of measurements are collected in Table I. It will be seen that
ep does not vary greatly, though it has a tendency to increase with
density; (for certain silicate rocks, e.g., pumice, the relation
Jepr = 1 = p/2, where p is the density, holds quite well). The loss
tangent, on the other hand, can vary over several orders of magnitude.
Penetration may vary from several meters for dry sand, to a few milli-
meters for wet soil in the millimeter wavelength range (see Fig. 15).

In fact water plays a role of great importance in determining the
dielectric behavior of soils, and other porous materials, and also of
vegetation. The dielectric constant of distilled water and also of sea
water, (where the conduction term enters) is shown in Fig. 16. Ice (see
also Fig. 17) follows almost the same curve except that the frequencies
involved are in KHz rather than GHz. Because water has a simple polar
moiecule, the dielectric constant has the form

€4~ Cw o)

OO 6 W 7% B

where

o = 4 (£2) mhos/meter for sea water; negligible
for distilled water
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Fig. 16. Relative complex dielectric constant of water.

€w = 5.5 for water and 3.2 for ice o
eq = 87.7 - 0.4 (T-273) for water (Tin K)
eq = 90 + T /550 for ice (Tj,9C)

fo = 3 KHz for ice at 2630K

fo = 9.1 GHz for water at 273%K

fo = 12.6 GHz for water at 2830K

fo = 17.2 GHz for water 293%K

fg = 21.6 GHz for water 3030K

The fact that the relaxation frequency f, is temperature dependent means
that emissivity is a function of temperature as well as look angle.
Figures 18 and 19 show the dielectric constant for several soils as a
function of moisture content. It 1s clear that the moisture content has
a decisive influence on both ¢y and the emissivity. This is the basis
for the expectation that microwave imagery may provide a means for
monitoring soil moisture. An idea of the penetration depth in water
and in wet soils may be found from Fig. 15b.

The dielectric constant of vegetation also depends on the water

content, as can be seen from Fig. 20. Here again there is the expecta-
tion that crop moisture can be monitored by the sensor,
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Diffuse Surfaces

The second major class of surfaces for which the emissivity,
reflectivity and radiation temperature can be estimated is the diffusely
scattering surface (e.g., vegetation or crushed rock) for which ¢ik(0,$)
is more or less isotropic. The calculation of ojk is extremely difficult,
s0 it is convenient to use simple empirical laws to describe the $scattering
function. A number of these are collected in Table II. Although some-
what similar in appearance, there are slight theoretical reasons for
preferring one or the other for particular surfaces. The Lambert law
seems particularly appropriate for surfaces of large blocks or chunks of
material (e.g., parts of the Tunar surface, Mono craters) with many re-
entrant surfaces and cavities. The Lommel-Seeliger Law was derived for
a "surface" of many layers of independent scatterers, and is more ap-
propriate for vegetation. A11 these models are characterized by a single
numerical parameter (r'), which in practice may depend on the frequency.
(For example, for vegetation, it depends on the ratio of leaf-size to
wavelength and thus decreases with frequency; and on the dielectric con-
stant, so increases with moisture content.)

For a standard atmosphere the Lambert and "Grass" laws can be {nte=
grated in closed form. However, a better comparison of the models
may be obtained from Fig. 21, which shows the reflected sky contribution
for each model and also the emiss&v1ty contribution, (the latter shown as
ghe_?ifference hetween surface temperature Tg and the brightness tempera~
ure) .

A number of diffuse surfaces can be accomodatéed quite well by these
models. In analysing the apparent temperature measyrements {t is helpful
to recall that the predicted temperatures will depénd on the parameter I
in Table II. This parameter in turn can be found from the back-scattering
cross section (i.e., the radar return) of the surface if this is known.
For example, Fig. 22b indicates the back-scattering parameter y(6,) =
sec 0g og(0p) for large blocks of pumice. It is seen that the scattering
is almost independent of frequency (as contrasted, for example, to the
back-scattering from the relatively smooth lapilli surface in Fig. 22a) and
follows fairly well the angular dependence expected of a Lambert surface.
The parameter T is approximately 0.1. The apparent or brightness tempera=
ture of this same surface is shown in Fig. 23 for both 10 GHz and 35 GHz
(the curves labelled "1ight"). The measured brightness temperature is
almost independent of angle, as required for a Lambert surface, and implies
an emissivity in fairly good agreement with the value e = 1 - /4 = 0,975
expected from the back-scattering measurements. A similar analysis could
be made for the pair of graphs shown in Figs. 24 and 25, using the
" Lomme1-~Seelinger or the "Grass" scattering laws. Again, there is
qualitative agreement between measured apparent temperature and
‘that calculated from the backscattering parameter I inferred from
the radar return measurements.
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surfaces of 10 GHz.

Many surfaces of interest, unfortunately, do not fall into the
simple categories of "specular" or "diffusely rough", either because
they are composite (e.g., a sparsely vegetated sand dune) or because they
contain multiple roughness scales. Such surfaces must be handled empiri-
cally at the present time.

VI. APPLICATIONS OF MICROWAVE RADIOMETRY

The principal scientific applications of microwave radiometry have
been made, up to the present, in the field of meteorology.. Because the
absorption and emission of molecular oxygen and water vapor, and the
scattering properties of the major atmospheric particles (rain, snow,
¢louds, hail) change rapidly with frequency in the microwave region, the
judicious choice of frequency can emphasize the contribution of one com=
ponent or another. Current research centers around the frequencies
near 22 GHz for studies of the water vapor distribution, 60 GHz for
the temperature profile of molecular oxygen, and 19 GHz for imager
studies of condensed water in the atmosphere,

The principal technical application has been the program of 1ceberg
surveys initiated by the U.S. Coast Guard with a 13 GHz airborne imaging
radiometer. Images have also been used in the study of sea ic¢e distri-
butions. Suggested applications have included synoptic¢ measurements of
the temperature of the surface of the ocean, passive aids to navigation
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from aircraft or satellite altitudes, etc. A number of other possible

apglicat1ons are mentioned in the Symposia proceedings 1isted in the’
bibl1ography.

_ Most of the systematic studies of interest to geoscientists have
been concerned with the role of water in modifying the apparent tempera-
. ture of relatively smooth surfaces. For example, the development of a
layer of ice over a freezing water surface can be effectively monitored
(see Fig. 13) by the apparent temperature changes; and diurnal and other
changes in the relative moisture content of snow can be similarly ob«
served. The large influence of water content on the dielectric constant
of soils noted in Figs. 18 and 19 makes it possible, under appropriate
conditions, to determine the moisture content of the soil from bright-
ness changes, as can be seen from the interesting curves in Fig. 26. In
a rather similar way (see Fig. 20) changes in the moisture content of
vegetation can change the dielectric constant considerably. In Fig. 25
1t can be seen that wheat and oats (although very similar in structure),
have significantly different emissivities, and it seems likely that this

must be in part a consequence of the difference in moisture content of
the two crops.
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Fig. 25. Brightness temperatures of the surfaces
of Fig. 24 compared with predicted
brightness temperatures.

A second area of interest is the determination of the dielectric
constant of exposed rocks. For example, if the exposed surface is
smooth, one would expect (see Fig. 12) to be able to determine the
dieleétric constant either from the Brewster angle or from the bright-
ness temperature at normal incidence.
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Even for diffuse surfaces it may be possible to estimate the
dielectric constant if some a priori information is available. For
example Fig. 23 shows the apparent temperature of three areas in the
Mono craters, one covered by a very light pumice, one by a pumice of
medium density and the third by obsidian. Since the denser obsidian
has a higher dielectric constant it is a better reflector, and appears
cooler than the lighter material. Evidently these particular pumices
can be classified as to dielectric constant, and thus density, on the
basis of their apparent temperatures.
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VII. CONCLUSIONS

There is one significant feature that persists through all
the applications described in the previous sections. They involve
comparisons, either in time, or in look angle, or between one surface
and a closely related one. Because of the many factors influencing .
the brightness temperature of a surface - the distribution of physical
temperature with depth, the skin depth, the surface roughness, the
dielectric constant, etc. - it is usually not possible to say much
about a surface on the basis of a few measurements or a single image.
It would appear that the quantitative application of microwave radiometry,
for example in monitoring soil or vegetation moisture, or even in
remotely estimating the surface temperature, will depend on the
use of a sequence of images of the same area, so that the complicating
effects of the surface structure or roughness or the emissivity
can be calibrated out. It is also apparent that in many cases,
the significance of the interpretation of the sensor output is often
‘much increased if one can also make use of the data from a complementary
active sensor (i.e., radar). Thus the development of combined active-
passive sensor systems for this purpose would be highly desirable.

Finally, it should be clear that while several interesting
possibilities have now been opened for the radiometer as a remote
$ensor, one may expect the number and scope of its applications
to multiply rapidly as imagery becomes more widely disseminated.
This means, in turn, that the detailed, controlled studies for each
particular application must occupy an increasingly important role
in the development of the sensor as a quantitative instrument.
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TABLE I

Sample Freq. in GHz €p tan 6 Density
1 35 2.3 0.08 Red Granite
2 35 2.4 0.06 White Granite Crushed
3 35 1.7 0.012 White Pumice Crushed
4 35 1.6 - 0.02 Black Pumice Crushed
5 1.0 3 0.175 3.01 CcChondritic Meteorite
6 14 4.6 0.006 1.81 Halite.
7 14 3.8 0.012 1.56 Halite
8 14 3.3 0.009 1.42 Halite
9 10 4 0.1 Limoni te ECoarse)
10 10 4 0.01 Limonite (Fine)
11 8.5 3.3 0.0055 1.11 Magnesite Hard Packed
12 8.5 2.45 0.002 1.22 Quartz Powder
13 0.1 10 0.02 Basalt (Hawaii} Oven Dry
14 0.1 10 0.08 Basalt (Hawaif) 0.36% Wate
15 0.1 7to009 0.1 : Granite (Quincy)
16 0.1 8.4 0.006 to .018  2.65 Limestone (Lucerne Valley)
17 0.1 5.5 0.001 Rhyolite _
18 10 4.8 0.005 2.45 Basalt (Vesicular)
19 10 4.4 0.013 2.63 Biotite Granite
20 10 5.1 0.081 2.35 Obsidian
21 10 4.8 0.009 2.74 Olivine Basalt
22 10 5.4 0.086 2.68 Serpentine

' 23 10 5.0 0.027 1.62 Volcanic Ash
24 10 4.7 0.017 2.27 Altered Tuff
25 10 5.5 0.016 2.03 Tuff
26 10 4.7 0.01 2.3 Horn blende
27 10 3.0 0.012 0.78 Mono Pumice
28 14 2.9 0.011 1.63 Desert Sand
29 14 8.2 to 8.6  0.004 to .02 2.65 Limestone (Lucerne Valley)
30 14 4,7 to 6 0.01 to 0.1 2.35 Asphalt
31 14 4.5 to 5.2 0.02 to .06 2.1 Concrete
32 3 81 00.38 Maine Potato 80% Water

Data from Iglesias and Westphal
and J.D. Shaw and C.A. Barlow - AFCRL Report 64-74
(Radar Analysis of the Moon II - Surface Properties)
and other sources.
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