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ABSTRACT

Several remote sensors have been proposed as
potentially applicable for monitoring soil moisture.
Microwave sensors appear to have an advantage over shorter
wavelength sensors because of their deeper penetratlon into
the soil and their relative immunity to atmospheric effectsr
The capability of airborne microwave radiometers to monitor
soil m01sture was 1nvest1gated | |

In this report the current status of mrcrowave
radlometry is provided. The fundamentals of the microwave
radiometer are reviewed w1th partlcular reference to alr-
borne operations, and the interpretative procedures normally
used for the modellng of the apparent temperature are
presented.

| Airborne microwave radiometer measurehents were
made over selected flight lines in.Chickasha; pklahoma and
Weslaco, Texas. Extensive ground ﬁeasurements of‘soil
moisture were made in support of the aircraft mission over
the two locations. In addition, laboratory determination
of the complex permittiVities of soil samples taken from
+the flight lines were made with varying moisture contents.

The data were analyzed to determine the degree of
correlation between measured apparent temperatures and soil

moisture content. The Chickasha fields were fairly dry
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(<20° moisture contént) and no correlation of apparent
temperature with soil moisture existed for the Chickasha
data. A heavy rain preceding the Weslaco flight invalidated
the ground soil moisture measurements. However, an assumed
value of the soil moisture content of the Weslaco fields

. was derived from known moisture retention curves for the
soil type. The combined results of the Chickasha and
Weslaco experiments uSing the derived soil moisture value
yielded a high degree of correlation of apparent temperé—
ture and soil moisture. Regreséion analysis indicated a
-2.15°C/percent moisture variation in appareﬁt temperature
for the 1.42 GHz radiometer, vertical polarization, for
bare or nearly.bare fields, which compares favorably with
the results reported by Jean [10]. The centericell of the
19.4 GHz, horizontal, polarization, had an average variation
in apparent temperature of -1.5°C/percent moisture when

observing vegetated fields.
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CHAPTER I
INTRODUCTION

The remote sensing community has several sensors at
its disposal, however, few sensors offer as great a po-
tential as those operating in the microwave portion of
the electromagnetic spectrum. The microwave region sen-
sors have several features which qualify them a position
among operational remote sensors such as aerial photog-
raphy and inffared imaging systems. Sensors operating
at microwave wavelengths are not restricted to daylight
operation, and the weather limitations, so critical to
the infrared and visible Waveléngth sensors, afe far less
restrictive. Some microwave wavelengths are susceptible
to atmospheric effects (e.g. 22.235 and 60 GHé, absorp-
tion lines for water vapor and molecular oxygen, respec-
4tive1y) thus microwave sensors can be used in monitoring
atmospheric phenomena. In observing terrestrial objects
with visible wavelengths, little information is directly
obtaihed except from the very near surface, whereas the
longer microwave wavelengthS'penetrate»below the surface,

hence some knowledge of the sub-surface is contained in

The citations on the following pages follow the style
of the Proceedings of IEEE.




the total information content of data from microwave
Sensors.

Microwave sensors fall into two catagories: active
and passive. The active microwave sensor is radar.
Radar remote sensors are used in a stétionary position
or from moving platforms, either aircraft or satellite.
For remote sensing applications, stationary positioned
radars are used in observing atmospheric phenomena,
whereas airborne radars are most often used to observe
terrestrial areas and the oceans. The side looking air-
borne radar (SLAR) and the radar scatterometer are two
prominent airborne radars used in earth observations.
Both sensors are used in aircraft operations, and a
scatterometer system is included in the package of sen-
sors aboard the Skylab orbiting platform.

In the same package of sensors slated for the Sky-
" lab program will be the lesser known of the microwave
sensors, the microwave radioﬁeter. Used, to measure the
natural microwave emissions of an object, the radiometer
can be designed for use as either a scanning device or a
fixed look angle device. The fixed look-angle design is
being used in some satellite observations, aircraft op-
erations, and for work in the field, usually from a
truck mounted platform. A scanning radiometer is pres-

ently used in a NASA aircraft.



The Microwave Radiometer as a Remote Sensor

Of particular attention in this thesis is the pas-
sive microwave sensor, the radiometer. The radiometer
measures the natural radiation of an object within a
specified band of frequencies. This natural radiation
is commonly referred to as thermal noise. Any object
emits radiation according to its absolute temperature
and inherent emission characteristics. If two objects
have the same physical temperature and differ in emis-
sion characteristics, then, assuming the emissions of
both objecté can be measured, the two are distinguish-
able.

Natural radiation at microwave wavelengths is
weak, thus high gain amplifiers are a requirement in
the design of radiometers. High gain amplifiers are
plagued by inherent gain fluctuations, and not until the
radiometer design proposed by Dicke in 1946 [1] has a
means of accurately discerning emission characteristics
at microwave frequencies been possible.

During the past decade the scientific community
has pfoposed many uses for the microwave radiometer.
Oceanographic applications of the radiometer have been
investigated for determining sea state [2], surface tem-

peratures of the ocean [3], and surface salinity [4].



Séa state measurements were made by Hollinger [2] from
a tower on Argus Island, using radiometers at 1.41, 8.36
and 19.34 GHz. His data indicate a frequency dependent
correlation between apparent temperatures and wind
speeds from calm winds to 15 meters per second veloc-
ities. Apparent temperatures increased with increasing
surface roughness and foaming. Paris [4] studied the
dielectric properties of sea water as they are affected
by salinity. He found that from 1-3 GHz the effect of
salinity on microwave emissions is significant, but for
frequencies above 4 GHz salinity effects can be neg-
lected.

In another study, Paris [5] examined the general
‘problem of thermal radiation in the atmosphere at micro-
wave frequencies. The direct problem of radiative trans-
fer is solved for plane-parallel, homogeneous, model
atmospheres from derived regression equations for the
volume absorption coefficient of rain and known expres-
sions for those of clouds, molecular oxygen, and water
vapors. In addition, the effect of multiple scattering
on the transfer of thermal microwaves in the atmosphere
is evaluated at 37 GHz by the Monte Carlo method for a
model cloud. From his studies, Paris concludes that a
radiometer operating at 10.69 GHz can be used to survey

the integrated content of liquid water in the rain mass



over the ocean; a set of radiometers operating at 5.81,
10.69, 15.375 and 19.35 GHz may be used to survey sea
state, atmospheric liquid water, and precipitable water
over the ocean; and a radiometer operating at 37 GHz can
be used to detect hail and heavy rain over land; however,
a microwave radiometér cannot be used to survey sea tem-
perature.

Weger [6] derived expressions for calculating ap-
parenf sky temperatures for a variety of weather condi-
tions, and Edison [7] calculated the contribution of
water and ice clouds to zenith sky temperatures in the
frequency range from 10 to 100 GHz. The Nimbus E satel-
lite has a set of five radiometers operating at 21.2,
31.4, 53.65, 54.9 and 58.8 GHz. With the two lower
frequency radiometers operating near the water vapor
absorption line and the three higher radiometers near
the line for oxygen, the combined informatiqn is pre-
dicted to show many climatic conditions undetectable
using infrared or visible wavelength sensors [8].

Aukland and Conway [9] report that an oil layer on
a rough‘sea produced a decrease in measured apparent
temperatures due to the calming effect of the oil film.
Jean [10] reports that an oil film on a water surface’
-does produce an apparent temperature anomaly, but no

functional relationship between o0il film thickness and




apparent temperature could be determined from his data.

Gloersen, et al. [11] show vivid qualitative results
of a scanning radiometer operating at 19.35 GHz distin-
guishing between new and old Arctic ice.

In addition to the oceanographic and meterological
application of microwave radiometry, recently many in-
vestigators have addressed the question of detecting soil
moisture content. The dielectric properties of the soil-
are strongly affected by moisture content. In turn, the
- emission characteristics of an object are dependent on
the dielectric properties of the object. Kennedy and
Edgerton [12] first proposed the concept of monitoring
soil moisture content, and they demonstrated that appar-
ent temperatures are effected by moisture content. They
also suggest that measuring-soil moisture as a function
of depth is possible. Mason [13] reports that from an
airborne radiometer measurements at 1 to 2 cm wavelengths,
a moist layer of soil more than 0.1 inch below a dry
surface layer could not be detected. Jéan [10] feels
that perhaps neither extreme is altogether correct, and
in particular points to Basharinov and Skutko [14] who
‘were able to infer moisture contents to within a 3% mois-
ture content value from measurements of a 10 cm wave-
length radiometer.

More recent investigators have included Richerson



[15], Jean [10], Jean et al. [16], Poe et al. [17], and
Schmugge et al. [18]. Richerson [15] reports a change
of 1.5 and 1.6 °K for each one percent moisture varia-
tion using a tower based radiometer operating at 31.4 GHz
for the vertical and horizontal polarizations, respec-
tively. Jean et al. [16] and Jean [10] report the re-
sults of an airborne experiment using radiometers oper-
ating at 1.42, 2.69, 4.99, and 10.69 GHz. Their results
were encouraging, however, only a limited amount of data
was obtained from the experiment. |

In reviewing the past studies in radiometric appli-
cation, certain limitations which hinder their develop-
ment become apparent: 1) spatial resolution and antenna
efficiency are critical, especially with the longer wave-
length radiometers, 2) system sensitivity, 3) antenna
size and weight limitations for remote platform opera-
tion, and 4) the large number of unknown parameters make

interpretation difficult.
Value of Remotely Sensing Soil Moisture

A remote sensor capable of monitoring soil moisture
content could be applied in the disciplines of hydrologyl
and agriculture. The hydrologist has a need for a soil
moisture monitoring capability. A thorough hydrologic

analysis of data for a watershed study required the



development and use of mathematical models to adequately
describe the movement of water from the time it falls on
the ground as rain until it is absorbed by the soil,
evaporates, used by the plants, or discharged in rivers
and streams [19]. A basic element in any watershed
model is to distinguish between the water which is stored
in the so0il surface and the quantity of surface runoff.
A good index of this element is the surface soil moisture
condition. At present, no adequaté method of monitoring
this surface soil moisture exists because of the large
areas which need to be observed [19]. Airborne microwave
radiometers show promise in providing the desired index.
The agriculture community could employ remote sen-
sing techniques to help evaluate the timely irrigation
of crops, especially on the larger commercial farms.
Planting and tilling operations have optimum levels of
moisture content in order to be most effective, and a
remote monitor of soil moisture may find application for
.such farm management procedures.
- In addition to the use of microwave rédiometry,
several other remote sensors have been investigated for
the possible detection of soil moisture content in soils.
Radér scatterometers, infrared photography, and various
experiments with optical frequencies are under investi-

gation. Infrared imagery can qualitatively identify very



moist fields. A photopolarimeter [20] has been shown to
measure the difference in polarizations of reflected sun-
light for moist and dry fields, however, only the very
thin surface layer is observed, thereby reducing the
systems effectiveness in an arid region where the soil
normally has a dry, crusty surface regardless of the
actual moisture content below the top few centimeters.
Rouse [21] has introduced the possibility of using
radar scatterometers to measure soil moisture content,
and Moore et al. [22] have provided some experimental re-
sults which show some dependence of radar cross sections
to moisture content. Multispectral photography was used
by Werner and Schmer [23] to inveStigate moisture detec-
tion capabilities, and reasonable qualitative results ap-

pear feasible.
Objectives

The primary objective of the research effort re-
ported here was to examine the specific application of
determining soil moisture content using airborne micro-
wave radiometers. Three main areas of work were estab-
lished:

1) 1laboratory measurement of the complex permit-

tivities of so0il with varying moisture confents,

2) airborne radiometer flights over selected test
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‘sites with accompanying ground measurements of
soil moisture in each site, and

3) analysis of the results of the experimental
phases and an examination of appropriate theo-
retical models for passive microwave remote

sensing.
Scope of This Report

This report describes the experimental advancement
of the application of microwave radiometry.to monitor
soil moisture content.

Chapter II and III provide an understanding of radio-
metric principles and the basis for interpretation. The
process of thermal emission at microwave frequencies is
discussed, and basic radiometer seﬁsor operation is re-
viewed. The concept of apparent temperature and various
theoretically modeling approaches are presented.

Chapter IV deals with the soils and their dielec-
tric properties. A brief introduction to soil-water
systems is given, followed by the basis and procedure
for the measurement of the complex permittivities. Per-
tinent results of the measurements are also presented.

Chapter V describes the airborne phase of the‘ex-
periments. A description of the two test sites in Wes-

laco, Texas and Chickasha, Oklahoma are given, along with
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an account of the ground observations. The aircraft
program is presented and an overall discussion of the
results is provided.

Chapter VI is concerned with the analysis of experi-
mental data. The methods used for the analysis are dis-
cussed and the results of the analysis are reportéd with
comparisons to previous investigations. Chapter VII

gives conclusions and recommendations for further study.
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CHAPTER 11
PRINCIPLES OF MICROWAVE RADIOMETRY
Thermal Emission

" The fundamental physical basis for passive micro-
wave sensing that everything which has temperature above
absolute zero emits radiation. In analytical form, the
radiation intensity from a perfect blackbody is given by

Planck's radiation law [24]

== exp (W5(7) - /

where: h = Planck's constant

J94h (I1-1)

h = 6.626 x 10 ** joule-seconds

c = speed of light

¢ =3 x 10° meters/second

k = Boltzman's constant

k = 1.38 x 10 23 joules/°K
f = frequency of radiation

T = absolute temperature



In the microwave region of the spectrum (II-1) may
be expressed by the Rayleigh-Jeans approximation. By
expanding the exponential term in (II-1) and neglecting

higher order terms

éf’ / :
/( = ey o 4 /m (11-2)
[+ 2t =]

and simplifying (II-2) gives

~ Kk J/m (I1I-3)
A ‘

where the wavelength, A, is used in place of the frequen-
cy. In order to change (II-3) to a measurable expres-
sion, consider the power density within a small fre-
quency interval Af passing through a unit solid angle.

The power is given as

'/D ~ _kTaof ety
/)3

The power given by (II-4) is the radiated power of
the blackbody. The power received by an ideal antenna,
with maximum effective aperture A . and uniform beam-

width Qa directed entirely at the blackbody, is

nt

13



ant = PAmc ﬂanf‘ watts  (11-5)

. 2
where: A.me (A%/47) Gm

0
t

ant - 4m/Gy

Gm

Substituting (II-4) in (II-5) and simplifying gives

/'3,{ = /4 7—47( watts (I1-6)

it

antenna maximum gain

The power received by the ideal antenna is directly
proportional to the absolute temperature of the black-
body, however, no real-world objects exhibit blackbody
radiation properties.

Radiation from real-world objects (non-ideal radia-
tors) is dependent on their intrinsic electromagnetic
properties. These intrinsic properties change as the
physical properties of the medium change, i.e. density,
_internal structure, temperature, phase (solid, liquid, or
gas). In addition to internal characteristics, radia-
tion which is collected by the receiving antenna of a
radiometer is strongly affected by the surface interface

between the object and any intervening medium. This

14
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interface is a product of the surface configuration, as
well as the electromagnetic properties of the two media.
In order to account for non-ideal radiation, a term
called emissivity is normally used. Strictly speaking,
- the emissivity is the intrinsic radiating capacity of an
object in comparison with a blackbody, or the ratio of
the power radiated by the object and the power radiated
by a perfect blackbody at the same absolute temperature
[24]. In microwave radiometry, the term emissivity is
often used to encompass the radiation effects of the sur-
face interface, in addition to intrinsic radiation. For
purposes of this paper the emissivity will be defined to
account for both inherent emission characteristics, sur-
face interface effects, and receiver parameters peculiar

to a single mode of operation, thus the emissivity, e, is

given by
& = 7?/725 (I11-7)
where: T_ = Radiation of target
TBb = Radiation of blackbody at the same abso-

lute temperature

and (II-S) becomes

/fmc = ,47_;47{: ;4675—6 d/ (11-8)
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where € is a function of electromagnetic properties of
the medium (the complex permittivity), the frequency of
radiation, the polarization of the antenna, look angle,
and surface roughness and vegetation. Ta corresponds to.
the radiated power of the object under observation and is

’

said to be its '"'apparent temperature,"
Sensor Operation

A radiometer is essentially a very high gain re-
ceiver which measures the thermal noise an object emits.
.-The first radiometers were directed at stellar objects
and were known as radio telescopes. The gain fluctuations
of these radio telescopes were far too extreme for any
type of absolute measurements, and thus application of
radiometérs for earth observations was nonexistent.
| In 1946 Dicke [1] proposed a receiver design which
reduced the large gain variations of early radiometers,
thus leading to absoluté témperature measurements. The
unique characteristics of the Dicke radiometer (éee Fig-
ure II-1) is that the receiver is alternately connected
to the antenna port and a reference noise source by
means of a ferrite device known as a Dicke switch. The
switching operétion produées a square wave modulated sig-
nal whose amplitude is proportional tb the difference in

the two inputs. The signal then passes through the
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optional RF stages of amplification to the mixer where it
is heterodyned and passed to the IF stages of amplifica-
tion. The carrier frequency is removed from the signal,
and a synchronous detector converts the amplitude of the
square wave to a DC voltage which is proportional to the
difference of the antenna and base load temperatures.

The integrator provides a low pass filter to smooth the
signal into the proper analog form for processing and re-
cording.

Calibration of the Dicke radiometer is accomplished
in various ways. Normally the radiometer is designed
with one or more stable internal noise sources at dif-
ferent temperatures in addition to the base load. By
proper switching, the internal calibration source re-
places the antenna load in the system, and the output is
calibrated to correspond to the difference in noise
source temperatures. Additional switching will compare
the base noise source to itself, providing the correct
zero offset voltage for the analog output. Since all
elements in the system have an inherent noise and inser-
tion loss, in order to calibrate the radiometer for abso-
lute temperatures, an external calibration source must be
utilized. This is accomplished by a material which ap-

proximates blackbody radiation for the frequency of in-

terest placed directly in front of the antenna. Coupled
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with the internal calibration which gives the slope or
difference in temperature scale, the absolute reéding for
a single temperature provides a zero intercept, thus com-
pleting the calibration procedures.

The receiver sensitivity of a microwave radiometer
is defined as the rms fluctuation of the output signal
when a constant reference load is applied at the input.
The sensitivity, AT, is composed of statistical fluctua-

tions and amplifier gain variations and is given by [25]

aT- G v S o

where: C = constant depending on system parameters

Ty = reference load temperature

TQ' = load temperature referred to mixer input
T,nt - effective antenna temperature
F = system noise figure

B = detection bandwidth
T = postdetection integration time.

instantaneous gain

[#p]
—
(o] ct
~—
1] ]

average value of gain

The first term of (II-9) is caused by statistical
fluctuations of the output due to the noise added to the

signal by the front end of the radiometer. The second
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term is éaused by the gain variations of the amplifiers.
Depending on the design and intended use of a radiometer,
either term could dominate the other. .If the radiometer
were to be used in a fixed position with'a stationary
target, the integration could be selected as large as
desired to reduce the statistical fluctuations term of
(II-9) to a negligible figure. However, when the radio-
meter is employed in a non-stationary situation, the
statistical fluctuation term is often dominant because
the integration time is restricted.

When applying the radiometer in airborne operationms,
special system characteristics must be considered. When
observing an object with finite dimensions, the viewing
time of a target becomes an upper bound on the inte-
gration time. With a small integration time, T, the
sensitivity of the radiometer is assumed to be dependent
solely on the statistical fluctuétion term and (II-9)

becomes

Aﬂ-7— = JQ_‘F'VQ Te
J8 7T

or AT = 5//:;.‘ | (II-11)

where: S = C(F-1) TE//E = constant

(I1-10)



In order to effectively monitor a target of length

L from an aircraft, the radiometer antenna beam and the

height and velocity of the aircraft must be considered,

in addition to sensitivity. Jean [10] gives the dis-

tance, L, which is viewed by a radiometer mounted in an

aircraft as

/-

where:

or

where:

v + A/Zan/@fé)—fdn/&-¢_}] (II-12)

v
t

h

A

velocity of the aircraft
viewing time
altitude of the aircraft

viewing angle of the radiometer with respect
to nadir

one half the beamwidth of the radiometer
antenna

/ = vt + hA (IT-13)

tan (6+¢)- tan (6-¢)

If at least one apparent temperature reading is de-

21

sired from an area of length L, then the integration time,

T, of the radiometer cannot be greater than the viewing

time, t.

Solving (II-13) for the viewing time, t, gives

7 = [_A/. -—(/}A,) A>T (11-14)

and recalling (II-11) for the sensitivity constraints of
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the integration time

A7 = S/rF (11-11)

In (I1I-11) and (II-14) the basic system parameters
are related in terms of the constants A and S, figures of
merit for the radiometer antenna and receiver, respec-
tively. Closer examination reveals that the choice of
the receiver integratibn time must be based on a trade-
off between temperature sensitivity, AT, and spatial re-
solution, represented as L, for a given altitude and
velocity. An excellent discussion of the system trade-
offs involved in airborne radiometer measurements along
with a methodical procedure for evaluating operational
capabilities is given by Jean [10]. An additional dis-
cussion of radiometer performance with application trade-
offs is given by Schanda [26].

Perhaps the most overlooked sources of error in
apparent. temperature measurements are those errors stem-
ming from non-ideal antennas. Aﬁtenna discrepancies can
be divided into two catagories: 1) errors resulting from
non-ideal antenna patterns, and 2) system limitations.due
to fluctuations in antenna pointing.

Consider é radiometer antenna with an antenna power
pattern given by fk(W,g) where ¥ and £ are polar azimuth

angles, respectively, and k represents the polarization.
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If the radiometer antenna is illuminated by radiation of
brightness temperature Tg (¥,£), then the corresponding

;
antenna temperature, T, is [27]

AT L0 + [ #8) T 90
At [ R5)dN

vertical polarization

Ta) =

(I1-15)

where: V

H

horizontal polarization

desired received polarization, either verti-
cal or horizontal

j

In well designed antennas, the.design polarization
state, j, is significant over the main beam, but the
orthogonal polarized term may contribute a non-negligible
fraction of the total received power in the side-1lobes
and back-lobes (e.g., 2%) [27].

The antenna temperature Ti (60) is the power col-
lected by the antenna and processed by the receiver.
However, in most cases the quantity desired is

-ZEJk%bgq): Z;(?@z), the brightness temperature of the
radiation incident along the main beam direction of the
antenna. A direct solution for-Tj(eo), using (II-15) is
rarely performed. Several method? are used to calculate
j
B
of which involves a side-lobe correction procedure. Es-

T, (69) which avoid the inversion process, the simplest

timates are made of the beam efficiency and the power



entering the antenna via the side- and back-lobes, giving
reasonably accurate estimates of T%(eo ),'if the beam
efficiency is high.

In some operations, the limiting factor in system
performance may be determined not by the inherent pre-
cision of the radiometer, but by deviations introduced
by fluctuations in look angle or atmospheric path loss
~variations. Consider a small target contributing bright-
ness temperature Tt(e) to the antenna temperature with
the antenna having a rms fluctuations of (d®)? in look
angle due to vehicle oscillation or antenna steering con-
trol system. The total fluctuations in antenna output

(ATa) are approximated as [27]

Y
47, = élﬂy/%ezfe‘)/ /49)./7 (II-16)

where: AT = sensitivity of the radiometer

If the target is uniform, then j%%ggpwill be
small and the overall sensitivity will closely conform
to the receiver sensitivity AT. However, for abrupt
variations of Tt(e) the receiver sensitivity méy be un-
attainable. If the surface has a temperature Tb and the
atmosphere has physical temperature Tafm and attenuation
o between surface and radiometer, then the antenna tem-

perature is approximately

24
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foo= (1-2) Ty + = Tt (11-17)

and fluctuation in Ta is approximately [27]
2 2 V2
AT) = B=<)"(T5 Ttm) (11-18)

Since (Tb-Tatm) may be up to 100°K for observation of
highly reflective surfaces such as water,kfluctuations in
a of the order of 0.04dB may introduce fluctuations on
the order of 1°K in Té [27].

This chapter has provided the framework of operation
for the microwave radiometer. Working within the con-
cepts of thermal emission and the basic detection of the
emission by the sensor, Chapter III provides the tools for
interpretation of the radiometer measurements for a de-

sired observation.
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CHAPTER III
INTERPRETATION OF RADIOMETRIC DATA
The Concept of Apparent Temperature

In Chapter II the basic concepts of natural radia-
tion of an object and the subsequent detection systems
for microwave frequencies were discussed. In this
chapter the information content of the radiometer output
is analyzed. Because the output of a radiometer is ex-
pressed as an absolute temperature, an understanding of
the term known as apparent temperature is required.
Paramount in the discussion of apparent temperatures 1is
~ the fact that this absolute témperature measurement is
in reality a measurement of power.

The apparent temperature recorded by the radiometer
consists of contributions from more than just the object
under observation. The power received by the radiometer
antenna consists of the natural emissions of the target
and any radiation which is incident upon the target sur-
face and scattered toward the main beam of the ancenna.
"In addition, the intervening atmosphere attenuates the
net radiation from the surface, as well as introduces
some natural radiation of its own directed toward the main

beam. The other sources of power originate from the side
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lobes of the antenna and any cross polarization components
due to polarization inefficiencies of the antenna. As
discussed in Chapter II, the cross polarization and side
lobe contributions are normally thought to be sensor sys-
tem parameters, and many of the errors due to the sensor
itself are corrected in the calibration procedures.

In Chapter II it was shown that the target radiation
is equal to thé emissivity, ¢, times the physical temper-

ature of the target, T The emissivity is in general a

g
function of frequency, polarization, angle of observation

(or look angle), surface roughness, and the complex per-
mittivity of the target.

The radiation from the upper hemisphere incident on
the target surface is normally referred to as sky radia-
tion. The reflected portion of the sky radiation di-

rected toward the radiometer antenna, T can be found

r’

using the bistatic scattering coefficients, Uij(eo’¢0;es’

$;), as

'/7/8.é):ﬁéf/e,é;@.%)’“*Fk/‘f""""g"?] (111-1)
k@ %) 40,

47 cos B,

sky radiation incident on the target
from direction es,¢s

where: Ts(es,¢s)

j, k = the orthogonal polarizations states,
vertical and horizontal

00, $o = look angle and asizmuth, respectively
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and the integration is over the upper hemisphere. The
inherent assumption in (III-1) is the unpolarized nature
of the sky radiation, T_(6.,¢.).

The net radiation from the surface, which is compoéed
of the target radiation and the reflected sky radiation,
is reduced by a factor of a(r), which is the atmospheric
“attenuation factor for the received signal a distance r

meters from the target, given as

a(r) = exP/:/‘:‘/")d/f/ (111-2)

where: o(p) = attenuation of the atmosphere in nepers/
meter along the line of sight from the
target to the receiver
The atmosphere between the target and the radiometer
also contributes an amount of radiation directed toward
" the antenna main beam. This radiation is known as Tpath’
which is given by [27]

£ Jaen S

where: Tm(p)

e(p)

physical temperature of the atmosphere

emission coefficient per meter of theA.
atmosphere

If losses due to scattering of the atmosphere are small
compared to losses of absorption, then e(p) = a(p), which

is a reasonable assumption at microwave frequencies and



for clear weather conditions. The atmospheric attenua-
tion and absorption coefficients e(p) and a(p) are as-
sumed to be independent of polarization.

Since natural radiation is incoherent, the various
contributions add directly to give the total apparent

tempera