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FOREWARD

The primary emphasis in this investigation has been to investigate

the propagation of microwave radiation in the atmosphere. The ultimate

goal of this study is to determine the feasibility of utilizing micro-

wave radiometric systems on spacecraft for use in making meaningful

meteorological observations. The author has made a thorough, theoretical

study of atmospheric absorption and scattering by liquid hydrometeors.

The report is presented in two volumes. Volume I contains the basic

theory and a brief summary of the results. Volume II contains figures

and tabular information that is supplemental to Volume I.
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ABSTRACT

Transfer of Thermal Microwaves in the Atmosphere. (May 1971)

Jack Frederick Paris, B.S., Texas A&M University;

B.S., University of Washington

Directed by: Dr. Robert A. Clark

The Mie theory is used to determine the absorption and scatter-

ing properties of liquid hydrometeors at 27 microwave frequencies

from 500 MHz (60-cm wavelength) to 60 GHz (5-mm wavelength). Based

on the Marshall-Palmer distribution of drop sizes, regression

equations are developed for the volume absorption coefficient of

rain as a function of its temperature and content of liquid water.

Measurements of the dielectric constant of water and aqueous

sodium chloride by Lane and Saxton are used to form regression

equations for the dielectric constant of water as a function of

its temperature and salinity. These equations and the Fresnel

equations for reflection are used to compute the polarized

components of the thermal emission of sea water for a wide range of

sea temperatures, sea salinities, microwave frequencies, and angles

of viewing.

From the derived regression equations for the volume absorption

coefficient of rain and known expressions for that of clouds,

molecular oxygen, and water vapor, the direct problem of radiative
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transfer is solved for 582 plane-parallel, horizontally-homogeneous,

model atmospheres. The thin atmosphere approximation, in which

effects of multiple scattering are ignored for both extinction and

emission, is used in these calculations. The resulting fields of

emission and the transmissivities are analyzed in terms of their

predictability by the integrated contents of water in gaseous form,

in cloud form, and in rain form. With the use of these predictors,

the emission and transmissivity of the atmosphere are predictable

by a set of third-degree regression equations where the multiple

correlation coefficients are greater than 0.995 and the standard

errors of estimate are less than 9.7%.

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 of which the thickness is 3 km,

the surface rate of rainfall is 8 mm hr (moderate rain), the

optical thickness is 1.8722, and the albedo for single scattering

is 0.3323. The emission of this cloud agrees with that given by

the thin atmosphere approximation for zenith angles between 0 and

60 deg and between 120 and 180 deg and is essentially unpolarized.

The transmitted radiation is partially polarized, especially for

zenith angles near the horizon. The spectral albedo of the rain

is 8.8%. As a result of multiple scattering, the intensity of

upwelling radiation from the rain cloud over land is about 13% less

than that from the land and about 10% less than that from a non-

scattering, opaque atmosphere.



On the basis of these studies, it is concluded that (1) mea-

surements of the dielectric constant of sea water are needed for

frequencies less than 5.81 GHz, (2) a microwave radiometer can

not be used to survey sea temperature, (3) an airborne radiometer

operating at 1.42 GHz can be used to survey surface salinity in

areas of warm water, (4) an extensive empirical study is needed

to determine the effect of sea state on the emission of the sea,

(5) a radiometer operating at an optimum frequency of 10.69 GHz

can be used to survey the integrated content of liquid water in

the rain mass over the ocean, (6) 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 (7) a radiometer operating at 37 GHz can be used to

detect hail and heavy rain over land.
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CHAPTER I

INTRODUCTION

A. Nature of the Problem

Meteorological studies are based upon timely observations of

appropriate parameters of the atmosphere and its underlying

surfaces. Remote sensing of the atmosphere and the ocean in the

visible and infrared portions of the electromagnetic spectrum has

provided much useful information in the past. In the 1970's,

the National Aeronautics and Space Administration (NASA) will place

on Earth satellites and aircraft radiometers which are capable of

measuring the distribution of thermal radiation at microwave fre-

quencies. Previous theoretical and empirical studies have shown

that the thermal emission of the atmosphere at microwave frequen-

cies depends on the spatial distribution of pressure, temperature,

water vapor, and liquid hydrometeors. Also, the microwave emission

of the sea depends on its surface temperature, surface salinity,

and surface roughness. The relative importances of these environ-

mental parameters in determining the microwave emission of the

atmosphere and the ocean have not been determined for situations

where rain is a constituent of the atmosphere. Neither have the

The citations on the following pages follow the style of the
Journal of the Atmospheric Sciences.



quantitative relationships between the meteorological properties

of the atmosphere and its microwave emissions been established for

a wide range of microwave frequencies.

This study is a theoretical, calculative investigation of

the thermal emission of the atmosphere and the ocean at microwave

frequencies from 500 MHz (60-cm wavelength) to 60 GHz (5-mm

wavelength) from a representative number of model atmospheres

including rain. The radiative transfer problem is solved for each

model atmosphere in order to compute the katabatic and anabatic

emissions of the atmosphere at microwave frequencies. The effects

of multiple scattering on the transfer of thermal microwaves in

rain are evaluated by the Monte Carlo method. The resulting

calculations are analyzed in terms of their predictability by a

small number of basic, atmospheric parameters. The effect of the

emission and reflection of thermal microwaves by the ocean is

discussed, and some oceanic applications of microwave radiometry

are developed. A determination of a set of optimum microwave

frequencies and instrument configurations for specific meteorologi-

cal applications is made. Finally, recommendations for future

study are made.

B. Review of Past Studies

1. Early history of microwave radiometry. Jansky (1932)

first detected thermal radiation at radio frequencies from extra-

terrestrial sources in 1931, hence, the first radiowave radiometers



were called radio telescopes. In 1946, Dicke (1946) developed a

technique which greatly lessened measurement errors due to

fluctuations in the amplification of the radio receiver of the

radiometer. By the late 1950's, radio telescopes were operating

at frequencies in the microwave region, and scientists became

aware of the interference of the atmosphere at these frequencies.

Straiton et al_. (1958), Castelli ejt ad. (1959), and Hogg (1959)

noted that the katabatic emission of the atmosphere at microwave

frequencies varied greatly for different meteorological conditions.

The emission of microwaves by clear atmospheres was quite small;

however, on humid days, cloudy days, and especially rainy days,

it was large.

In the early 1960's, scientists used an airborne microwave

radiometer to survey the location of icebergs through fog in the

North Atlantic Ocean (Seling and Nance, 1961; Judge, 1965). They

found that sea ice emits about twice as much microwave radiation

as the open ocean.

The first and only United States satellite that carried a

microwave radiometer was Mariner 2 which passed within 34,350 km

of Venus in December 1962. This radiometer, called the MR-62,

operated at frequencies of 15.8 and 22.235 GHz. In the mid-1960's,

this radiometer and another dual-frequency microwave radiometer,

the MR-64, which operated at frequencies of 9.3 and 34.0 GHz,

were placed in a Convair 240A aircraft by the NASA Manned Spacecraft

Center. This aircraft, designated as NASA 926, was flown over



many land and sea test sites.

2. Absorption of microwaves by atmospheric gases. Van Vleck

(1947a, 1947b) found that the major absorbers of microwaves among

the atmospheric gases are molecular oxygen, of which the resonant

frequencies lie near 60 GHz, and water vapor, of which the resonant

frequency is at 22.235 GHz. Molecular oxygen has several weak

absorption lines near 9.5 GHz (Mizushima, 1960; Bowers e£ al., 1959),

and carbon dioxide has weak absorption lines at 9 and 22 GHz

(Derr, 1967); however, these lines are negligible. The allowable

transitions in these molecules are changed by the presence of

other molecules during collisions. As a result, the absorption

lines are broadened so that microwave absorption occurs for all

microwave frequencies rather than just for the resonant frequencies.

The most commonly used collision-broadening shape-factor is that

proposed by Van Vleck and Weisskopf (1945). Although other

expressions have been proposed by Gross (1955) and Frbhlich (1946),

the expression of Van Vleck and Weisskopf has been accepted and

verified by most investigators (Anderson, 1949; Lenoir et al_., 1968)

and is accepted in this paper.

The best statement of the Van Vleck theory for molecular

oxygen is found in the paper by Meeks and Lilley (1963). In this

paper, they list the resonant frequencies of molecular oxygen and

give general expressions for the volume absorption coefficient for

molecular oxygen as a function of the temperature and pressure of



the air and the microwave frequency. The most complete statement

of the Van Vleck theory for water vapor is found in a report by

Porter and Florance (1969). Other expressions may be found in

published literature by Barrett and Chung (1962), Groom (1964) ,

and Staelin (1966).

The above authors have proposed various applications for the

sensing of the microwave emission by water vapor and molecular

oxygen. Included in these are the top sounding of atmospheric

temperature at frequencies near the oxygen resonance and the top

sounding of atmospheric water vapor at frequencies near the water

vapor resonance. These applications are not discussed in this

paper.

3. Extinction of microwaves by liquid hydrometeors. During

World War II, scientists became interested in the effects of

meteorological factors on the propagation of microwaves used by

search radar. Ryde (1946) conducted the first rigorous study of

the attenuation and backscattering of microwaves by spherical

hydrometeors in clouds and precipitation by applying the exact

theory of the scattering of plane electromagnetic waves from homo-

geneous dielectric spheres. This theory is called, the Mie theory

after one of the earliest papers on the subject by Mie (1908);

however, the theory was developed earlier by Lorenz (1890) and

others mentioned in Logan (1962, 1965). Goldstein (1951) continued

Ryde's work. He found that the Rayleigh approximation worked well

for liquid hydrometeors in clouds wherein the largest drops had



diameters less than about 0.1 mm and that scattering of microwaves

by such clouds is negligible for many purposes. Aden (1951, 1952)

developed a scheme for computing the scattering and absorption

parameters (hereafter called the Mie parameters) for large drops

and solved the problem of predicting the scattering of microwaves

from layered dielectric spheres. In a series of papers by

Deirmendjian (1963, 1965, 1969) and Deirmendjian et al. (1969), an

iterative scheme was developed for computing the Mie parameters of

individual hydrometeors.

4. Distribution of drop sizes in rain. In order to compute

the absorptive and scattering properties of rain, one must know

the distribution of drop dimensions. Simple expressions giving

the distribution of drop diameters in rain as a function of the

rainfall intensity are given by Laws and Parsons (1943), Marshall

and Palmer (1948), and Best (1950). These distributions were

obtained from surface measurements of steady rain and appear to be

valid for average non-orographic rain (Atlas, 1953; Atlas and Plank,

1953; Blanchard, 1953). There are only slight differences among

these three distributions, and investigators usually use the

Marshall-Palmer distribution (hereafter called the M-P distribution),

Significant departures from the M-P distribution have been noted

for some types of rain (Mason and Andrews, 1960; Dingle and Hardy,

1962) in that the number of large drops is overestimated (Caton,

1966). In this paper, the M-P distribution is assumed to be repre-

sentative of precipitation over the ocean. The independent variable



in the M-P distribution is rainfall intensity; it has been changed

to the content of liquid water of the rain mass in this paper.

Rainfall rates may be computed from the M-P distribution by using

formulas giving the terminal velocity of drops at various atmos-

pheric densities (Best, 1950; Flower, 1928; Gunn and Kinzer, 1949;

Foote and Du Toit, 1969).

5. Attenuation of microwaves by rain. Although raindrops

having diameters larger than about 2.5 mm tend to be flattened at

the bottom (Blanchard, 1950; Magono, 1954; McDonald, 1954; Foote,

1969) and raindrops are not strictly homogeneous dielectric spheres

of pure liquid water, one may use the Mie theory and the M-P distri-

bution to predict with considerable accuracy the scattering and

absorption properties of rain. These calculations have been made

for many radar frequencies by many investigators (Ryde, 1946;

Goldstein, 1951; Gunn and East, 1954; Imai, 1956; Atlas and Banks,

1951; Wexler and Atlas, 1963; Medhurst, 1965). Other investigators

have determined the rate of attenuation of microwaves by rain

through empiricism (Robertson and King, 1946; Anderson et al̂ ., 1947;

Marshall e± al., 1955; Funakawa and and Kato, 1962; Hogg et al.,

1963; Hogg, 1967). Still others have used the theoretical implica-

tions of the Mie theory to determine the effects of rain upon

communications (Bussey, 1950; Burrows and Attwood, 1949; Hathaway

and Evans, 1959; Bean and Button, 1966; Howell and Shakeshaft,

1967; Hogg, 1968). In general, the predictions of the rate of



attenuation by rain have been verified by the measurements of

attenuation. Medhurst (1965), however, found that some measured

attenuation rates were higher than the maximum value possible from

the Mie theory. As far as the applications of microwave radiometry

to the sensing of liquid water in rain is concerned, the foregoing

studies have two shortcomings. First, the calculations and measure-

ments have been made at frequencies other than the reserved radio-

astronomy bands that must be used by passive radiometers. Second,

no distinction has been made between the scattering and absorption

properties of rain in either the theoretical studies or the empiri-

cal studies; only the total attenuation or extinction of microwaves

by rain was utilized in those studies. The best summaries of the

attenuation properties of atmospheric gases, clouds, and rain are

found in publications by Rosenblum (1961), Lukes (1968), LeFande

(1968), and Benoit (1968).

6. Katabatic microwave emission of the atmosphere. The

Van Vleck theory and the various theories for the attenuation of

microwaves by clouds and rain were used in several studies of the

emission of model atmospheres by Weger (1960), Hogg and Mumford

(1960), Hogg and Semplak (1961, 1963), Wulfsberg (1964), Groom

(1964), Edison (1966), Falcone (1966), Kreiss (1968, 1969), and

Staelin (1969). In all of those studies, the atmosphere was

assumed to be a non-scattering medium. In that case, the solution

to the problem of radiative transfer is fairly simple. Most of

those studies did not and, indeed, should not have included rain



since rain may scatter significant amounts of microwave energy.

Unfortunately, those which did include rain were based on the

assumption that the attenuation properties and the absorption prop-

erties of the rain mass were the same. It will be shown in this

paper that this error leads to a significant overestimate in the

microwave emission of rain. In addition, those investigations used

only a few atmospheric models to evaluate the microwave emission

of the atmosphere.

Ground-based measurements of the katabatic emission of micro-

waves by the atmosphere have been made by a number of the above

investigators and others (Venugopal, 1963; Cummings and Hull, 1966;

Haroules and Brown, 1968, 1969; Decker and Dutton, 1970; Toong and

Staelin, 1970). In general, these measurements have supported the

theory; that is, the microwave emissions by clouds and especially

rain are much greater than that by clear atmospheres for frequencies

above about 5 GHz. Also, the microwave emission by a clear atmos-

phere is greater on humid days than on dry days for frequencies

near the absorption line of water vapor (22.235 GHz). Scientists

have not been able to establish quantitative relationships between

the meteorological properties of clouds and rain and their micro-

wave emission through empiricism because they could not measure,

synoptically, the spatial distribution of the liquid water in

clouds and rain.

7. Microwave emission of sea water. The emission of
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microwaves by sea water was studied first by Peake (1959, 1967)

and Chen and Peake (1961). Marindino (1967) computed the emission

by a calm sea as a function of its temperature for several micro-

wave frequencies, angles of viewing, and polarizations. These

theoretical considerations were made on the basis of the reflective

properties of a flat, semi-infinite dielectric composed of sea

water where the dielectric constant was assumed to be that of pure

water or aqueous sodium chloride, as measured by a number of

investigators (Wyman, 1930; Saxton and Lane, 1946, 1952; Saxton,

1946a, 1946b, 1946c, 1949, 1952; Collie et al., 1946, 1948a, 1948b;

Hasted £t al., 1948; Lane and Saxton, 1952a, 1952b; Hasted and

El-Sabeh, 1953; Von Hippel, 1954a, 1954b; Mainberg and Maryott,

1956; Hasted and Roderick, 1958; and Hasted, 1961). These mea-

surements may be fitted to a simple relaxation theory proposed by

Debye (1929) such that the dielectric constant of sea water is a

function of temperature, salinity, and electromagnetic frequency.

Studies have shown that the microwave emission by a calm sea is

small and that it is fairly independent of the physical temperature

of the sea. Barrett (1966), Sirounian (1968), and the author

(Paris, 1969) have studied the effect of salinity on the microwave

emission by sea water. Several investigators have discussed the

microwave emission by sea water at the early symposia on the appli-

cations of remote sensing (Barath, 1965; Conway and Mardon, 1965;

Mardon, 1965; Staelin, 1965). The effect of wave roughness on the

microwave emission by sea water has been determined by Fried (1966)
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and Stogryn (1967). They used the slope spectra of the sea surface

given by Cox and Munk (1954a, 1954b) to determine the effective

emission of the sea for various wind speeds over the surface of a

fully developed sea. In general, they found that the largest

response in the microwave emission by the sea to c'hanges in wave

roughness occurs at zenith angles of viewing near 55 deg for hori-

zontal polarization. Williams (1969) found that the effect of sea

foam on the microwave emission by sea water could dominate that of

wave roughness for medium and high states of the sea since the

amount of coverage of sea foam on a fully developed sea increases

with increasing wind speed (Blanchard, 1963). These predictions

were later confirmed by Nordberg et al. (1969).

Measurements by the MR-62 (15.8 and 22.235 GHz) and MR-64

(9.3 and 34.0 GHz) radiometers of the apparent microwave emission

of the sea over the outflow of the Mississippi River into the Gulf

of Mexico showed that it is independent of temperature and salinity

for frequencies between 9.3 and 34.0 GHz (Paris, 1969). In 1970,

a set of microwave radiometers operating at 1.42, 10.69, 22.235,

and 31.4 GHz and built by Aerojet General were placed on a Lockheed

P3A aircraft, designated as NASA 927, by the NASA Manned Spacecraft

Center. A test flight of this instrument over the Mississippi

River outflow showed that the microwave emission by the sea at a

frequency of 1.42 GHz decreased with increasing salinity

Droppleman et^ al_., 1970) as predicted by the author (Paris, 1969).
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8^. Microwave emission of the atmosphere and the ocean.

Buettner (1963) suggested that liquid water in the atmosphere over

the ocean could be surveyed from aloft with a microwave radiometer

operating at a frequency near 18.8 GHz. In the summers of 1967 to

1970, the NASA Goddard Space Flight Center has sponsored flights

of an electronically-scanned, microwave radiometer operating at a

frequency of 19.35 GHz and built by Aerojet General. Test flights

of this instrument over land and ocean sites have shown that clouds,

precipitation, sea foam, and wave roughness greatly enhance the

intensity of the upwelling microwave radiation (Catoe et al., 1967;

Nordberg et_ al_., 1969). Also, small but measureable differences

between the microwave emission of humid, tropical atmospheres and

dry, polar atmospheres have been noted. Flight tests of the MR-62

and MR-64 radiometers in the NASA 926 aircraft over rain at sea

have shown a significant increase in the apparent microwave emission

of the sea at 15.8 GHz. The other channels of the MR-62 and MR-64

apparently were inoperative (Singer and Williams, 1968).

The most extensive study of the microwave emission by the

atmosphere and the ocean to date is the one made by Kreiss (1968,

1969). In that study, the microwave emission by rain was not con-

sidered. Also, the clouds were assumed to be homogeneous in their

content of liquid water.

9. Soviet research in thermal microwave physics. Scientists

in the USSR have been very active in theoretical and applied

research in all the topics discussed above. The nature of their
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research is discussed separately since it has been difficult to

follow their activities due to the limited number of English trans-

lations of their articles related to microwave radiometry. Gurvich

and Egorov (1966) reported that the surface temperature of the

Caspian Sea was surveyed with a microwave radiometer from an air-

craft in 1964. A theoretical work published later by Pereslegin

(1967) indicated that the response of the emission of sea water to

changes in sea temperature is greatest for frequencies in the range

of 3.0 GHz to 3.75 GHz depending on water temperature. In the

course of those calculations, the conductivity of sea water was

held at a constant value; such is not the case for sea water, as

will be seen in Chapter III. An even later paper by Rabinovich

et al. (1969) stated that the radiometer used to measure the sea

temperature operated at frequencies between 3.0 and 3.75 GHz.

Basharinov et al. (1968) and Kutuza (1968) discussed briefly the

Soviet activities in the application of microwave radiometry in

sensing cloud and rain characteristics. In 1969, the NASA trans-

lated and published (Shifrin, 1969) the proceedings from a Soviet

Conference on the transfer of microwave radiation in the atmosphere.

This document reviews the activities of Soviet scientists in using

microwave radiometers to study a variety of atmospheric and oceanic

phenomena such as sea temperature, sea ice, sea roughness, water

vapor, liquid water, and precipitation. The only evaluation of the

role of multiple scattering in the transfer of thermal microwaves

through rain has been made by Volchok and Chernyak (1969) who used
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classical radiative transfer techniques. Unfortunately, they

appear to have used arbitrary values for the scattering properties

of their model atmosphere that are not realistic for the frequencies

used in their study. Also, vital bits of information about their

models were not included in their publication or were missed in

the translation.

10. Radiative transfer. It is well known that scattering may

account for as much as half the extinction of microwaves at any

given point in rain at microwave frequencies. The theory of the

transfer of electromagnetic radiation through scattering media is

presented in the texts of van de Hulst (1957), Chandrasekhar (1960),

Busbridge (1960), Goody (1964), Love (1968), and Kerker (1969).

This classical theory has been applied to many problems involving

the transfer of ultraviolet, visible, infrared, and radar radiation

through scattering atmospheres. Another interesting technique

known as invariant imbedding has been developed by Bellman et al.

(1960, 1966). In the past few years, Plass and Kattawar (1968a,

1968b, 1968c) and Kattawar and Plass (1968a, 1968b, 1969) have

solved the radiative transfer problem for visible and infrared

radiation in clouds over land and sea surfaces by using the Monte

Carlo method (Fleck, 1963; Shreider, 1966). In this method, the

multiple scattering of electromagnetic radiation in a scattering

medium can be viewed as a sequence of single-scattering encounters

between representative photons and elements of the medium.
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The sequence ends when a photon is either absorbed or exits the

scattering domain. The probabilities for each step in the sequence

can be related to the absorption and scattering properties of the

medium, as obtained from classical techniques. Shreider (1966)

suggests methods for reducing the number of trials needed to deter-

mine the spatial distribution of the radiation emerging from the

medium. The advantages of the Monte Carlo technique lie in its

directness of application, its lack of simplifying assumptions,

and its versatility.

11. Modeling of the atmosphere for radiative transfer. In

all of the past investigations, the models used to represent the

spatial distribution of atmospheric parameters have been too few

to be representative of actual meteorological conditions existing

in the real atmosphere and have been too simple. Often, only one

atmosphere, as, for instance, the 1962 U. S. Standard Atmosphere

(Cole et al., 1965), is used. The distributions with altitude of

liquid water in clouds and rain also are assumed to be simple step

functions. There have been many meteorological studies of the dis-

tribution of these quantities in the atmosphere; results from

these studies can be used to formulate more realistic models. Cole

et al. (1965) give several distributions with height of pressure,

temperature, and moisture for different latitudes and seasons.

Petterssen (1956a, 1956b) and Riehl (1954) discuss these parameters

for tropical storms and maritine tropical air. Lukes (1968) gives

a representative sounding for maritine polar air. The variability
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of precipitable water (integrated content of water vapor) in the

atmosphere is discussed by Gutnick (1961), Penn and Kunkel (1963),

and Benwell (1965). The vertical distribution of liquid water in

clouds and rain has been measured by a number of investigators

(Wexler and Donaldson, 1968; Weickmann and Aufm Kampe, 1953;

Warner, 1955; Squires, 1958; Singleton, I960; Neiburger, 1949;

Durbin, 1959; Draginis, 1958; Browne e£ al., 1954; Aufm Kampe,

1950; Ackerman, 1959, 1963). The implications of these studies

should be taken into consideration when the atmosphere is being

modeled for radiative transfer.

12. Summary of the inadequacies of past studies. During the

course of this lengthy review, several shortcomings of past studies

related to the application of microwave radiometry to meteorologi-

cal sensing have been noted. Briefly, these are as follows:

(1) past studies of the attenuation properties of rain at microwave

frequencies are of little use to thermal microwave studies since

no distinction has been made between absorption and scattering;

(2) these studies have been made for frequencies other than the

bands reserved for passive sensing; (3) the relationship between

the meteorological properties of clouds and rain and their thermal

emissions at microwave frequencies can not be determined through

empiricism since the spatial distribution of liquid water in clouds

and rain can not be determined synoptically; (4) theoretical

studies of the emission of thermal microwave by model atmospheres
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have not considered the effects of scattering and absorption in

rain or have been based on the assumption that the absorption and

attenuation properties of rain are the same; and (5) the atmospheric

models used in past studies have been too few and too simple.

In this paper, the absorption and scattering properties of

rain are determined for 27 microwave frequencies (see Table 1) from

0.5 GHz to 60 GHz including all reserved bands. Also, the effects

of multiple scattering are evaluated, and a large number (582) of

model atmospheres is used. This study is limited, however, to

plane-parallel, horizontally-homogeneous atmospheres containing

rain having a M-P distribution of drop sizes.

C. Objective

The objective of this research is to develop quantitative

relationships between the meteorological properties of clouds,

rains, and gases and their thermal emissions at microwave frequen-

cies. Subservient to this over-all goal are the goals of (1) deve-

loping an understanding of the relationship between the emission

of microwaves by the sea and its temperature, salinity, and rough-

ness, (2) solving the radiative transfer problem under known

atmospheric conditions, and (3) reducing the number of predictors
\

needed to compute the thermal emission of the atmosphere at micro-

wave frequencies.

It must be emphasized that the conclusions of this research

are based on speculative, theoretical considerations and that
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Table 1. Microwave frequencies used in this study.

Frequency
(GHz)

0.5
0.61
0.75
1.0
1.42
1.675
2.1
2.695
2.91
4.0
4.805
5.81
8.0
9.369
10.69
11.312
15.375
17.2
19.35
22.235
31.4
33.2
35.1
37.0
45.248
53.8
60.0

Rationale

Lower end
RAB
IF
IF
RAB, NASA 927, Sky lab
RAB
IF
RAB
10.3 cm Radar
IF
RAB, ESSA-GBMR
RAB
IF
3.2 cm Radar
RAB, NASA 927, ESSA-GBMR
IF
RAB
IF
RAB, Nimbus, NASA 990
NASA 927, Water-Vapor Resonance
RAB, NASA 927
RAB
IF
RAB, Nimbus
IF
Nimbus MWS
Upper end, Molecular Oxygen Resonance

RAB - Radio Astronomy Band, a protected "quiet" band in the
microwave spectrum (Smith-Rose, 1964)

IF - Intermediate frequency, used to fill in space between RAB's
NASA 927 - Multi-frequency microwave radiometers on NASA 927

aircraft
ESSA-GBMR - ESSA Ground-based microwave radiometer
Nimbus - Nimbus E or F microwave radiometer
Nimbus MWS - Nimbus microwave spectrometer
Skylab - NASA manned space station
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many of the necessary assumptions are based on sketchy meteorologi-

cal and physical knowledge. Nevertheless, it is hoped that these

findings will lead to a better understanding of the nature of the

thermal emission of the atmosphere and the ocean at microwave

frequencies and that the theory can form the basis for well-planned

experiments and measurement programs in the future.
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CHAPTER II

FUNDAMENTAL CONCEPTS OF THERMAL MICROWAVE RADIATION

The fundamental concepts used in radiation studies are des-

cribed in detail in the texts of Chandrasekhar (1960), van de Hulst

(1957), and, most recently, Kerker (1969). In addition, Deirmendjian

(1969) has written an excellent source book on electromagnetic

scattering in spherical polydispersions — the main topic of this

paper. In the following, the basic concepts presented in these

texts are couched in a form perculiar to the radiative transfer

of thermal microwaves through model atmospheres and homogeneous

oceans.

A. Definitions

1. Intensity and flux. The fundamental property of radiation

is its intensity field. In this study, the word intensity denotes

the specific, spectral, or monochromatic intensity of electro-

magnetic radiation. Consider the flow of radiant energy through a

point in space (see Fig. 1). Let AE be the amount of radiant

energy (J) traveling within the solid angle, Afl (str), surrounding

the unit vector, a, passing through the area, AA (m ), during the

time interval, At (sec), and being carried by electromagnetic waves

having frequencies from v - v/2 to v + v/2 (Hz). The intensity of

the pencil of radiation traveling along a is defined (Chandrasekhar,
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Fig.
Geometry of intensity-
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1950, p. 1) by the expression

dE = I(a,v,t) cosQ dv dA dfl dt, (1)

—2 —1 — 1
where I is the (specific) intensity (W m str Hz ), and 0 is

the angle between a" and the outward unit-vector that is normal to AA.

The concept of intensity will be used throughout this paper to

describe the nature of the emergent fields of microwave radiation

from the atmosphere and the ocean. For practical considerations,

one must integrate the intensity field over finite areas, solid

angles, time intervals, and bandwidths to compute the flux of thermal

microwave energy that may be measured by conventional microwave

radiometers. In (1), one may define the differential flux dF

—2 —1(W m Hz ) as

dF = - = i(5)V>t) cose dfi. (2)
dA dv dt

In polar coordinates,

dft = sine d6 dc|>. . (3)

Thus, (2) becomes

dF = I cos6 sine de d<J>. (4)

In this paper, the intensity will be obtained by integrating

the flux over the solid-angle strip between zenith angles of 8.. and

8._. The flux of radiation through this solid angle is given by

,2TT 0

AF(e1,e2) - / / 2 i cose sine de d<j>

2 IT I / 2 sinS cos0 d6, (5)
91
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where I is the effective value of I. The integral in (5) is

recognized to be of the form u du where u is sin6; thus,

AF(61,92) = TT I [sin
202 - sin̂ ]. (6)

If AFCe^e ), 9 , and Q~ are known, then one may determine

I. A black-body or Lambert surface radiates isotropically (i.e., I

is a constant). Thus, the flux of emission from such a surface is

AF(0,ir/2) or TTI.

2. Brightness temperature. Scientists studying thermal

radiation prefer to use some appropriate equivalent temperature

to describe the intensity of a particular type of radiation. In

thermal microwave studies, brightness temperature is used in place

of intensity. The relationship between these two quantities is

derived from the properties of a perfect emitter (black body) at

microwave frequencies and terrestrial temperatures. The intensity

of the thermal emission from a black body is given by Planck (1959)

as

B(v,T) = 2 h v3/c2 [exp(h v/k T) - 1] , (7)

where T is the temperature (K) of the black body, h is Planck's

constant (6.623 x 10 J sec), c is the speed of light in a

8 1
vacuum (2.99793 x 10 m sec ), k is Boltzman's constant (1.38

-23 -1x 10 J K ) , and v is the electromagnetic frequency (Hz) .

At microwave frequencies and terrestrial temperatures, the

quantity (h v/k T) is much less than unity, and (7) reduces to the

Rayleigh- Jeans Law,

B(V,T) = 2 k v
2 T/c2. (8)
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There is a linear relationship between B(v,T) and T for a fixed

microwave frequency. Suppose one is given an intensity I; there

exists a unique temperature, T (K), such that B(v,T) is equal to I.

T is known as the brightness temperature of the microwave radiation

under study. Mathematically,

T = (c2/2 k v2) I. (9)

A microwave radiometer is sensitive only to one component of

the radiation field, that is, to radiation existing in one plane

of polarization. Thus, one needs to relate intensity to the

polarized component of the emission of microwaves by a black body.

Since thermal emission is unpolarized, half of its energy is

propagated within one plane of polarization, and half is propagated

in the orthogonal plane. Therefore, any polarized component of

the emission of microwave by a black body, B (v,T), is given by

B (v,T) = k v2 T/c2. (10)

From (10), one obtains an expression for the brightness

temperature, T (K), as follows:

Tp = (c
2/k v

2) Ip, (11)

where I is some given polarized component of microwave radiation.

Most investigators have chosen to resolve the microwave intensity

into the vertically polarized component, I , and the horizontally

polarized component, I, . Vertically polarized radiation consists

of those electromagnetic waves of which the electric field vector

oscillates in the plane that includes the local normal and the
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line of sight; horizontally polarized radiation consists of waves

of which the electric field vector oscillates in the plane that

includes the line of sight and that is perpendicular to the

vertical plane. These two parameters alone are not adequate,

however, to describe the state of polarization of the radiation

under study.

The use of the word "polarized" in the phrase "polarized

component" may lead one to think that the intensity is polarized,

that is, that there exists a fixed phase relationship between

two orthogonal components of the total electric field vector. Such

is not the case in thermal microwave physics. Thermal radiation

may become partially polarized upon scattering. The phrase

"polarized component" refers to one component of the total stream

of radiation for which the electric field vectors oscillate in one

given plane of polarization. This distinction is necessary since

microwave radiometers are sensitive to only one component at a

time. The phrase "polarized wave," on the other hand, is meant

to imply that the wave is polarized with fixed phase differences

between any two orthogonal components of its electric field vector.

3. Stokes vector. Consider an eliptically polarized,

electromagnetic wave. Its electric field vector may be visualized

as describing an ellipse in the transverse plane (see Fig. 2). The

orientation, sense of rotation, and eccentricity of this ellipse

may be given by the parameters, x an<3 Y» where x is the angle

between the vertical or v-axis and the major axis of the ellipse
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Fig. 2. Geometry of polarization.
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and y is the angle of which the tangent is the ratio of the minor

axis to the major axis of the ellipse. The components of the

electric field vector along the v-axis and the h-axis are Re{E }

and Re{E, }, respectively, where

Ev = EVQ exp[j(u>f t + ev)], (12)

and

Eh - Eho exp[j(uf t + eh)]. (13)

E and E, are the magnitudes of E and E, , e and e, are theirvo ho ° v h v h

respective phase angles, and w,. is the circular frequency (2 TT v) .

If the sense of rotation is clockwise (looking along the direction

of propagation), then the sign of y is taken to be positive and

vice versa. Van de Hulst (1957, p. 41) suggests that four para-

meters be used to describe the state of polarization of an electro-

magnetic wave. These parameters may be expressed in the form of

a column vector, known as the Stokes vector,

f = {I,Q,U,V}, (14)

where the components of I (having units of intensity) are given

(Chandrasekhar, 1950, p. 27; van de Hulst, 1957, pp. 41-42; Kerker,

1969, p. 17) as

I - Iv + Ih, (15)

Q - Iv - Ih, (16)

U = I cos2-y sin2x = Q tan2x, (17)

and

V = I sin2y = Q tan2y sec2x- (18)
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At any point, I Is proportional to E E* (note: E* refers to

the complex conjugate of E); thus,

E E* + E, E* (19)
v v h h

E* - E E*, (20)
V V V V

U « E E* + E, E* = 2 Re{E E*} , (21)
v h h v v h

and

V « j (E E* - E. E*) = -2 Im{E E*} . (22)
v h h v vh

Also,

I « E E* (23)
V V V

and

Ih - Eh E*, (24)

where the bar indicates that time averages are being taken over

time periods much longer than the period of vibration of the

respective electric fields. For phenomena occurring at a point,

one may use the change in E and E, to determine the change in the

Stokes vector due to scattering, reflection, or refraction. In

general, for radiation propagating from a point, the electric

field strength diminishes at a rate proportional to the inverse of

the distance traveled. The intensity, however, does not change

with distance unless extinction or emission is occurring in the

medium through which it propagates.

The important property of the Stokes vector is that the Stokes

vector for the superposition of several independent streams of

radiation is simply the vector formed by summing the respective
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components of the Stokes vectors of the Individual streams. By

"independent," one means that there are no permanent phase rela-

tions among the component streams of radiation. In some processes,

such as reflection from or transmission through the interface

between two dielectric materials or scattering from dielectric

spheres, the state of polarization may be altered.

It is important to note that for a fully-polarized wave, the

intensity, I, is /Q + IT+ \T . When Q, U, and V are zero, the

intensity of the polarized part is zero and x and y are undefined.

Thus, thermal radiation of intensity I may be represented by the

Stokes vector {I ,0,0,0}. In general, a partially polarized

stream of radiation is the sum of an unpolarized part of which

the Stokes vector is {I ,0,0,0} and a fully polarized part of

which the Stokes vector is {/) + U + \T,Q,U,V}.

B. Radiative Transfer

1. Extinction. A pencil of radiation may be weakened through

extinction processes and strengthened through emission processes

as it travels through a medium. Also, its Stokes vector may be

transformed by scattering, reflection, or transmission. The

fundamental law of extinction is Lambert's Law which states that

the volume extinction coefficient, K, is linear and independent

of the intensity of radiation and of the amount of matter (Goody,

1964, p. 23). Lambert's Law may be stated mathematically as
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dl = -K ? ds, (25)
ex

where dt is the differential change in I due to extinction
ex 6

processes as the radiation travels a differential path length,

ds (m), and K is the volume extinction coefficient (m ). A con-

venient quantity is the differential optical path-length, dt,

given by

dt = -K ds. (26)

The negative sign in (26) is the result of the usual convention

of defining the optical depth at the top of the atmosphere to be

zero.

Extinction consists of absorption (conversion to heat) and

scattering (redistribution with direction). Since all extinction

processes are linear,

K = a + 6, (27)

where ex is the volume absorption coefficient (m ) and 0 is the

volume scattering coefficient (m ).

2. Emission. Formally, one may state that the differential

change in I due to emission processes is given by

df - < J ds, (28)em

where J is the source function (vector) and has the units of

intensity. If the direction of some pencil of radiation under

study is specified by the zenith angle, 9, and the azimuth angle, <f>,

and (6',<j>f) represents the direction of other pencils of radiation

in the 4ir solid angle around the scattering point, the source



31

function is given as follows:

JO,*) =7/ / [P0](e,̂ e','J'1) (e',*') sine' de' d*'
0 0

+ (1 - u>) B, (29)

where [P ] is the phase matrix for angular scattering, B is the

Planckian emission vector, {B(v,T) ,0,0,0), and u> is 3/K. The first

term of (29) represents the contribution to the emission by

scattering. The second term of (29) represents the contribution

by thermal emission. Goody (1964, Sec. 2.2.4) has shown that the

emission of a body is Planckian if the population of energy levels

is due primarily to collisions among molecules.

3. Reflection at the air-sea interface. Consider a plane

polarized, electromagnetic wave incident upon a flat, semi-

infinite dielectric consisting of sea water (see Fig. 3). The

sea water is assumed to be characterized by a temperature and a

salinity. If the complex index of refraction of the sea water,

mf - j m", is known (see Chapter III), then the reflective charac-

teristics of the two media are prescribed by the complex Fresnel

reflection coefficients, RV and K^, given by Kerker (1969, p. 20) as

cos9 - (in1 - j m") cos6
Rv = cos6 + (mf - j m") cosG (30)

3. W

and

(m1 - j m") cos6 - cos6
a W (31)

Ti (m1 - j m") cos6a + cos6w '

where 9 and 6 are the angles that the pencils of radiation make
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Zenith

Nadir

Fig. 3. Geometry of reflection and refraction at the air-sea
interface.
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with respect to the normal to the interface in the air and in the

sea water, respectively. These angles are related through Snell's

Law as follows:

sine = (m1 - j m") sine . (32)

The components of the electric-field vector of the reflected

radiation at the interface, Re{E } and Re{E , }, are related to

the components of the incident radiation at the interface, Re{E }

and Re{E.,}, as follows:

E - E. R , (33)rv iv v

rh ^h V (3A)

and

E , = Erh

The Stokes vector for the incident wave is given from (14) as

?. = {I ,Q.,U.,V.} , (35)

where

I. = c E. E* + c E., E* , (36)i p iv iv p ih ih'

cp Eiv Elv - CP Eih Eih' (37>

U. - c E. E* + c E,. E* = 2 c Re{E. E* }, (38)i p iv ih p ih iv p iv ih '

and

Vi = J CP <
Eiv E?h - Eih E£v> ' -2 CP

 Im{Eiv E£h}> (39)

where c is the constant of proportionality between I and E E* at

the interface.

The Stokes vector for the reflected wave is the same as given

in (35) to (39) when the i's are replaced by r's. If E and E ,rv rh

are replaced by the equivalent values given by (33) and (34), then
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one obtains expressions for the components of the Stokes vector

for the reflected wave, I , as follows:

I = c E, R E* R* + c E., R, E* R*r p iv v iv V p ih n ih n

= I. R R* + I., R, R*; (40)iv v v ih n n'

Q = c E. R E* R* - c E., R, E* R*xr p iv v iv v p ih n ih Ti

= I, R R* - !„ R, R*; (41)iv v v ih n n

U = c E, R E* R* + c E.,, R, E* R*r p iv v in n p ih n iv v

= 2 c Re{lTR E* R*}; (42)p iv v ih n

V = j c (E~ R E*. R* - E., R. E* R*)r J p iv v ih Ti ih n iv v

' -2 CP
 Im{Eiv Rv E?h *£>' (43)

It was seen in (12) and (13) that E. , E., E , and E , haveiv ih rv rh

associated phase angles, e. , e... e , and e , . Also, R and R,v * iv' ih' rv rh ' v n

have associated phase angles, <J> and 4>, . If one lets

6i = eiv - £ih

and

then (42) and (43) become

u = 2 c IE. I |R | IE., I IR, I cos(<s + 6.) (46)r . • p ' iv1 ' v1 ' ih1 ' n1 r i

and

V = -2 c IE. I R IE., I IR, I sin(6 +6.). (47)r p ' iv1 ' v1 ' ih1 ' li1 v r i '

Expanding the cosine and sine terms in (46) and (47) and collecting

terms, one obtains

Ur ' <2 cp 1*1? îhT̂ 086!) T^l \\\

(-2 cp |Elv| |Elh| sin6±) |Ry| \̂ \ s±n&r, (48)
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and

V = (-2 c |E, I |E., I cosfi.) IR I IR, I sin6r p ' iv1 ' ih1 i ' v1 ' n1 rp
(-2 c. R (49)p lv ±h V

The terms in parentheses in (49) are recognized to be equiva-

lent to 2 c Re{E. E* } and -2 c Im{E. E* }, respectively,p iv in p iv in

These in turn are equivalent to U. and V., respectively (see Eqs.

(38) and (39)). Also, the remaining terms in (48) and (49) become

as follows:

~ (50)

- U Vi Re{Rv *'

Finally, one may form the reflection matrix [R] such that

t - [R] I . f

(51)

(52)

where

[R]

Rl
R2

0

0

R2

Rl

0

0

0

0

R3

-R4

0

0

R4

R3

(53)

and where

(Rv Rv

R2 = (Rv Rv ' "h Rh)/2'

R3 = Re{Rv R*},

(54)

(55)

(56)

and

R4 = Im{Rv
(57)
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The bar has been dropped since R and R, are not time-dependent
v n

quantities.

In the above derivation, one should note that the direction

of travel of the radiation was not specified; the only requirement

was that the radiation should travel along a pencil that is

inclined to the normal of the interface at an angle, 0 , in the
• £L

air and at an angle, 9 , in the water. The reflection matrix usedw

to determine the Stokes vector of reflected radiation is the same

for radiation originating in the water as it is for radiation

originating in the air so long as angles of incidence and refrac-

tion are those specified by Snell's Law (Eq. (32)). The law of

conservation of energy requires that the intensity of transmitted

radiation and the intensity of reflected radiation equal the

intensity of the incident radiation.

It is obvious from the form of [R] in (53) that if the

incident radiation is unpolarized, then the reflected radiation

will consist of an unpolarized part the intensity of which is

I (R - R2) and a linearly polarized part of intensity I R« with

vertical orientation (i.e., x = 0)• For this case, the intensities

of the components of the reflected radiation are given simply as

I = I. R R* (58)rv iv v v

and

I . = I,. R. R*. (59)
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A. Transmission of thermal radiation from sea water to air.

Sea water is a highly absorptive medium for all microwave frequen-

cies. The rate of absorption is such that almost total absorption

occurs after the radiation has passed through only a few centi-

meters. According to Kirchofffs Law, a good absorber is also a

good emitter at the same frequency, therefore, the radiation that

arrives at the air-sea interface from below has an intensity that

is equal to the intensity of emission of a black body the tempera-

ture of which is equal to the mean temperature of the upper few

centimeters of the ocean. At the air-sea interface, a portion of

this radiation is reflected back into the ocean and the rest is

passed into the air. The law of conservation of energy requires

that

WV (60)

where I., I , and I are the Stokes vectors for the radiation that,

respectively, arrives from below at the air-sea interface, is

reflected into the water, and is transmitted through the air-sea

interface into the air. Through the use of (52), one may express

I as follows:

It = I± - [R] I± = [I] t± - [R] I± - ([I] - [R]) t±, (61)

where [I] is an identity matrix given as

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

[I] - (62)
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The form of (61) suggests the formation of the transmission

matrix [T] defined as

[T] = [I] - [R]. (63)

It follows from (62), (63), and (53) that

(64)

and

[T] =

1 - RI -R2 0 0

-R2 1 - R 0 0
1

0 0 1 - R3 -R4

0 0 R4 1 - R3

-> ->•

t i"
(65)

In the above derivation, [T] is the general transmission

matrix that may be used for radiation having arbitrary polarization

coming from either side of the air-sea interface. Again, the only

requirement is that the Fresnel coefficients used in (64) are those

for radiation traveling along the path dictated by the angles, 0
3,

and 0 , as described in Section B3 of this chapter.

For the ocean, the Stokes vector representing the intensity

of thermal radiation arriving at the air-sea interface from below

is given by

ti,sea = {B(v,T ),0,0,0},sea (66)

where T is the temperature of the surface layer of the sea (K).

Operating on I. by [T], one obtains the Stokes vector for
i y SGcl

the thermal radiation originating in the ocean and passing through

the air-sea interface as follows:
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B<V'Tsea>

- 7 (Rv RS - »h «£> B(v'Tsea>

(67)

0

The quantity expressed in (67) has been called the intensity

of emission of the sea surface by past investigators; it often is

derived from the reflective properties of the sea surface by

assuming detailed balance and local thermodynamic equilibrium.

This concept is false since the air-sea interface cannot emit any

radiation. Rather, one should think of the sea surface as passing

a certain portion of the radiation emitted from its depths. One

may define the emissivity of a body, such as the ocean, as the

ratio of a polarized component of the radiation emerging from the

body to that of a black body whose temperature is that of the body.

Mathematically, the emissivities of the sea for vertical and

horizontal polarization, £ and £,, respectively, are defined as

follows:

- Rv Rv>
(68)

(69)

If one expresses the various intensities in terms of their

equivalent brightness temperatures, and if one uses (10) to give

B and B, , then the Stokes vector for the emission of the sea in

terms of brightness temperature, T , is given as follows:
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T = {(£ T + 5, T ),(£ T - £, T ),0,0}. (70)
e v v sea ^h sea" v v sea h sea' ' '

5. Equation of radiative transfer. The expression for the

total differential change in the intensity of radiation as it

travels along a differential optical path, dx, in a continuous

medium is simply the sum of (25) and (28); that is,

df = -K (I - J) ds = (I - J) di . (71)

Eq. (71) is known as Schwarzschild's Equation of Radiative

Transfer. In a plane-parallel, horizontally-homogeneous medium,

the equation of radiative transfer may be expressed as follows:

+1

- (1 - u) B(T), (72)

where T is the optical depth, y is the cosine of the zenith angle,

6, [P] is the azimuthally independent, phase matrix defined by

,e1,*') d*1, (73)
o

and to is the albedo for single scattering. The optical depth

is defined by

T(Z) = - f K(Z') dz', (74)
z

where z is the height (m) above sea level. The albedo for single

scattering is defined by

co » B/K; (75)

it represents the fraction of the total extinction at a point

that is due to scattering.



According to Beer's Law, radiation at some optical depth, T,

in the atmosphere will suffer some attenuation as it travels to

one of the boundaries of the medium. For upward traveling radia-

tion, the initial intensity will be reduced by the factor

I(0,p)/I(T,y) - exp(-T/y). (76)

For downward traveling radiation, this factor is

I(TO,U)/I(T,P) - exp[(To - T)/p], (77)

where T is the optical thickness of the entire atmosphere or the

optical depth at the surface.

2 2If one multiples (71) by the factor c /k v and uses (10) to

represent the components of B, then one obtains the expression for

the equation of radiative transfer for a planê parallel ,

horizontally-homogeneous, axially- symmetric atmosphere in terms of

Stokes vectors with units of brightness temperature (K) as follows:

> p.u.) (TfM«) dp'

+1

- (1 - <») T"(T), (78)

where T is the temperature vector, {T, 0,0,0}, in which T is the

ambient temperature of the medium (K) at optical depth, T.

The solution to (72) or (78) under appropriate boundary con-

ditions is a difficult problem and has been obtained for only a

few simple cases. The main difficulty lies in the fact that radia-

tion incident at a point in the medium has undergone many angular

scattering encounters similar to that occurring at the point. Thus,

the emission of radiation due to scattering at a point depends on
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the nature of emissions and extinctions occurring within the entire

medium. The same can be said about every point in the medium. If

reflection occurs at one or more of the boundaries of the medium,

the problem of multiple scattering becomes even more complicated.

Since hydrometeors scatter significant portions of microwave energy

and since the ocean reflects approximately two-thirds of the radia-

tion incident upon its surface, the effects of multiple scattering

must be evaluated before one can develop relationships between the

meteorological properties of the atmosphere and its thermal

emissions at microwave frequencies.

The classical solution of the equation of radiative transfer

for given boundary conditions was developed by Chandrasekhar (1960).

In his method, certain transmission and scattering functions are

developed from the invariant properties of the medium under consid-

eration. Busbridge (1960) discusses the mathematics of such classi-

cal solutions. Almost all applications of Chandrasekhar*s methods

deal with media in which the source of radiation is external to the

medium and in which thermal emission has been neglected. These

classical techniques have been applied to the problem of the trans-

fer of infrared radiation through clouds by Yamamoto e£ al_. (1966).

The only application of this method to the transfer of thermal

microwaves through clouds has been made by Volchok and Chernyak

(1969). In any classical treatment of the problem of radiative

transfer, one may investigate only homogeneous media. Also,
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quadrature formulas must be used to represent the phase function

(matrix) for angular scattering.

Recently, an interesting technique, which employs the Monte

Carlo method (Fleck, 1963; Shreider, 1966), has been applied to

the problem of the transfer of visible and infrared radiation in

clouds by Kattawar and Plass (1968, 1969a, 1969b). In this method,

the multiple scattering of radiation in a scattering medium, such

as clouds of hydrometeors, is viewed as a sequence of single-

scattering encounters between representative photons and the

medium. The sequence ends when a photon is either absorbed in the

medium or exits the medium. The probabilities for scattering,

absorption, escape, and angular scattering are predicted from

classical electromagnetic theory.

The factors expressed in (76) and (77) may be viewed as being

the probability that a photon at some optical depth, T, will escape

the medium without being scattered or absorbed. The phase matrix

may be viewed as expressing the probability distribution function

for angular scattering for a photon that is scattered at some

point in the medium. Also, the probability distribution function

for the distance a photon travels before interaction may be related

to the distribution of the volume extinction coefficient, K, in

the medium. At that point, a/< photons are absorbed, and g/K

photons are scattered. Shreider (1966) suggests methods for reduc-

ing the number of photon histories needed to determine the spatial
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distribution of the emergent radiation fields from scattering media.

The specific computational procedures used in applying the Monte

Carlo method to the transfer of thermal microwaves through clouds

of hydrometeors and atmospheric gases will be given in Chapter VII.

A special case of interest in this paper is the solution to

(78) under the following conditions:

1. Scattering is negligible (3 = 0; therefore, co = 0, K = a)
(non-scattering medium).

2. Specular reflection occurs at the sea surface
(specular reflection).

3. All variables in the atmosphere are explicit functions
of height, z (plane-parallel, horizontally-homogeneous
medium).

4. Radiation at the top of the atmosphere is isotropic and
characterized by the Stokes vector, T , where

ĉ -' {Tc,0,0,0} (79)

and T is the cosmic brightness temperature (K).

This case is called the non-scattering case for a plane-parallel,

horizontally-homogeneous, axially-symmetric atmosphere overlying a

smooth, homogeneous ocean.

For the above special case, (78) becomes

M <tf(z,jj) = [a(z) T(z) - ct(z) ?(z,p)] dz. (80)

The microwave emission of the atmosphere may be described by two

emission fields. The first field is the radiation originating as

thermal radiation in the atmosphere that emerges from the top of

the atmosphere; the second field is the radiation that emerges from

the bottom of the atmosphere. These fields are called the anabatic
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and katabatic fields, respectively, and are designated by Stokes
-v ->

vectors having units of brightness temperature, T and T, , respec-a K.

tively. These fields are given from the integration of (80) as

Ta = /" a(z) T~(z) exp[- /" a(z') ̂ - 1 ~ , (81)
0 0

and

T~k = / a(z) T(z) exp[- / a(z') ^ ] ̂  . (82)

0 0

It is clear that "? and T" are functions of the zenith angle,
Si tC

the vertical distribution of temperature, and the vertical distribu-

tion of the volume absorption coefficient, which is, in turn, a

function of the vertical distributions of temperature, dew-point

temperature, pressure, liquid-water content, and drop-size distribu-

tion. If T is the Stokes vector that represents the isotropic

microwave radiation of cosmic origin at the top of the atmosphere,

then the Stokes vector representing the radiation incident on the

surface of the ocean, T , commonly called the sky brightness
s

temperature, is calculated from

Tg = TC exp[- / a(z) — ] + Tk. (83)
0

The Stokes vector representing the radiation field at the top of

the atmosphere due to the combined effects of emission and absorp-

tion in and from the atmosphere and the ocean, T , which is desig-

nated as the upwelling brightness temperature, is calculated from

[T] T_fl} «p[-f o(z> 4jL ] + *a. (84)
0
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where T is the temperature vector for sea temperature,
S63.

{T ,0,0,0}, [R] is the reflection matrix given by (53), and [T]
S63.

is the transmission matrix given by (64). For convenience, one

may define a transmissivity function for the atmosphere, F, as

F = exp[- / a(z) 42L ]. (85)
0

Thus, it is obvious that even for this relatively simple case,

the upwelling brightness temperature is a function of many environ-

mental parameters including air temperature, dew-point temperature,

liquid-water content, drop-size distribution, pressure, sea tempera-

ture, and sea salinity in addition ot the instrumental constraints

of electromagnetic frequency, angle of viewing, and polarization.

Of course, one or more of these parameters may be dominant for

certain fixed classes. The functional relationships between T ,
3.

T~ , r, [R], or [T] and the state of the environment will be con-

sidered in detail in the following chapters.
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CHAPTER III

DIELECTRIC PROPERTIES OF LIQUID WATER

A. Theory

1. Complex dielectric constant. The meaning of the complex

dielectric constant of a medium is related to the implications

of Maxwell's Equations. For a medium that does not contain free

charges, Maxwell's equations are as follows:

v" • t = 0. (86)

v" • 3 = 0. (87)

V x E" = -u — . (88)
o 3t

v ' x t - o t + e ' e |1 . (89)
O a t

E* is the electric field vector (V m~ ), § is the magnetic-field

vector (Am ), p is the permeability of a vacuum (4ir x 10 H m ),

t is time (sec), a is the conductivity (W m ), e1 is the real,

relative permittivity, and e is the permittivity of a vacuum

-12 -1 -± •+
(8.854 x 10 F m ). If E and H are represented by the phasors,

E" = IQ exp(j u)f t) (90)

and

3 = 3Q exp(j Uf t), (91)

then (89) becomes

v" x $ = (a + j uf e' e0) I. (92)
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According to Von Hippel (1954, p. 5), a is an effective

conductivity which includes all dissipative effects. The custom-

ary approach has been to define a relative loss factor, E"» such

that

o = uf eo e". - (93)

Substitution of (93) into (92) yields

$ x 3 = (u)f eo e" + j u)f e' eQ) t (94a)

= j «of e0 (e
1 - J e") £ (94b)

- en (e' - J e") |1 . (94c)
o 3 £

The parenthetical expression, (e1 - j e"), in (94c) is

dimensionless and is called the complex dielectric constant of the

medium. According to Sucher and Fox (1963), e' is associated with

the ability of a material to store electric energy, and e" is

associated with the losses that occur in the material. These

losses include viscous dissipation of energy in polar liquids as

well as ohmic losses. It should be noted that the term,

e (e1 - j e")» serves the same role as e e1 when a is zero. In

fact, one may define the complex permittivity of the medium, e, as

e - eo (e
1 - j e"). (95)

The curl of (88) is

v" x (V x E) = -p $ x |^ . (96)
O o I-

Substitution of (94c) and (95) into (96) yields

(97)
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However, since V • ̂  is zero by (86), then

.
3t

(98)

Jordon and Balmain (1968, p. 128) show that (98) is the

equation for a sinusodial electromagnetic wave propagating through

space at a velocity, v, where

v = l//iTT = l//p (e1 - j e") . (99)o o

Since the index of refraction, m, is defined as c/v, where c

±s the speed of propagation of electromagnetic radiation in a

vacuum, (l//y e~~) , then

m = m' - j m" = /e' - j e" , (100)

in which m1 and -m" are the real and imaginary parts of the complex

index of refraction.

2. Debye model for liquid water. Debye (1929, p. 94) derived

the form of the dependence of the dielectric constant of polar

liquids, such as water, on the electromagnetic frequency as follows:

*co 8 (101)

and

e" = uf Tt(es " e«)/(1 + "f Tt} ' (1°2)

where e is the static relative permittivity (i.e., the permittivity
s

for very low frequencies) , T is the relaxation time (sec) , and

e is the relative permittivity at high frequencies. Liquid water

exhibits a resonance in the microwave region such that e' and e"

have large values for low microwave frequencies and small values

for high microwave frequencies. In the ideal case for pure water,
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e and T are functions of temperature only. Thus, once these
S L

values have been established for several water temperatures, one

may use (101) and (102) to predict the dielectric constant of liquid

water at any microwave frequency. When the medium consists of a

solution of salts and water, the same form of the dependence may

be used with the following alteration for e":

e" = wf Tt (es ' e»)/(1 + wf Tt> + ai/tuf V (1°3)

where a. is the ionic conductivity of the medium at low frequencies.

B. Measurements

1. Pure, liquid water. The dielectric properties of pure,

liquid water have been measured by a number of investigators for

temperatures ranging from -8C to 100C. These measurements have

been made at frequencies ranging from 3 GHz to 48.4 GHz; the

specific frequencies used are itemized in Table 2 along with cita-

tions in the published literature.

The measurements of the dielectric constant of pure, liquid

water are grouped around the microwave frequencies of approximately

3 GHz (S-band), 9 GHz (X-band), 22 GHz (K-band), and 48 GHz

(Q-band). The specific measured values of m' and m" for pure,

liquid water, as given in the literature, are listed in Tables 3

and 4.

These values are in good agreement with each other and show

that (1) the real part of the complex index of refraction increases
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Table 2. Frequencies at which the dielectric constant of
pure, liquid water has been measured.

Frequency (GHz) Citation in the Literature

3.0 Collie et al. (1948a)
3.25 Hasted and El-Sabeh (1953)
9.13 Hasted and El-Sabeh (1953)
9.33 Collie jet al. (1948a)
9.34 Lane and Saxton (1952a)

19.0 Saxton and Lane (1946)
23.5 Collie et al. (1948a)
23.7 Hasted and El-Sabeh (1953)
24.2 Lane and Saxton (1952a)
48.4 Lane and Saxton (1952a)

with increasing temperature for frequencies in the X-, K-, and

Q-bands and decreases with increasing temperature for frequencies

in the S-band, and (2) the absolute value of the imaginary part of

the complex index of refraction increases with increasing tempera-

ture for frequencies in the K-band, and decreases with increasing

temperature for frequencies in the S- and X-bands.

2. Aqueous sodium chloride. The dielectric constant of

aqueous sodium chloride has been measured by a number of investiga-

tors for temperatures ranging from -3C to 40C and for salt concen-

trations of 0.125N, 0.25N, 0.33N, 0.5N, 0.66N, and higher values.

These measurements are not as extensive as those of pure, liquid

water. The specific frequencies used are itemized in Table 5

along with citations in the published literature.
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Table 5. Frequencies at which the dielectric constant of
aqueous sodium chloride has been measured.

Frequency (GHz) Citation in the Literature

3.0 Hasted et̂  al. (1948)
3.01 Hasted and Roderick (1958)
3.25 Hasted and El-Sabeh (1953)
9.13 Hasted and El-Sabeh (1953)
9.31 Hasted and Roderick (1958)
9.34 Lane and Saxton (1952b)
10.0 Hasted et al. (1948)
23.7 Hasted and El-Sabeh (1953)
24.2 Lane and Saxton (1952b)
48.4 Lane and Saxton (1952b)

The specific measured values of m1 and m" for aqueous sodium

chloride given by the investigators listed in Table 5 (with the

exception of Lane and Saxton (1952b) who did not list their mea-

surements) are given in Tables 6 and 7.

It is impossible to determine whether or not any one set of

measurements given in Tables 6 and 7 is better than any other set,

since no two measurements were made at the same temperature and

normality for frequencies in the same general band. The measure-

ments given in these tables do not include any contribution to e"

due to ohmic losses. The effects of temperature on m' and m" are

similar to those observed for pure water. Since the contribution

to e" due to ohmic losses becomes quite large at low frequencies,

e" increases strongly with increasing normality for L-band and low

S-band frequencies.
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C. Practical Treatment

All of the above investigators found that the Debye model

could be used to predict the measured values of the dielectric

constant of pure, liquid water and aqueous sodium chloride when the

static relative permittivity, e , the relaxation time, T , and the

ionic conductivity, a , were assumed to be functions of the water

temperature and solution concentration only. Values of eg and tfc

for pure, liquid water for specific temperatures are given by

Saxton (1946a, 1946b, 1949, 1952), Collie £t al. (1948a), and

Hasted (1961). The only values of e and T for supercooled,s c

pure, liquid water given in the literature are those by Saxton

(1952). Since the dielectric constant of supercooled water is of

interest in this paper, the values for e and T given by Saxton
S L>

(1952) and listed in Table 8 were used; for these values, Saxton

found that the best fit was achieved when e was taken to be 4.9
OO

for all temperatures.

Table 8. Debye parameters of pure water at specific temperatures
(after Saxton, 1952).

Temperature

(C)

-10
0

10
20
30
40

e
s

92.3
88.2
84.2
80.4
76.7
73.1

T X 10
t

(sec)

27.5
* 18.7
\ 13.6

10.1
7.5
5.9
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Values of e and T for aqueous sodium chloride for specific
S t

temperatures and normalities are given by Hasted et al. (1948),

Saxton and Lane (1952), Lane and Saxton (1952b), and Hasted and

El-Sabeh (1953). The values given by Hasted et al. (1948) are only

for temperatures of 1.5C and 21C. Those given by Hasted and

El-Sabeh (1953) are only for normalities of 0.25N and 0.5N. Those

given by Saxton and Lane (1952) and Lane and Saxton (1952b) are

for temperatures of OC, IOC, 20C, 30C, and 40C and for normalities

of 0.5N, l.ON, and 1.5N, and higher values. In addition, Saxton

and Lane (1952) give values for a for the same values of tempera-

ture and normality.

In this paper, a general expression is needed that gives the

complex index of refraction of sea water as a function of its

salinity, its temperature, and the microwave frequency. The index

of refraction of pure water may be obtained from such a general

expression by setting the salinity to be zero. These quantities

are needed to predict the reflective and transmissive properties

of sea water and the absorptive and scattering properties of liquid

hydrometeors. A thorough search of the literature has shown that

the complex index of refraction of sea water has not been measured.

Since sodium chloride is the major constituent of sea water

(McLellan, 1965, p. 16) and accounts for 85.6% of the total dissolved

salts by weight in sea water, one may assume that the dielectric

properties of sea water and aqueous sodium chloride are similar.



58

The measure of salt concentration of sea water Is its salinity,

S (o/oo) , where S is defined as the total amount of solid material

in grams contained in one kilogram of solution when all carbonate

has been converted to oxide, the bromine and iodine replaced by

chlorine, and all organic matter oxidized (McLellan, 1965, p. 17).

This definition applies equally well to either sea water or aqueous

sodium chloride.

The relationships between the mass of solute per liter of

solution and the salinity of aqueous sodium chloride at 20C are as

shown in Table 9 (Chemical Rubber Company, 1959, p. 2029). One

gram-equivalent molecular-weight of sodium chloride is 58.448 g

(ibid., pp. 401-402). The normality of aqueous sodium chloride is

the number of grams of solute per liter of solution divided by

58.448. Thus, the relationship between salinity and normality in

aqueous sodium chloride is as given in Table 10.

Table 9. Number of grams of sodium chloride per liter of
aqueous sodium chloride versus salinity at 20C.

Salinity Grams per liter
(o/oo)

0 0.0

10 10.05

20 20.25

40 41.07



59

Table 10. Relationship between salinity and normality of
aqueous sodium chloride.

Salinity Normality
(o/oo) (N)

0 0.0

10 0.172

20 0.346

40 0.703

Since the specific gravity of water varies only by 0.4% for tempera-

tures ranging from OC to 30C (ibid., p. 2114), the relationship

given in Table 10 essentially is independent of temperature.

Plotting these values on a graph and drawing a smooth curve

through the four points, one obtains an interpolation curve that

may be used to convert normality values to salinity values. These

conversions are shown in Table 11 for the normalities used in this

paper.

Since sea water may have salinities as high as the upper 30's,

one must use the values of e , T , and a. given by Saxton and Lane
S t X

(1952) in order to allow interpolation for the usual temperatures

and salinities encountered in the open ocean. These values are

given in Table 12 except for pure water; in that case, the values

given in Table 8 are substituted. Also, e is assumed to be 4.9.
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Table 11. Relationship between the normality and salinity of
aqueous sodium chloride.

Normality
(N)

0.0

0.125

0.25

0.33

0.5

0.62

0.66

1.0

Salinity
(o/oo)

0.0

7.1

14.5

19.0

28.3

35.0

37.0 '

55.5

In order to allow one to predict e , T , and 0. for any
s t i

temperatures and salinities in the ranges -IOC < T < 40C andsea

0 o/oo < S < 55.5 o/oo, the data points given in Table 12 and a

standard IBM Scientific, Subroutine Package were used to form a

set of non-linear regression equations. The regression coefficients

for these equations are given in Table 13.

These regression equations may be used with the Debye

equations, (101) and (103) to predict e1 and e" for any given tem-

perature, salinity, and microwave frequency, m' and m" may be

obtained from e1 and e" through (100).
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Table 13. Regression coefficients for the Debye parameters
of aqueous sodium chloride.

Independent
variable

constant

T
sea

S

T S
sea

T2
sea

S2

T2 S
sea

T S2
sea
2 2
T S
sea

P̂̂ sea'

Regression coefficients

s

0.88195 E 02

-0.40349 E-00

-0.43917 E-00

0.43269 E-02

0.65924 E-03

0.16738 E-02

-0.92286 E-05

-0.42856 E-04

0.44410 E-07

T x 1012 (sec)

0.19390 E 02

-0.68020 E-00

-0.11370 E-00

0.58629 E-02

0.95865 E-02

0.11417 E-02

-0.87596 E-04

-0.54577 E-04

0.82521 E-06

-0.65303 E-17

o±(0 m'1)

0.87483 E-01

0.45802 E-02

-0.25662 E-04

-0.16914 E-04

-0.37158 E-04

0.39288 E-06

The complex index of refraction of aqueous sodium chloride was

computed from the regression equation and the Debye formulas for

the conditions shown in Tables 3, 6, and 7. It should be empha-

sized that the values of e , T , and o on which these regression
s c i

equations were based were obtained from the measurements made by

Lane and Saxton. The computed/values of m1 and m" agree fairly well

with the values measured by other investigators.
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One final point needs to made: since the dielectric constant

of sea water has never been measured and since aqueous sodium

chloride is a good approximation to sea water as far as its elec-

trical properties are concerned, the assumption is made hereafter

that the foregoing equations may be used to predict the dielectric

properties of sea water. In the following chapter, the implications

of the dielectric properties of "sea water" and pure water are

explored.



CHAPTER IV

MICROWAVE EMISSION OF THE OCEAN

When microwave radiation encounters the air-sea interface, it

is partially reflected or transmitted. The radiation transmitted

from the air to the ocean is absorbed quickly since the imaginary

part of the dielectric constant of sea water is large. Since

microwave radiation is absorbed completely after transversing only

a few centimeters, the radiation arriving at the air-sea interface

from below is the same as that from a black body the temperature

of which is equal to the mean temperature of the surface layer of

the ocean. If the ocean surface is calm and the ocean surface-

layer is homogeneous, then the theory developed in Chapter III for

the reflection and transmission of electromagnetic radiation

through the flat interface between sea water and air may be used

to predict the microwave emission of the sea. If the ocean surface

is rough, then this theory cannot be used. The sea becomes rough

when momentum and energy are being transferred from the atmosphere

to the ocean, that is, when the atmosphere is applying a stress on

the sea surface. Under conditions of high shearing stress, sea

foam may be generated. For this case, any theoretical studies are

of limited value due to the lack of knowledge of the structure of

sea foam. For much of the World Ocean, the sea surface is relatively

free of sea foam, and existing theory may be used to predict the
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interaction of microwaves with the ocean. Three cases will be

discussed: (1) the emission and reflection of calm seas, (2) the

effect of wave-slope roughness, and (3) the effect of foam roughness.

A. Microwave Emission by a Calm Sea

The thermal emission of a calm ocean at microwave frequencies

is visualized best as the result of the transmission of radiation

originating in the surface layer of the ocean through the air-sea

interface. The transmission matrix (64) may be used in this

case. The elements of the transmission matrix are functions of the

Fresnel coefficients which are, in turn, functions of the zenith

angle in the air and the complex index of refraction of water. In

Chapter III, it was shown that the complex index of refraction of

water is a function of its temperature, its salinity, and the

microwave frequency. In a similar manner, the reflection matrix

(53) may be used to compute the reflected radiation. In addition

to the dependence of the reflection matrix on the zenith angle, the

sea temperature, the sea salinity, and the microwave frequency, one

must know the Stokes vector for the incident radiation in order to

predict that for the reflected field. On the other hand, the

radiation originating in the water is a function of the sea

temperature only. Thus, only the transmitted thermal radiation ori-

ginating in the water will be discussed in this section. This

radiation will be referred to as the microwave emission of sea
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water; it is characterized by a Stokes vector for brightness

temperature given by

Te = UTev + Teh),(Tev - Teh),0,0>, . (104)

where

and

T = (1 - R R*) T (105)ev v v v sea

Teh ' U - *h *& Tsea - (106)

The polarized components of the microwave emission of sea

water were calculated for a number of microwave frequencies and

sea temperatures, for zenith angles of 0, 30, 55 deg, and for a

salinity of 34.72 o/oo, which is the mean salinity of the surface

of the World Ocean (McLellan, 1965, p. 17). These values, shown

in Table 14, exhibit the following characteristics: (1) the

microwave emission of sea water decreases with increasing tempera-

ture for frequencies less than 2 GHz and greater than 22 GHz,

(2) the microwave emission of sea water increases with increasing

temperature for frequencies between 2 GHz and 16 GHz, (3) the

microwave emission of sea water is fairly independent of tempera-

ture for frequencies between 16 GHz and 22 GHz, and (4) the maxi-

mum response of the microwave emission of sea water to changes in

sea temperature occurs at 0.61 GH«; secondary maxima occur at 5.81

and 60.0 GHz. The responses of the microwave emission of sea

water to changes in temperature (K K ) , based on the above cal-

culations, are shown in Table 15 for the frequencies exhibiting
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Table 14. Computed brightness temperatures for the polarized
components of the microwave emission of sea water (34.72 o/oo)
for specific frequencies, zenith angles, and temperatures.

Frequency Temperature Brightness Temperature (K)
(GHz) (C)

0.61
0.61
0.61
0.61

1.42
1.42
1.42
1.42

2.695
2.695
2.695
2.695

4.805
4.805
4.805
4.805

5.81
5.81
5.81
5.81

10.69
10.69
10.69
10.69

15.375
15.375
15.375
15.375

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0 « 0 deg
v or h

77
71
66
62

92
92
91
89

96
99
102
104

99
103
107
110

101
104
108
112

108
109
111
115

115
114
115
119

6 - 30
V

87
80
75
71

103
103
102
100

108
111
114
116

111
115
119
124

112
116
120
125

120
121
124
129

128
127
128
132

deg
h

68
63
58
55

82
81
80
79

86
88
91
92

89
91
95
98

90
92
96
100

96
97
99
103

103
102
103
106

6 = 55
V

120
112
105
100

140
140
139
138

145
150
154
157

149
154
160
166

151
156
162
168

159
162
166
172

168
168
171
176

deg
h

47
43
40
38

57
57
56
55

60
62
64
65

62
65
67
69

63
65
68
70

68
69
70
73

73
72
73
75
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Table 14 (cont'd),

Frequency Temperatur
(GHz) (C)

19.35
19.35
19.35
19.35

22.235
22.235
22.235
22.235

31,4
31.4
31.4
31.4

33.2
33.2
33.2
33.2

37.0
37.0
37.0
37.0

45.248
45.248
45.248
45.248

53.8
53.8
53.8
53.8

60,0
60,0
60.0
60.0

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

0
10
20
30

e Brightness
6 = 0 deg
v or h

121
118
119
121

125
122
121
123

138
132
130
131

140
134
131
132

144
138
135
135

153
146
142
141

161
154
148
147

167
159
153
152

9 =
V

134
132
132
135

138
135
135
137

151
146
144
145

154
148
145
146

158
152
149
150

168
161
156
156

176
169
163
163

181
174
168
167

Temperature
30 deg

h

108
106
106
108

112
109
109
110

124
119
116
117

126
121
118
118

131
125
121
121

139
132
128
127

147
140
134
133

152
144
138
137

6 =
V

174
173
175
179

179
177
178
182

192
189
187
190

195
191
189
191

199
195
193
195

208
203
200
202

215
211
207
208

220
215
212
213

(K)
55 deg

h

78
76
75
77

81
78
77
79

90
86
83
84

92
87
85
85

96
90
87
87

103
96
92
92

109
102
98
96

114
107
101
100
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maximum variations. In general, these responses are small, and

an evaluation of the effects of the atmosphere must be made before

any final conclusions can be reached.

Table 15. Response of the microwave emission of sea water
(34.72 o/oo) to a change in the sea temperature from OC to 30C.

Frequency
(GHz)

0.61

5.81

60.0

Response (K K )
6 = 0 deg 6 = 30

v or h v

-0.478 -0.523

+0.373 +0.416

-0.494 -0.461

deg

h

-0.434

+0.333

-0.508

9 = 55 deg

v h

-0.642 -0.319

+0.560 +0.235

-0.240 -0.477

The brightness temperatures of the polarized components of the

microwave emission of sea water were calculated for the frequencies,

temperatures, and zenith angles shown in Table 14, but for salini-

ties ranging from 0 o/oo to 35 o/oo. These calculations show that

such a change in salinity causes an absolute change in the bright-

ness temperature of 2K or less for frequencies of 5.81 GHz or

higher. For frequencies less than 5.81 GHz, the effect of salinity

is appreciable especially at the lowest frequencies. The responses

of the microwave emission of sea water to changes in salinity (K per

o/oo) at specific temperatures, zenith angles, polarizations, and

frequencies are shown in Table 16. These calculations show that a

microwave radiometer operating at frequencies less than about 2 GHz

and at vertical polarization may be used to survey the salinity of
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Table 16. Response of the microwave emission of sea water to changes
in salinity from 0 o/oo to 35 o/oo.

Frequency
(GHz)

0.61

0.61

1.42

1.42

Temperature
(C)

0

30

0

30

Response I
6-0 deg
v or h

-0.528

-1.41

-0.103

-0.649

[K per o/oo)
6 = 30 deg
v h

-0.575 -0.482

-1.54 -1.28

-0.111 -0.095

-0.704 -0.594

0 = 55 deg
v h

-0.704 -0.357

-1.93 -0.937

-0.135 -0.071

-0.852 -0.444

the sea surface from aloft if the temperature is known from an

independent source (for example, an airborne, infrared radiometer).

The response of the microwave emission of sea water is small;

therefore, measurements of salinity in the open ocean by an air-

borne microwave radiometer would be of little value since the

salinity of the ocean ranges over only a few parts per thousand.

In the coastal zone and especially in the vicinity of the outflow

of a river or estuary, the water mass changes from fresh water

(less than 5 o/oo) to ocean water (34-37 o/oo) over a short

distance. The corresponding changes in the microwave emissions are

up to 60K at 0.61 GHz and up to 26K at 1.42 GHz. Current air-

borne microwave radiometers are sensitive changes in brightness

temperature of 2K to 5K.
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The microwave emissions of sea water are shown in Figs. 4 to

13 as a function of sea temperature and sea salinity for vertical

polarization and horizontal polarization, for frequencies of 0.61

and 1.42 GHz, and for zenith angles of 0, 30, and 55 deg. The

curves in these figures show that the variations of the microwave

emission of sea water at these frequencies, polarizations, and

zenith angles are nearly linear with respect to temperature and

salinity. Also, the response of the microwave emission of sea

water to changes in salinity is greatest for warm water. One

should note that the effect of temperature on the microwave emission

of sea water is minimal for medium values of salinity and warm

temperatures. In addition, the interference of the atmosphere is

negligible for these frequencies (see Chapter V). One problem

that may affect adversely the interpretation of airborne measure-

ments of the microwave emission of sea water at 0.61 GHz is the

large variation in microwave radiation incident on Earth from

cosmic sources which may have brightness temperatures ranging

from 3K to 100K at 0.61 GHz (Kraus, 1964). The cosmic radiation

at 1.42 GHz ranges from 3K to 10K. In fact, there is a constant

background level of 3K or greater for frequencies above about

2 GHz (Apparao, 1968).

Recent aircraft tests by Droppleman et al. (1970) of an air-

borne, microwave radiometer operating at 1.42 GHz confirmed the

theoretical predictions of the microwave emission of sea water as
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a function of salinity as shown in Fig. 9. The effects of salinity

on the microwave emission of sea water were first discussed by

Sirounian (1968). He considered the emission at 3 GHz and found

that the effect of salinity decreased with increasing zenith

angle for both vertical and horizontal polarization. The findings

of this paper for vertical polarization are in disagreement with

Sirounian.

The final chapters of this paper are concerned with the

thermal emission of the atmosphere at microwave frequencies. It

will be shown in the following chapters that the emission of the

atmosphere is significant only for frequencies greater than about

2 GHz. Although there is some weak temperature dependence on the

thermal emission of sea water for frequencies near 5.81 GHz, one

may neglect variations in the background emission of microwave

radiation due to differences in sea temperature and salinity for

frequencies greater than 3 GHz. Sea foam and surface waves do

have an effect at all microwave frequencies especially for high

frequencies. This effect is discussed in the next section.

B. The Effects of Waveŝ

The distribution of the slopes of the sea surface is a func-

tion of sea temperature, sea salinity, wind stress, fetch, and

duration of wind stress. If the radius of curvature of a wave is

many times greater than the wavelength of radiation under
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consideration, then the surface may be treated as a smooth, specu-

lar surface for that particular wavelength of radiation (Beckman

and Spizzichino, 1963). Such is the case for visible or infrared

radiation being reflected from the sea surface. In the case of

microwave radiation, however, the capillary waves and perhaps

short gravity waves have radii of curvature less than microwave

wavelengths.

The effect of wave roughness on the emission and scattering

of microwave radiation by the sea surface has been studied by

Fried (1966) and Stogryn (1967). They assumed that specular

reflection is valid at any given point on the sea surface and that

the effect of roughness arises from the distribution of sea slopes

under various wind-stress conditions. In all cases, they used

the distribution of sea slopes suggested by Cox and Munk (1954a,

1954b). Their studies may be summarized as follows: (1) the

microwave emission of the sea is fairly independent of wind speed

at all microwave frequencies for vertical polarization especially

for a zenith angle of 55 deg; (2) the microwave emission of the

sea increases with increasing wind speed for horizontal polariza-

tion and is greatest for zenith angles near 55 deg; and (3) the

microwave emission of the sea is independent of wind speed for

zenith angles near zero for both polarizations. Stogryn (1967)

computed the combined emission and scattering of thermal microwaves

from the sea and a standard atmosphere for wind speeds up to



14 m sec , as shown in Fig. 14. The nature of the variations is

similar for other frequencies. The increase in the microwave

emission is approximately 10K for changes in wind speed for calm to

8 m sec"1 at 19.4 GHz and 35 GHz.

Measurements by Hollinger (1970) at 8.36 GHz and 19.34 GHz

have shown that the theoretical predictions of Fried and Stogryn

are correct except as follows: (1) the microwave emission of the

sea increases slightly with increasing wind speed for zenith angles

near zero; and (2) the response of the microwave emission of the

sea to changes in wind speed decreases with decreasing microwave

frequency.

If one wishes to minimize the effects of wave roughness, then

it is clear that one should use vertical polarization. On the

other hand, it is desirable that the background emission of the

sea be as low as possible in order to sense atmospheric emissions.

If one is willing to tolerate changes in the background emission of

up to 15K due to wave roughness (wind speeds up to 14 m sec ),

then one may choose horizontal polarization since the microwave

emission of the sea is much less for horizontal polarization than

for vertical polarization for large zenith angles. One final factor

in the emission of the sea at microwave frequencies needs to be

considered, viz., the effect of sea foam.

C. The Effects of Sea Foam

Williams (1969) found that sea foam has a very high emissivity
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for frequencies from 9.4 GHz to 34.0 GHz. Measurements by Hollinger

(1970) from a tower at Argus Island, Bermuda, at 8.36 and 19.34 GHz

indicated that the emissivity of sea foam was at least 0.6.

Theoretical studies by Droppleman (1970) predicted that the

emissivity of sea foam ranges from that of a specular sea surface

(approximately 0.3) to near unity, which corresponds to a change

in emissive brightness temperature of approximately 200K.

The percentage of cover of sea foam on the ocean's surface

is a function of wind stress, fetch, duration, sea temperature,

and sea salinity. An upper bound on the percentage cover of sea

foam as a function of wind speed at 10 m above the sea surface

has been given by Blanchard (1963). His data are shown in Table 17.

Table 17. Percentage cover of sea foam versus wind speed at
10 m above sea surface (after Blanchard, 1963).

Wind speed at 10 m

(m sec )

0.0
3.0
4.0
6.0
9.0
12.5
20.0
50.0

Percent sea-foam coverage

(%)

0.0
0.0
0.6
1.8
3.7
7.2
18.5
100.0

The average wind speed over most of the World Ocean is less

than 12 m sec (Riehl, 1954, pp. 9 and 11). A change in wind speed

from a calm condition to 12 m sec could cause a change in the
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microwave emission of sea water of about 15K. A change of 15K.in

the microwave emission of sea water due to an increase in the wind

speed of 14 m sec was observed by Nordberg et al. (1969) at

19.35 GHz over the Salton Sea.

It is clear from the above that the effects of wave roughness

and sea foam on the microwave emission of the sea under various sea

states may dominate those due to temperature or salinity. However,

this effect is small as compared to meteorological effects for

most of the World Ocean (as discussed in following chapters). At

the present time, it is felt that the available body of knowledge

concerning the effects of wave roughness and sea foam is inade-

quate to permit quantitative description. Too many environmental

conditions such as atmospheric stability, duration of wind stress,

fetch, wind speed, sea temperature, and sea salinity, have not

been measured concurrently with airborne microwave measurements

over an ocean test site. Suggestions for further research along

these lines are offered in Chaocer ."X. Since the effects of sea

roughness are dominant for soir.e situations and are unpredictable

at present, any further discussion will be left for future research.

The remainder of this paper will be devoted to a description of the

extinction and emissive properties of atmospheric gases and hydro-

Meteors. The nature of the atmospheric emissions and extinctions

are developed in such a manner as to allow easy computation of the

combined effects of atmospheric and oceanic interactions, once the

latter are described adequately.
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CHAPTER V

ABSORPTION OF MICROWAVES BY ATMOSPHERIC GASES

Atmospheric gases do not scatter microwave radiation signifi-

cantly. Since the emissive properties of a non-scattering medium

are related directly to its absorption properties (see Eqs. 81 and

82, Chapter II, p. 45), one needs only to be concerned about the

behavior of the volume absorption coefficient of atmospheric gases

as a function of the variables of state. The primary absorbing

and emitting gases in the atmosphere are molecular oxygen and

water vapor (Van Vleck, 1947a, 1947b).

A. Absorption of Microwaves by Molecular Oxygen

Molecular oxygen possesses a permanent magnetic moment. As a

result, there are 46 allowable transitions among its rotational

energy states. The resonant frequencies for these transitions,

v and v (N = 1, 3, 5, . . . , 45), as given by Meeks and Lilley

(1963) are listed in Table 18. In addition, there is non-resonant

absorption at zero frequency.
i

Interactions among atmospheric gases alter the allowable

transitions between the rotational states of the oxygen molecules.

As a result, a continuous spectrum of allowable transitions deve-

lops. This phenomenon is called pressure broadening and may be

described by a pressure broadening structure factor, F.
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Table 18. Resonant frequencies for the absorption of microwaves
by molecular oxygen (after Meeks and Lilley, 1963).

N

1
3
5
7
9
11
13
15
17
19
21
23

v
N+

(GHz)

56.2648
58.4466
59.5910
60.4348
61.1506
61.8002
62.4112
62.9980
63.5685
64.1272
64.6779
65.2240

v
N-

(GHz)

118.7505
62.4863
60.3061
59.1642
58.3239
57.6125
56.9682
56.3634
55.7839
55.2214
54.6728
54.1294

N

25
27
29
31
33
35
37
39
41
43
45

v
N+

(GHz)

65.7626
66.2978
66.8313
67.3627
67.8923
68.4205
68.9478
69.4741
70.0000
70.5249
71.0497

v
N-

(GHz)

53.5960
53.0695
52.5458
52.0259
51.5091
50.9949
50.4830
49.9730
49.4648
48.9582
48.4530

The accepted form for F is that given by Van Vleck and Weisskopf

(1945). In the case of molecular oxygen, one needs two types of

expressions for F, viz.,

F = A /(v2 + A2),
o o o

and

(107)

(108)

N+
= 1> 3, 5, ' ' ', 45) are the resonant frequencies (Hz)

for molecular oxygen listed in Table 18, v is the frequency (Hz) of

the radiation under consideration, and A is the line-width para-

meter (Hz) for molecular oxygen given by Meeks and Lilley as follows;

AQ = 1.4625 x 10
6 p (300/T)0'85 (0.21 + 0.78 f), (109)
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where p is the atmospheric pressure (rab), T is the atmospheric :

temperature (K), and f is a factor that expresses the relative

effectiveness of nitrogen-oxygen collisions as compared to oxygen-

oxygen collisions in producing pressure broadening. The value of

f changes from 0.75 for very low pressures to 0.25 for high

pressures. Meeks and Lilley (1963) give the following empirically-

derived form for f:

0.25: p >* 356 mb

f = -^ 0.25 + 0.435 (2.551 - Iog1() p) : 25.3 < p < 356 mb

0.75: p £ 25.3 mb (110)

In meteorological units, the full expression for the volume

absorption coefficient for molecular oxygen (m ) given by Meeks

and Lilley (1963) is

a = 4.6182 x 10~13 (p v2/T3)

45
• I SN exp[-2.06844 N (N + 1)/T], (111)

N=l
odd

where

Q = F 2 (N2 + N + 1) (2N + 1) N (2 N + 3)
N o N( N + 1) N+ N + 1

+ F (N + 1) (2 N - 1) ( .
. N- N ' U ;

Thus, one may predict the volume absorption coefficient for

molecular oxygen for any given temperature, pressure, and frequency

by using Eqs. (107) to (112) and the values of v listed in Table 18,

Some investigators (e.g., LeFande, 1968, and Lenoir, 1968) give



values for v that differ in the third decimal place from those

listed in Table 18. Others (Westwater, 1967; Falcone, 1966) assume

a different dependence for a and A than that given in (111) and
o o

(109), respectively. Otherwise, there is unanimity on the ques-

tion of which formulas adequately describe a as a function of

pressure, temperature, and frequency.

It is difficult to grasp an understanding of the effects of

variations in pressure, temperature, and frequency on the volume

absorption coefficient of molecular oxygen from Eqs. (107) to (112),

especially in the region of the resonance lines. For frequencies

less than about 50 GHz, one may visualize the absorption of micro-

waves due to molecular oxygen as the result of two terms, one

dealing with the non-resonant absorption for zero frequency and the

other dealing with the combined effects of absorption for the

pressure-broadened lines above 55 GHz. In general, absorption

increases with increasing pressure and decreases with increasing

temperature.

B. Absorption of Microwaves by Water Vapor

Water vapor possesses a single resonant transition in the

microwave spectrum between the rotational-vibrational energy states

of 5 n and 6 £.. The resonant frequency for this transition is
—-L — J

22.235 GHz. The next highest resonant frequency is 183.3 GHz. As

in the case of molecular oxygen, there is a pressure-broadening

effect for water vapor. As a result, a portion of the microwave
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.•ihsorpl.lon by water vapor Is due to pressure-broadened absorption

lines in the far infrared part of the electromagnetic spectrum.

There appears to be a failure in the theory for the contribution

of pressure-broadened infrared-lines to the total absorption of

microwaves by water vapor as given by Van Vleck (1947b). These

predictions are brought into agreement with the measured values

of absorption (Becker and Autler, 1946) when a factor of five is

included in the infrared portion. With this correction, the

volume absorption coefficient for water vapor (m ), given by

Porter and Florance (1969), is

a =3.615 x 10~10 p (v2/!1:5) [(F/T) exp(-642/T)
w . w

+ 7.07 x 10~24 A ], (113)
w

where „
A A
w w

F = 9 2 + 97
(v - vr + A^+ (v + v)2 + VT, (114)w w w w

and

A = 2.62 x 109 (p/1013.25) (318/T)0'625w

[1 + 0.0147 p T/p], (115)
w
9

in which a is 22.235 x 10 Hz, p is the density of water
w ' w J

_3
vapor (g m ), v is the frequency (Hz), T is the atmospheric

temperature (K), and p is the atmospheric pressure (mb).

The equation of state for water vapor is given by

6 = Pw Rg T/V
_2

where e is the vapor pressure (dynes cm ), p is the density of
w

_3
water vapor (g cm ), R is the Universal Gas Constant (8.3144 x

6
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7 —J —1
10 ergs mol K ), T is the temperature (K), and m is the

molecular weight of water vapor (18.016 g mol ). Using these

3 -2
values and the usual meteorological units (1 mb = 10 dynes cm ;

o /: n

I g m = 10 g cm ), one obtains from (116) the following expres-

_3
sion for p , the density of water vapor (g m ), viz.,

w

p = 216.68 e/T, (117)
w

where e now is the vapor pressure in mb. For the range of dew-

point temperatures, T (K), from 233K to 313K, the vapor pressure

(mb) may be obtained with considerable accuracy from Teten's

Equation, which is

e = 6.11 x 10[7'5 (Td - 273.15)/(Td - 35.85)] ̂  (U8)

Thus, one may predict the volume absorption coefficient for

water vapor, a (m ), for any given frequency (Hz), atmospheric
w

pressure (mb), atmospheric temperature (K), and dew-point tempera-

ture (K), by using (113), (114), (115), (117), and (118).

The behavior of the absorption of microwaves by water vapor

is similar to that of molecular oxygen outside the region of

resonance. It should be noted, however, that unlike molecular

oxygen, the absorption increases with decreasing pressure for

frequencies near resonance (22.235 GHz).

C. Combined Absorption by Molecular Oxygen and Water Vapor

Since extinction processes are linear, the combined absorption

of microwaves by molecular oxygen and water vapor is simply the
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sum of a and a , that is,
o w

a = a + a , (119)
g o w'

where u is the volume absorption, coefficient of atmospheric gases
O

(in ). The effects of pressure and electromagnetic frequency are

shown in Fig. 15. These curves were formed from calculations of

a and a made from the foregoing equations for a temperature of

IOC, a dew-point temperature of IOC, pressures of 100 and 1013.25 mb,

and for frequencies ranging from 1 GHz to 58 GHz. The effects of

pressure-broadening and the factor, 1/p, in the last term of (115)

are apparent. It should be noted that a dew-point temperature of

IOC at 100 mb is much higher than would be found in the atmosphere.

Nevertheless, the effect of pressure on the absorption of micro-

waves by water vapor at 22.235 GHz is significant. Groom (1966)

has suggested that this property could be used to detect and

measure stratospheric water vapor. This matter, however, will not

be pursued further in this paper.

Extensive calculations show that frequencies for which a and

a are equal fall between 2 and 18 GHz and between 38 and 55 GHz

for a pressure of 100 mb, for temperatures between -IOC and 30C,

and for dew-point temperatures between -40C and 30C. For 1013.25 mb,

these frequencies fall between 6 and 21 GHz and between 24 and

53 GHz for the same range of temperatures and dew-point temperatures.

The frequency at which a is a minimum for frequencies greater
&

than 22.235 GHz occurs between 28 and 32 GHz for all pressures
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.•mil temperatures considered. .,

It is important to note that the absorption of microwaves by

water vapor is an important part of that by both water vapor and

molecular oxygen for a large range of the microwave frequencies.

The distribution of water vapor in the atmosphere is highly variable

and is the object of much meteorological research. If one wishes

to use the thermal emissive properties of the atmosphere at

microwave frequencies to detect and measure the distribution of

water vapor, then one would be wise to select frequencies near

22.235 GHz. On the other hand, if one wishes to study surface

phenomena or other atmospheric parameters, then one would require

that the thermal emission be as unrelated as possible to water

vapor and would choose frequencies well removed from 22.235 GHz.

In the case of molecular oxygen, the distribution of oxygen is

well known and variations in its absorption coefficient are a

function only of the distribution of temperature with altitude.

Although temperature is variable in the atmosphere, water vapor is

much more variable than temperature. The effects of the variability

of a and a on the microwave emission of the atmosphere are
o w

considered in depth in Chapter VIII.
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CHAPTER VI

ABSORPTION AND SCATTERING OF MICROWAVES BY LIQUID HYDROMETEORS

In this paper, the word cloud refers to a collection of water

drops of diameters less than 0.1 mm. The word rain refers to a

collection of water drops with diameters up to 6 mm (Mason, 1957,

p. 438). Rain drops larger than about 2.8 mm in diameter are

flattened on their lower side when falling at terminal velocity in

stagnant air (Foote, 1969; Magono, 1954). Drops less than about

2.8 tran in diameter tend to be spherical in shape. Blanchard (1950)

noted that large drops in turbulent air resemble ellipsoids with

oscillating axes. In that case, the mean shape of the large drops

approximates that of a sphere. The temperature of a water drop

is fairly homogeneous but not precisely so since heat transfer is

constantly taking place between the drop and its environment. Also,

the temperature of the drop is probably colder than that of the

ambient air. Nevertheless, in this study it is assumed that

liquid hydrometeors are homogeneous, spherical masses of pure,

liquid water.

Drops of liquid water in clouds and rain absorb, scatter,

and emit thermal radiation at microwave frequencies. The absorp-

tion and scattering properties of homogeneous spheres in air are

given precisely by Mie (1908). If the distribution of drop
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diameters of a polydispersive medium is known, then the Mie theory

may be used to calculate the exact absorption and scattering pro-

perties for the collection of drops. In this case, superposition

may be used since the drops are randomly distributed (no fixed

distance exists between individual scattering points) and are

separated by distances large compared to their respective diameters.

The Mie theory was used by Ryde (1946) to predict the attenua-

tion of radar energy by liquid and solid hydrometeors. A similar

effort by Stratton (1930) had failed because the dielectric con-

stant of water was assumed to have no imaginary part. Ryde found

that the Rayleigh approximation could be used to predict the

absorption properties of cloud particles smaller than 0.1 mm in

diameter. Goldstein (1951) expanded the applications of the Mie

theory and developed a simple expression for the volume absorption

coefficient of a cloud as a function of its content of liquid

water. Also, he showed that the scattering processes in a cloud

can be neglected when compared to the absorption properties of

the cloud. The most extensive application of the Mie theory to

the problem of predicting the attenuation of microwaves by hydro-

meteors was conducted by Gunn and East (1954).

In the above applications of the Mie theory, these investiga-

tors gave their results in the form of simple regression equations.

More importantly, no distinction was made between absorption and

scattering properties in these studies. Also, the studies were
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made for frequencies reserved for active radar systems. In consid-

erations of the radiative transfer of thermal microwaves through

the atmosphere, one can not ignore the distinction between absorp-

tion and scattering properties. Also, in this paper, a wide range

of microwave frequencies is under consideration; most of these

frequencies are in bands reserved for passive sensing and have not

been discussed in the past papers dealing with the interaction of

radar waves and the atmosphere. Finally, it is no longer necessary

to derive simple empirical properties of hydrometeors since elec-

tronic computers may easily handle complex mathematical formulas.

The remainder of this chapter is concerned with a presentation

of results of the Mie theory, an explanation of the method used to

compute the Mie parameters, a discussion of the distribution of

drop sizes of rain elements, and an analysis of the absorption and

scattering properties of clouds and rain for the frequencies of

interest in this paper.

A. Absorption and Scattering Cross Sections of an Individual Drop

An individual cloud or rain element is assumed to be a homo-

geneous, dielectric sphere of pure water with a diameter, a (m).

_2
Suppose that W. is the power density (W m ) of radiation incident

upon the drop. The rate of extinction of this radiation by absorp-

tion, P (W), or by scattering, P (W), may be given in terms of

2
an absorption cross section, Q (m ), or a scattering cross section,

3.
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2
Q (m ), respectively; that is,
S

Qa = Pa/W± (120)

and

Qs = PS/W.. (121)

It should be noted that P includes radiation that is scattered
s

forward as well as radiation scattered into other directions about

the drop. Thus, part of the scattered radiation may join the

2
unextincted radiation. The extinction cross section, Q (m ), is

simply the sum of Q and Q .
a s

In applying the Mie theory, it is convenient to define a drop-

size parameter, x, as

x = TT a v/c, (122)

where a is the drop diameter (m), v is the microwave frequency (Hz),

8 —1
and c is the speed of light in a vacuum (2.99793 x 10 m sec ).

For frequencies less than 60 GHz and for drop diameters less than

6 mm, x is less than 3.77. In this case, an iterative scheme

derived by Deirmendjian (1969) may be used to compute Q and Q
3. S

from the Mie theory. The Deirmendjian method is presented below.

One may define a set of efficiency factors, K , K , and K »
3 5 L

where

and

K = 4 Q /TT a2, (123)
Si 3.

K = 4 Q /ir a2, (124)
S S

Kt = 4 Q t/Tr a2. (125)
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From the Mie theory, Deirmendjlan gives the following expressions

for K and K :
S L

co

K = (2/x2) I (2 n + 1) (|a |
2 + |b |2) (126)

s n=l n n

and
oo

K = (2/x2) I (2 n + 1) Re{an + b }, (127)
n=l n n

where a and b are the complex scattering amplitudes that are

functions of the complex index of refraction, m, and the drop-size

parameter, x. It was shown in Chapter III that the complex index

of refraction for pure water is a function of the water temperature

and the microwave frequency. Deirmendjian (op. cit.) gives the

following iterative scheme to compute values of a and b for given
n n

values of m and x:

:

A
— H
m
A
-^Hm

m

x
m'

x

Re{w } - Re{w 1 }n n-1

w - w nn n-1

\U1 A. n LI—J. /I OO\an =-,- TV (12»)

and

fm A + -] Re{w } - Re{w n}
b =l - E_jy - » - Z±- (129)
n t . , ml|m A + — I w - w i\ n xj n n-1

where

A = -(n/m x) + l/[(n/m x) - A ,], (130)
n n— 1

A = cot(m x), (131)

w = [<2 n - l)/x] v - w, (132)
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w = sin(x) + j cos(x), (133)

w_1 = cos(x) - j sin (x). (134)

Deirmendjian (op. cit.j p. 17) made a sign error in his equation

that is equivalent to (133), in that he incorrectly used -j cos(x)

(see Kreyszig, 1962, p. 184, prob. 12).

The efficiency factors for absorption and scattering were

computed by using Eqs. (126) to (134) for the 27 microwave frequen-

cies listed in Table 1, for drop temperatures of -10, 0, 10, 20,

and 30C, and for drop diameters between 0 and 6 mm "in 0.1-mm incre-

ments. The complex index of refraction of the water was computed

by the method shown in Chapter III. The number of calculations

(16,200) is too large to be presented in this paper in tabular

form. Plots of K versus a and K versus a for temperatures of
a s

-IOC (<D), OC (A), IOC (+), 20c (X), and 30C (̂ ) were made by

a Gerber plotter (Model 622 Automatic Graphing System) for each

of the selected frequencies. Some of these plots are shown in

Figs. 16 to 34. It should be noted (Eqs. 123 and 124) that if K
3.

or K is directly proportional to drop diameter, then Q or Q is
S 3. S

directly proportional to the mass of liquid water (g) of the drop.

It can be seen from the following figures that K is directly
3.

proportional to a for the lowest frequencies. This property is

predicted by the Rayleigh Approximation which holds best when the

ratio of the drop diameter to the wavelength of radiation is
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0.500 GHZ

Fig. 16.

2.U 3.6

Drop Diameter, a (mm)

Efficiency of absorption of microwaves by individual,
liquid water drop: v = 0.5 GHz.
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1.420 GHZ

Fig. 17.

2.U 3.6

Drop Diameter, a (mm)

Efficiency of absorption of microwaves by individual,
liquid water drop: v = 1.42 GHz.
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2.695 GHZ
3.6

Drop Diameter, a (mm)

Fig. 18. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 2.695 GHz.
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.805 GHZ
1.2 2.4 3.6

Drop Diameter, a (mm)

4.8 6.0

Fig. 19. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 4.805 GHz.
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Fig. 20.

2.4 3.6

Drop Diameter, a (mm)

Efficiency of absorption of microwaves by individual,
liquid water drop: v = 5.81 GHz.
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8.000 GHZ

Fig. 21.

2.4 3.6

Drop Diameter, a (mm)

Efficiency of absorption of microwaves by individual,
liquid water drop: v = 8.0 GHz.
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Fig. 22. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 10.69 GHz.
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15.375 GHZ
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Fig. 23. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 15.375 GHz.
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Fig. 24. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 19.35 GHz.
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Fig. 25. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 31.4 GHz.
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Fig. 26. Efficiency of absorption of microwaves by individual,
liquid water drop: v = 37.0 GHz.
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2.4 3.6

Drop Diameter, a (mm)

4 8 6.0

Fig. 27, Efficiency of absorption of microwaves by individual,
liquid water drop: v = 60.0 GHz.
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0.500 GHZ

Fig. 28.

2.4 3.6

Drop Diameter, a (mm)

Efficiency of scattering by an individual, liquid
water drop: v = 0.5 GHz.
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.805 GHZ
2.H 3.6

Drop Diameter, a (mm)

4.8 6.0

Fig. 29. Efficiency of scattering by an individual, liquid
water drop: v = 4.805 GHz.
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8.000 GHZ

Fig. 30.

3.6

Drop Diameter, a (mm)

Efficiency of scattering by an individual, liquid
water drop: v = 8.0 GHz.
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10.690 GHZ

Drop Diameter, a (mm) j

Fig. 31. Efficiency of scattering by an individual, liquid
water drop: v = 10.69 GHz.
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19.350 GHZ

Fig. 32.

2.U 3.6

Drop Diameter, a (mm)

Efficiency of scattering by an individual, liquid
water drop: v = 19.35 GHz.

6.0
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37.000 GHZ

Fig. 33.

2.1 3.6

Drop Diameter, a (mm)

Efficiency of scattering by an individual, liquid
water drop: v = 37.0 GHz.
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60.000 GHZ

Fig. 34.

2.4 3.6

Drop Diameter, a (mm)

Efficiency of scattering by an individual, liquid
water drop: v = 60.0 GHz.
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smallest. Although the variation of K becomes quite non-linear
3i

with respect to a for the higher frequencies, K is still approxi-
3.

mately proportional to a for small values of drop diameter. The

variation of K with a is a non-linear function at all frequencies
s

shown.

One may notice that K approaches a value greater than unity
8

for large values of a. If there were no absorption, this limit-

ing value would be 2. In this case, however, half of the "extincted"

radiation is scattered into a small solid angle about the forward

direction and becomes a part of the unextincted stream (Kerker,

1969, pp. 106-107).

A case of special interest in this paper is the situation

where mx is much less than unity. In that case, the expressions

for K and K are reduced to the following simple expressions,
3 S

known as the Rayleigh Approximations (van de Hulst, 1957, p. 270):

and

K = (8 x4/3) |(m2 - l)/(m2 + 2)|2 (135)
Si

K = 4 x Im{-(m2 - l)/(m2 + 2)}. (136)
3. IT

For clouds (drop diameters less than 0.1 mm), for frequencies less

than 60 GHz, and for temperatures from -10 to 30C, mx is less than

0.327, and (135) and (136) may be expected to hold. In fact, as

was mentioned earlier, K is negligible when compared to K for
SIT 3. IT

liquid water spheres at microwave frequencies. Also, K is proper-
3. IT

tional to x which is, in turn, proportional to the drop diameter for
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a given frequency. Thus, the extinction properties of clouds are

such that the scattering can be neglected and the absorption is

proportional to the mass of the drops regardless of the distribu-

tion of drop sizes in the cloud. The absorption and scattering of

microwaves in rain can not be treated in such a simple manner since

K and K are non-linear functions of a for any given drop tempera-
Si S

ture and frequency. The distribution of drop sizes is an important

consideration in the case of extinction by rain.

B. Angular Scattering by an Individual Drop

The properties of angular scattering of an individual drop

may be given in terms of the phase matrix [P] introduced in Chapter

II (see Eqs. 72 and 73). Van de Hulst (1957, p. 45) gives an

expression of a transformation matrix [F] which is related to [P]

by a constant factor for any given medium and frequency of radia-

tion. For a spherical particle, such as a drop of liquid water in

a cloud or in rain, [F] is given by

[F]

i (F + F )
2 U^ f *2'

— (F - F )2 k*l V

0

0

7 (Fi - F2>

1 (F1 + F2>

0

0

0 0

0 0

F F
*3 *4

-F. F.
4 3

(137)

where

Fi - si (138)
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and

F2 = S2 S* , (139)

F3 = Re{S1 S*}, (140)

= -Im{S1 S*}, (141)

and S1 and S» are the complex scattering factors that are propor-

tional to the amplitudes of the components of the electric field

vector of the scattered radiation both parallel and perpendicular,

respectively, to the scattering plane (see Fig. 35). S, and 82 are

given by Deirmendjian (1969, p. 13) as

S = ? 2 " * * (a TT + b T ) (142)1 L T n (n + 1) v n n n n'

and
00

v 2 n (143>
where TT and T are functions of M , the cosine of the scatteringn n s

angle, 0. Deirmendjian (op. cit. , p. 15) gives recursion relation-

ships which may be used to calculate ir and T for any given v asn n s

follows :

<"n ' V2> - (^ n -

% = ys Vl (2 n " 1)/(n ~ 1) " U V2/(n " 1)>

TT = 0, (146)

^ = 1, • (147)

iT2 = 3 ug, (148)
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raindrop •*-__._

Scattering plane

Fig. 35. Geometry of scattering.
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TQ = 0, (149)

T, = y . (150)
JL S

and I

T2 = 6 yj - 3. (151)

Deirmendjian1s equivalent expression for (145) omits the n in

the numerator of the second term. Also, the expression of van de

Hulst (1957, p. 124) equivalent to (144) is incorrect in that his

2
sin0 term should read sin 0.

I

One may use the equations developed and summarized in

Sections 1 and 2 of this chapter to compute the absorption, extinc- !

tion, scattering or angular scattering parameters for a. single drop

as a function of the microwave frequency, the drop temperature,

the drop diameter, and the scattering angle. In order to compute

the corresponding properties for a polydispersive medium such as

rain, one must know the distribution of drop sizes.

C. Distributions of Drop Sizes in Rain

The distribution of drop diameters in precipitation has been

the subject of much meteorological research during the past 30 years.

The distribution used in most meteorological literature is that

proposed by Marshall and Palmer (1948). The Marshall-Palmer distri-

bution (hereafter called the M-P distribution) compares well with

other distributions suggested by Laws and Parsons (1943), and

Best (1950). It is based on measurements of the distribution of
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drop diameters at the surface for steady rains having intensities

of 1.0, 2.8, 6.3, and 23.0 mm hr"1. The M-P distribution, which

expresses the fact that larger drops tend to break up into smaller

drops, is given by the following equation:

N = N exp(-b a), (152)

where N is the number of drops of diameter, a, per unit volume per

-4 6-4
unit drop-diameter interval (m ), N is 8.0 x 10 m , a is the

drop diameter (m), b (m ) is given by

b - 4100 R~°*21, (153)

and R is the rainfall intensity (mm hr ). Fanning (1965) found

that the M-P distribution worked well in subtropical precipitation

but suggested that N is a function of R. It appears that the M-P

distribution is valid for rain originating from snowflakes but

fails for warm rain (Ohtake, 1970). Dingle and Hardy (1962) found

that the M-P distribution tends to overestimate the number of

large drops. All of these investigators and others have noted that

the actual distribution of drop diameters in rain may deviate

greatly from that given by the M-P distribution, but that on the

average the M-P distribution fits well. It is recognized at this

point that the distribution of drop sizes in actual rain may indeed

deviate greatly from that given by the M-P distribution; however,

the inclusion of other drop-size distributions in the considerations

of this paper would only multiply and unduly complicate the analy-

sis of the thermal emissive properties of rain. The quantitative



128

relationships between the meteorological properties of the atmos-

phere and its thermal emissions at microwave frequencies that

are derived in later chapters are predicated upon the validity of

the M-P distribution. One may use these relationships for inter-

preting actual microwave measurements by assuming that the precipi-

tation is represented by the M-P distribution.

The properties of a M-P distribution of raindrops are consid-

ered below. Stephens (1962) suggested that the maximum drop dia-

meter is a function of R, i.e.,

a - 0.0023 R°'213 (m). (154)
max

For the purposes of this paper, the content of liquid water of the

_3
rain mass, M (g m ), is a more convenient parameter in the M-P

distribution than R. If there were no limit to the drop diameter,

then M would be
P

,TO 3 4
M = / (pT TT a /6) N exp(-b a) da = pT TT N /b , (155)
p t) " ° L O

_3
where p is the density of water (g m ). The average density of

-3
water over the range of temperatures from -10 to 30C is 99970 g m

(Chemical Rubber Company, 1959, p. 2113). If one uses the value of

b given by (153), then one obtains an expression for M as

M = 0.0889 R°'84 . (156)
P

Thus,

R = 17.84 M 1'1905 . (157)
P

Based on the criteria given in (154) for a £ 6.0 mm,max
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values of M were computed by finite differences from the M-P

_i
distribution for rainfall intensities ranging up to 100 mm hr . A

plot of the resulting data on logarithmic paper shows that the

following relationship may be used to compute R for any given M :

R - 18.05 M 1<19 . (158)
P

In this paper, M (g m~ ) will be used as the independent

variable in the M-P distribution. R (mm hr ) will be computed

from M through (158) and used in (153) and (154) to obtain values

for b and amax

If one substitutes the value for b given by (153) into the

integrand of (155), differentiates the result with respect to

diameter, and sets the differential equal to zero, then one obtains

the following expression for modal drop diameter:

a , = 0.7317 R°t21 . (159)mode

The value of a , varies from 1.026 mm for a rainfall intensitymode

of 5 mm hr to 1.925 mm for 100 mm hr

An independent evaluation of the rainfall intensity was made

by calculating the rainfall intensity from a M-P distribution for

a pressure of 1013.25 mb and a temperature of 20C for specific

values of R. In these calculations, no vertical motions of the air

were assumed and the terminal velocities of the individual drops

were calculated from the formulas given by Foote and du Toit (1969).

The results of these calculations are shown in Table 19.
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Table 19. Comparison between calculated and given values of rain-
fall intensity for M-P distribution of drop sizes, for a pressure

of 1013.25 mb, and for a temperature of 20C.

Given Rainfall Intensity

(mm hr )

Calculated Rainfall Intensity

(mm hr )

5
10
15
20
25
30
35
40
45
50
60
70
80
90
100

5.73
11.35
16.84
22.29
27.64
32.91
38.20
43.35
48.55
53.64
63.85
73.81
83.70
93.51
103.02

Thus, it appears that R is simply a parameter to be used in

the M-P distribution as a control factor and is approximately the

same as the actual surface rainfall intensity of that distribution.

For pressures less than 1013.25 mb, the terminal velocities increase

and the resulting rainfall intensities are larger than that at the

surface. The content of liquid water remains the same. Therefore,

M is a much more useful parameter for the rain mass than R.

D. Volume Absorption and Scattering Coefficients of Clouds and Rain

It is assumed that the concentration of drops in a cloud or

rain mass is sufficiently small so that there are negligible
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shadowing effects, that Is, the extinction caused by the collection

of drops is simply the sum of the extinction of the individual

drops. In this case, the volume absorption coefficient, a (m ),

and the volume scattering coefficient, 3 (m ), are evaluated by

a = / max N 0 da (160)1 a
0

and

g = J max N Q da, (161)
s

o

where N is the number of drops per unit volume per unit drop-size

-4 2
interval (m ) , Q is the absorption cross section (m ) , Q is

cL o

2
the scattering cross section (m ) , and da is the incremental drop-

diameter interval (m) .

In the case of a non-raining cloud, B , the volume scattering

coefficient, is negligible, and a , the volume absorption coeffi-

cient, is given from (124), (136), and (161) as

ac = [TT
2 v Im{-(m2 - l)/(m2 + 2)}/c] / max a3 N da (162a)

0

= [6 TT v Im{-(m2 - l)/(m2 + 2)}/pL c]

a „
• J max (IT pT a

J/6) N da, (162b)

8 —1
where c is the speed of light in a vacuum (2.99793 x 10 m sec ),

_3
p is the density of water (assumed to be 999700 g m ), v is the

J_t
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electromagnetic frequency (Hz), a is the drop diameter (m), and

m is the complex index of refraction of the water. The parenthe-

tical expression in the integrand of (162b) is the mass of the

water drop (g). Thus, the value of the integral is simply the

_3
content of liquid water of the cloud (g m ) and is represented by

the symbol, M . Thus,

ex = 6 TT v M Im{-(m2 - l)/(m2 + 2)}/pT cc c L

= 6.2895 x 10~14 v M Im{-(m2 - l)/(m2 + 2)}. (163)c

Goldstein (1951) derived an expression for the volume absorp-

tion coefficient of a non-raining cloud that uses an approximation

for the term dealing with the complex index of refraction of water.

This expression is given as

a . . = 1.122 x 10~25 v2 M (m"1) (164)gold c »

where v is the frequency (Hz). Staelin (1966) developed a somewhat

similar expression based on the data of Goldstein (1951) and which

includes a temperature factor. This expression is

a , - 1.113 x I0t°-
0122 <291 - T) - 25] v2 M , (165)stae c

where T is the temperature of the cloud (K). In this paper, a

will be calculated from (163) instead of the approximations given

by (164) or (165). These approximations were not meant to be valid

for the entire range of frequencies from 0.5 GHz to 60 GHz. There

are two important properties of the absorption of microwaves by

non-raining clouds as given by the Rayleigh theory. First, the
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absorption is directly proportional to the content of liquid water

for a specific temperature and frequency. Second, the absorption

rate decreases with increasing temperature (Gunn and East, 1954)

for all microwave frequencies under consideration in this paper.

It will be shown in Chapter VIII that when these two conditions

hold, it follows that the emission is dependent only upon the

integrated amount of liquid water and is independent of the vertical

distributions of the liquid water and the temperature of the liquid

water mass.

In the case of rain, it is assumed that N in (160) and (161)

may be given as a function of M , and that Q and Q may be obtained
1? cl S

from the Mie theory, as developed in Section A. The integrals in

(160) and (161) may be evaluated using the trapezoidal rule. The

corresponding values for the volume absorption coefficient of the

rain mass, a (m ), and the volume scattering coefficient of the

rain mass, 3 (m ), were computed for each of the 27 frequencies

listed in Table 1 (Chapter I), for temperatures of -10, 0, 10, 20,

and 30C, and for contents of liquid water ranging up to 4 g m in
_0

steps of 0.1 g m . The resulting values of a were plotted

against M by the Gerber plotter, and these plots are shown in

Figs. 36 to 53. In addition, the absorption of a non-raining cloud

given by the Rayleigh theory (Y) (for a temperature of IOC) and

the Goldstein approximation (^) are shown in the same figures for

comparison. It can be seen that the Goldstein approximation (a , ,)

does not agree with the Rayleigh approximation (a ).
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0.610 GHZ

Fig. 36.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 0.61 GHz.
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Content of Liquid Water, M (g m )

Fig. 37. Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 1.42 GHz.
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2.695 GHZ
3.2 4.0

Fig. 38.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 2.695 GHz.
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2.910 GHZ

Fig. 39.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 2.91 GHz.
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14.805 GHZ

Fig. 40.

_3
Content of Liquid Water, M (g m )

Rate of absorption<of microwaves by liquid water
cloud and M-P rain: v = 4.805 GHz.
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5.810 GHZ
.8 1.6 3.2 4.0

-3
Content of Liquid Water, M (g m )

Fig. 41. Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 5.81 GHz.
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Fig. 42.

_3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 8.0 GHz.
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Fig. 43.

_3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 9.369 GHz.
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Fig. 44. Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 10.69 GHz.
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Content of Liquid Water, M (g m )

Fig. 45. Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 15.375 GHz.
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-3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 19.35 GHz.



145

22.235 GHZ

Fig. 47.

_3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 22.235 GHz.
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31.400 GHZ

Fig. 48.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 31.4 GHz.
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o>ru.

33.200 GHZ

Fig. 49.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 33.2 GHz.
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37.000 GHZ

Fig. 50.

_3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 37.0 GHz.
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45.248 GHZ

Fig. 51.

Content of Liquid Water, M (g m~ )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 45.248 GHz.
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53.800 GHZ

Fig. 52.

Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 53.8 GHz.
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60.000 GHZ

Fig. 53.

_3
Content of Liquid Water, M (g m )

Rate of absorption of microwaves by liquid water
cloud and M-P rain: v = 60.0 GHz.
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An important consideration in the analysis of the microwave

emission of liquid water in the atmosphere is the ratio of a and

a . Values of a /a are shown in Table 20 for a temperature of
c p c

IOC, for several microwave frequencies, and for several contents

of liquid water. The values of a and a are nearly the same at

low frequencies (i.e., a /a - 1.0). This ratio reaches a maximum

value at 8.05 at a frequency of 10.69 GHz. The frequency at which

a /a is a maximum shifts to higher values for smaller contents of
p c

liquid water. Thus, if one wishes to sense liquid water in the

form of rain and desires to minimize the effect of clouds, one

would choose frequencies near 10.69 GHz.

In the Rayleigh region (small x), a is nearly a linear func-

tion of M . As the frequency increases to about 8 GHz, the shape

of the curves becomes most non-linear. Then, as the frequency is

increased still further to near 31.4 GHz, the curves straighten

out, and a varies almost linearly with M . Above 31.4 GHz, the

curves begin to show wome slight curvature, but remain quasilinear

up to 60 GHz.

The albedo, 10, for single scattering in the medium is of inter-

est in this paper, u) is defined as the ratio of the volume scatter-

ing coefficient to the volume extinction coefficient and gives the

fraction of the total extinction at a point that is due to scatter-

ing. The distribution of u) as a function of the frequency and the

content of liquid water in the rain mass for a temperature of IOC
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is shown in Fig. 54. It is obvious from these values that scatter-

ing of microwaves by rain may be a significant extinction process

for high frequencies and large contents of liquid water. If a

value of 0.1 for u> can be used as a rough guide, then one sees that

scattering must be considered for frequencies of about 10 GHz or

higher. If scattering is an important extinction process, then it

must be an important emission process since scattered radiation

must be conserved. The effects of scattering will be considered

in greater detail in later chapters.

In order to show the effects of changes in temperature on a ,

the ratio of a (30C) to a (IOC) was calculated for several fre-

quencies and contents of liquid water. When this ratio is slightly

less than unity, the variation of a with temperature is such that
P

the thermal emission of the rain mass tends to be independent of

its temperature. Such a condition exists for small values of M
P

at all frequencies and for large values of M for frequencies less

than about 15 GHz or greater than about 30 GHz. This behavior for

small values of M is expected since the Rayleigh theory fits

best for this condition.

The curves in Figs. 36 to 53 suggest that a may be represented

by a simple power law, viz.,

ap = cx Mp , (166)

where a is the volume absorption coefficient of the rain mass (m ),
_3

M is the content of liquid water of the rain mass (g m ), and cn
P -L
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and d are functions of temperature and frequency. Eq. (166) may

be linearized by taking the logarithm of both sides. From the

resulting expression and the computed values of a , values of c..

and d were found by a standard regression technique (Brooks and

Carruthers, 1953). The resulting values were fit exactly to a

fourth-degree polynomial in T of the form,

c1 = fQ + f T + f2 T
2 + f3 T

3 + f4 T
4 (167)

and

g0 + gj_ T + g2 T
2 + g3 T

3 + g4 T
4, (168)

where T is the temperature (C).

The resulting values of f. and g. (i = 0, 1, 2, 3, 4) are given

in Appendix A. The values of d are plotted in Fig. 55 versus

frequency for temperatures of -10, 0, 10, 20, and 30C. These curves

may be interpreted as being a plot of the linearity of a as a

function of temperature and frequency. From them, it is obvious

that the greatest non-linearity of a with respect to M occurs at

7.3 GHz and that a is a linear function of M for low frequencies
P P

and frequencies near 39 GHz where d = 1.0.

E. Angular Scattering Matrix of Rain

Scattering in non-raining clouds is neglected in this paper.

However, angular scattering will be considered for a special case

of the transfer of thermal microwaves through rain. In these

considerations, a knowledge will be needed of the probability
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Fig. 55. Linearity of the volume absorption coefficient
of a M-P rain with respect to the content of
liquid water.
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distribution function for angular scattering at any point of

interest in the atmosphere. Since the field of microwave radia-

tion will be represented by a set of microwave photons the states

of which are described by appropriate Stokes parameters, one needs

to know only how the Stokes vector is transformed for any given

angular scattering encounter.

One may form a transformation matrix [£' ] for angular scatter-

ing for a polydisperse collection of rain elements by integrating

the elements of the transformation matrix [F] for angular scatter-

ing for individual drops over a given distribution of drop diameters,

such as the M-P distribution. Moreover, one may view the distribu-

tion of -r (Zl + E') with scattering angle as representing the

probability distribution function for angular scattering. This

distribution may be transformed to a normalized distribution, n,

by dividing y (Ej + Ep by q-ĵ  where

ql = ̂  I (Z1 + EP d0 ' (169)

0

In the Monte Carlo method, the transformation matrix [E1] is

used to determine the state of a scattered microwave photon. In

order to insure that the scattered photon has the same total inten-

sity as the incident photon, one must normalize [E1] by multiplying

it by the scalar quantity, q,,, where

(Ej

21

' (170)
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Thus, the normalized transformation matrix [£], which is equal to

q? [£']> depends on both the scattering properties of the medium

and the polarized components of the radiation being scattered.
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CHAPTER VII

MODELING OF THE ATMOSPHERE FOR RADIATIVE TRANSFER

In order to solve the direct problem of radiative transfer,

one must specify the spatial distribution of appropriate radia-

tional quantities (e.g., temperature, volume absorption coeffi-

cient, volume scattering coefficient, and angular scattering para-

meters). At microwave frequencies, one may obtain the distribution

of these quantities from the spatial distribution of atmospheric

parameters (e.g., temperature, dew-point temperature, liquid water

in cloud form, and liquid water in precipitation form). The

specific relationships between radiational and meteorological

quantities were discussed in the preceding chapters. The purpose

of this chapter is two-fold. First, several hundred model distribu-

tions of the atmospheric variables are selected and enumerated.

These distributions are based on measurements of atmospheric para-

meters as reported in the literature. Second, the specific compu-

tational procedures are explained in detail for computer modeling

of the atmosphere for radiative transfer.

The largest variations of atmospheric temperature and pressure

occur with changes in altitude. The distribution of moisture, as

represented by the distributions of dew-point temperature and the

contents of liquid water, is highly variable in all three spatial

dimensions. In this paper, however, the atmosphere is assumed to
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be horizontally homogeneous.

A. Distributions of Temperature and Dew-Point Temperature

Cole et al. (1965) give the distributions with pressure of

temperature and relative humidity for several standard atmospheres

which are supplemental to the U. S. Standard Atmosphere of 1962.

Distributions of temperature with pressure in several tropical

storms are given by Riehl (1954, p. 328). Petterssen (1956, p. 33)

gives several soundings of temperature which are representative of

maritime-tropical (mT) air. Average soundings of temperature and

water-vapor density in maritime-polar (mP) air are given by Lukes

(1968, p. 24). All of these soundings were plotted on a Skew-T

Log-P diagram. It was apparent from this plot that these soundings

may be represented by seven typical distributions with pressure of

temperature and dew-point temperature for a cloudless atmosphere,

as enumerated in Tables 21 to 27. The coldest temperatures are

found in the Mid-Latitude (Winter) model, and the warmest in the

Tropical Storm model. Air colder than that of these models may

be found over the World Ocean; however, there could be no signifi-

cant amounts of liquid water in such air since the air would be

below freezing.

B. Distributions of Liquid Water

The content of liquid water of non-raining clouds increases
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Table 21. Model Number 1, Tropical Storm after
Riehl (1954, p. 328) and Petterssen (1956, Vol II, p. 33)

p
(mb)

1013.25

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250.0

200.0

150.0

100.0

50.0

T

(K)

303.

301.

298.

296.

293.

290,

287.

284,

281.

277.

272.

268.

262.

255.

248,

238.

226,

211.

189.

189.

7

0

5

1

4

7

8

4

1

2

9

0

3

9

2

5

5

0

2

2

Td
(K)

300.

297.

295.

293.

290,

287.

284.

281.

277.

274.

271.

265,

259.

253.

244.

234.

221.

150.

150.

150.

P
(mb)

2

6

3

1

3

3

7

2

8

0

3

2

8

2

9

2

2

0

0

0

981.

925.

875.

825.

775.

725.

675.

625.

575.

525.

475.

425.

375.

325.

275.

225.

175.

125.

75.

6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

f

(K)

302.

299.

297.

294.

292.

289.

286.

282.

279.

275.

270.

265.

259.

252.

243.

232.

218.

200.

189.

3

8

3

7

0

2

1

7

1

0

4

1

1

0

3

5

8

1

2

fd
(K)

298.9

296.4

294.2

291.7

288.8

286.0

282.9

279.5

275.9

272.6

268.2

262.5

256.5

249.0

239.5

227,7

185.6

150.0

150.0

z

(m)

577.

479.

502.

528.

556.

588.

624.

666.

714.

770.

837.

916.

1014.

1138.

1299.

1519.

1842.

2373.

3839.

7

9

8

2

5

7

9

3

5

6

0

4

5

5

4

0

2

0

0

The precipitable water of this model is 80.3 mm.
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Table 22. Model Number 2, Tropical (Sub-tropical Summer) after
Cole et al. (1965, p. 2-9) and Petterssen (1956, Vol II, p. 33)

p
(mb)

1013.25

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250.0

200.0

150,0

100.0

50.0

T

(K)

300.

297.

294.

291.

288.

285.

281.

278.

274.

270.

265.

260.

255.

249.

241,

233.

222.

209.

196.

196.

4

1

4

5

5

3

9

2

4

3

9

9

2

0

7

1

7

2

2

2

Td
(K)

295.

292.

289.

287.

283.

279.

275.

269.

264.

257.

252.

248.

243.

237.

230.

219.

150.

150.

150.

150.

5

4

7

0

3

4

4

7

1

2

9

7

4

0

2

2

0

0

0

0

P

(mb)

981.

925.

875.

825.

775.

725.

675.

625.

575.

525.

475.

425.

375.

325.

275.

225.

175.

125.

75,

6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

T

(K)

298.

295.

292.

290.

286.

283.

280.

276.

272.

268.

263.

258.

252.

245.

237.

227.

215.

202.

196.

7

7

9

0

9

6

0

3

3

1

4

0

1

3

4

9

9

7

2

fd
(K)

293.9

291.0

288.3

285.1

281.3

277 .4

272.5

266.9

260.6

255.0

250.8

246,0

240.2

233.6

224.7

184.6

150,0

150.0

150.0

z

(m)

569

472

493

518

544

575

609

648

694

748

813

890

985

1107

1267

1488

1818

2405

3980

.0

.0

.8

.0

.9

.2

.5

.9

,8

.8

.0

.2

.8

.3

.1

.6

.5

.8

.8

The precipitable water of this model is 45.4 mm.
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Table 23. Model Number 3, Mid^latitude Summer after
Cole et al. (1965, p. 2-9).

p
(mb)

1013.25

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250,0

200.0

150.0

100,0

50.0

T

(K)

294.

291.

289.

287.

285.

282.

278.

275.

271.

266,

262.

257.

251.

245.

238.

230.

220.

215.

215.

215,

2

7

5

4

0

1

8

0

0

9

4

4

7

2

2

0

4

7

7

7

Td
(K)

289.

285.

283.

280.

276,

272.

267.

263.

259.

253.

248.

243.

238.

233,

227.

219.

150,

150.

150.

150,

P

(mb)

8

9

2

1

5

4

9

2

2

9

2

9

4

2

2

4

0

0

0

0

981.

925.

875.

825.

775.

725.

675.

•625.

575.

525.

475.

425,

375.

325.

275.

225,

175.

125.

75.

6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

f

(K)

292.

290.

288.

286.

283.

280.

276.

273.

268.

264.

259.

254.

248.

241.

234.

225.

218.

215.

215,

9

6

4

2

5

4

9

0

9

6

9

5

4

7

1

2

0

7

7

5d
(K)

287.8

284.5

281.6

278.3

274.4

270.1

265.5

261.2

256.5

251.0

246,0

241,1

235,8

230.2

223.3

184.7

150.0

150,0

150,0

z

On)

556.

462.

484.

509.

537.

567.

601.

640.

685.

738.

802.

877.

971.

1090.

1249.

1471.

1836.

2560.

4376,

3

5

9

9

4

8

8

6

8

9

0

9

4

8

5

0

2

1

5

The precipitable water of this model is 29.3 mm.



166

Table 24. Model Number 4, Sub-tropical Winter after
Cole £t al. (1965, p, 2-9).

p
(mb)

1021.0

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250.0

200.0

150.0

100.0

50.0

T

(K)

287.

285.

284.

282.

281.

277.

273.

270.

266,

261.

256.

251.

245.

240.

233.

225.

216.

211.

204,

197.

2

3

0

6

0

4

8

1

0

3

9

7

7

1

1

1

1

2

7

2

The precipitable

Td
(K)

284.1

281.2

279.1

275.4

271.7

267,7

263.6

258.4

253.2

247.4

243.4

238.8

233.2

228.4

222.4

150.0

150.0

150.0

150.0

150,0

water

P

(mb)

985

925

875

825

775

725

675

625

575

525

475

425

375

325

275

225

175

125

75

.5

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

of this

T

(K)

286.

284.

283.

281.

279.

275.

271.

268.

263.

259.

254.

248.

242.

236.

229.

220.

213.

207.

200.

model

2

6

3

8

2

6

9

0

6

1

3

7

9

6

1

6

6

9

9

is

fd

(K)

282.

280.

277.

273.

269.

265.

261.

255.

250.

245.

241.

236.

230.

225.

186.

150.

150.

150,

150,

21.2

6

1

2

5

7

6

0

8

3

4

1

0

8

4

2

0

0

0

0

ram,

z

(m)

606.

452.

475.

501.

528.

557.

590.

628.

671.

723.

784.

857.

949.

1067.

1222.

1440.

1799.

2468,

4077.

»

7

3

7

5

7

6

1

6

9

2

5

6

6

7

7

9

1

1

2
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Table 25. Model Number 5, Sub-arctic Summer after
£̂ £l. (1965, p. 2-9).

P
(mb)

1010.0

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250.0

200,0

150.0

100,0

50.0

T

(K)

287.

284.

282.

279.

276.

273.

270.

267.

264.

260.

290.

250.

244.

238.

230.

225.

225,

225,

225.

225.

2

4

1

4

7

8

9

7

4

7

5

2

4

1

6

2

2

2

2

2

The precipitable

Td
(K)

283.0

280.3

277.0

274.6

271,9

268.3

265.7

262.2

258.3

252.7

248.3

243.9

238.4

230.7

222,2

150.0

150.0

150.0

150,0

150.5

water

P
(mb)

980.

925.

875.

825.

775.

725.

675.

625.

575.

525.

475,

425.

375.

325.

275.

225.

175.

125,

75.

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

of this

f
(K)

285.

283.

280.

278.

275.

272.

269.

266.

262.

275.

270.

247.

241.

234.

227.

225.

225.

225.

225.

model

8

2

7

0

2

3

3

0

5

6

3

3

2

3

9

2

2

2

2

is

*d
(K)

281.

278.

275.

273.

270.

267.

263.

260.

255.

250.

246,

241.

234.

226.

186.

150,

150.

150.

150.

6

6

8

2

1

0

9

2

5

5

1

1

5

4

1

0

0

0

0

z

(m)

514.

449.

471.

494.

521.

551.

585.

624.

669.

769.

834.

852.

943.

1057.

1216.

1471.

1896.

2672.

4569,

5

9

2

8

2

1

2

2

4

4

2

9

2

6

3

0

4

8

2

21 . 2 mm.
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Table 26. Model Number 6, Maritime Polar after
Lukes (1968).

p
(mb)

1013.25

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400.0

350.0

300.0

250.0

200,0

150.0

100.0

50.0

T

(K)

282.

279.

276.

273.

270.

267.

263.

259.

255.

251.

246.

241.

236.

230.

223.

218,

218.

218.

218.

218.

7

3

4

5

3

0

4

7

4

0

2

2

0

4

8

2

2

2

2

2

Td
(K)

278,

274,

270.

267.

262.

258.

253.

249.

243.

238.

233.

228.

224.

150.

150.

150.

150.

150.

150.

150,

P

(mb)

4

0

7

0

5

5

7

3

7

0

4

7

2

0

0

0

0

0

0

0

981

925

875

825

775

725

675

625

575

525

475

425

375

325

275

225

175

125

75

.6

,0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

,0

.0

.0

f
(K)

281.

277.

274.

271,

268.

265.

261.

257.

253.

248.

243.

238.

233.

227.

221.

218.

218.

218.

218.

0

8

9

9

6

2

5

5

2

6

7

6

2

1

0

2

2

2

2

fd
(K)

276.2

272.3

268.8

264.8

260.5

256.1

251.5

246.5

240,8

235.7

231.0

226.4

187.1

150.0

150.0

150.0

150.0

150.0

150,0

z

(m)

531.

440.

460.

483.

508.

536.

567,

603.

645.

693,

751.

822.

911.

1024.

1179.

1425.

1837.

2589.

4427.

7

8

9

2

1

0

7

7

1

7

7

7

5

7

5

2

5

8

2

The precipitable water of this model is 11.0 mm.
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Table 27. Model Number 7, Mid-latitude Winter after
Cole et^al. (1965, p. 2-9).

p
(mb)

1018.0

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0

550.0

500.0

450.0

400,0

350,0

300.0

250.0

200,0

150.0

100.0

50.0

T

(K)

278,

274.

270.

267.

265,

263.

262.

258.

255.

251.

247.

242.

237,

232.

226,

219.

218,

218.

2

0

7

2

5

8

0

8

2

2

0

3

4

2

2

4

9

0

216.7

215,4

Td
(K)

274.

270.

267.

262.

260.

257.

253.

251.

246,

242.

239.

234.

228.

223.

150.

150,

150,

150.

?•

P

(mb)

5

2

2

5

4

4

7

2

9

0

0

2

2

2

0

0

0

0

984.

925.

875.

825.

775.

725.

675.

625.

575.

525.

475.

425.

375.

325.

275.

225.

175.

125.

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

f
(K)

276.

272.

268.

266.

264.

262.

260.

257.

253.

249.

244.

239,

234,

229.

222.

219.

218.

217.

1

3

9

3

6

9

4

0

2

1

6

8

8

2

8

1

4

3

fd
(K)

272.3

268.7

264.8

261.4

258.9

255.5

252.4

249.0

244.4

240.5
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150.0

150.0
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z
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150,0

150. 0
75.0 216.0 150.0 4383.6

The precipitable water of this model is 9.6 mm.
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with altitude above the cloud base and reaches a maximum near the

OC isotherm if the upper part of the cloud is below freezing or at

a level where the pressure is about 50 mb greater than the pressure

at the top of the cloud if the cloud is warmer than freezing

(Singleton and Smith, 1960; Warner, 1955; Ackerman, 1959). Above

the maximum point, the content of liquid water decreases to zero

at the top of the cloud or at the point where the temperature is

less than about -20C. In this paper, the distribution of liquid

water in a cloud is assumed to be linear from the base to the

maximum value and from the maximum value to the top of the liquid-

water cloud. Since the dielectric properties of liquid water have

not been determined for temperatures colder than -IOC, the top of

the liquid-water cloud was not allowed to exceed the height of the

-IOC isotherm. The distribution of liquid water in clouds assumed

in this paper is shown in Fig. 56.

The rainfall rate increases with altitude, is a maximum near

the OC isotherm, and decreases to zero near the -20C isotherm. It

is assumed that M , the content of liquid water in the rain mass,

has a constant value from the surface to the OC isotherm or to a

point where the pressure is 50 mb greater than the pressure at the

top of the cloud. Also, M decreases linearily above that point to

zero at the cloud top or at the -IOC level, whichever is the lower.

The schematic distribution of M is shown in Fig. 56.
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_3
The maximum value of M in most clouds is less than 3.7 g m

(Ackerman, 1959; Singleton and Smith, 1960). The average value of

M for stratiform clouds is about 0.2 g m (Lukes, 1968, p. 93;
c

_3
Holzer, 1965; Aufm Kampe, 1950) and is about 0.5 g m for cumuli-

form clouds (Lukes, 1968). M rarely exceeds 1.0 g m for clouds

less than 1 km thick. Stepanenko (1969) made a study of the average

thickness and extreme thickness of various types of clouds. The

most frequent thickness of altocumulus, altostratus, and strato-

cumulus clouds is 2 km. Thicknesses for cumuliform clouds up to

10 km were observed in his study.

On the basis of these studies and because of the limitations

of the expressions relating radiative quantities and meteorological

quantities, the maximum values of M and M used in this paper are

presented in Table 28. The cloud types used in this paper are given

in Table 29.

The tops and bases of the clouds were changed by 100-mb incre-

ments for each of the seven basic model atmospheres. Then, for each

given geometry, the maximum values of M and M were set to the

values listed in Table 28. The dew-point temperature was set equal

to the air temperature in the clouds or rain, and the drop tempera-

ture was assumed to be equal to the air temperature. Combinations

of these cloud geometries, liquid water contents, and basic distri-

butions of temperature and dew-point temperature resulted in 582

model atmospheres. Of these, seven represented cloudless
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Table 28. Maximum values of M and M used in this paper.
c p

M (no rain) M (rain)
c c

(g m ) (g m )

0.1 0.4
0.2 1.1
0.4
0.7
1.1
1.6
2.2
2.9
3.7

Table 29. Cloud bases

M (Ac, CuH)

(g m'3)

0.088
0.28
0.5

and tops used

Mp(Cu)

(g m )

0.088
0.28
0.5
0.89
1.4

in this

M (Cb)
P

(g m )

0.088
0.28
0.5
0.89
1.4
1.95
3.0
4.0

paper.

Nomenclature

Cumulus Humilis (CuH)

Cumulus (Cu)

Cumulonimbus (Cb)

Altocumulus (Ac)

Base
(mb)

950

950

950

* 750

Top
(mb)

900

600 -

400 -

400 -

850

550

700

atmospheres, 255 represented rainless atmospheres, and 320 repre-

sented atmospheres containing rain. The distributions of these

model atmospheres by cloud types are shown in Table 30.

Each of these model atmospheres has a certain amount of gaseous

water and liquid water. These quantities are expressed terms of

equivalent depths of liquid water which are denoted by W , W , W ,
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Table 30. Distribution of the 582 model atmospheres by cloud type.

Cloud type

No cloud

CuH

Cu

Cb

Ac

Number of cloud models

35

135

45

40

Number of rain models

42

150

80

48

Total

7

77

285

125

88

and W , where W is the precipitable water (mm) or equivalent
J6 V

depth of the total amount of water vapor in the atmosphere (mm),

W is the equivalent depth of liquid water in the form of clouds

in the atmosphere (mm), W is the equivalent depth of liquid water

in the form of precipitation (rain) in the atmosphere (mm), and

W is the total equivalent depth of liquid water in combined cloud
J6

and rain form (mm). For the 582 model atmospheres, W ranges up

to 97.41 mm, W ranges up to 14.1 mm, and W ranges up to 27.47 mm.

One may think of these equivalent depths in terms of the areal

_2
content of liquid water (kg m ), where one mm corresponds to one

_2
kg m . The distributions of W , W , W., and W are shown in

Figs. 57, 59, 61, and 63. With the exception of W , these distribu-

tions are skewed highly with an abundance of small values. The

logarithms of W , W , and W., however, are distributed more normally
C p Af
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than those of the variables themselves as seen in Figs. 58, 60, and

62. The distribution of the logarithm of W is shown in Fig. 64

for comparison. Regression analyses used in Chapter VII work best

when the independent variables (predictors) are not skewed. Thus,

it appears that In W , In W , and W would be the best predictors.

The mean values of these variables and their standard deviations

are shown in Table 31.

Table 31. Mean values and standard deviations of W , W , W , and W.

Variable

W
V

Wc

W
P

WW£

Mean

52.04

1.38

3.09

3.10

Standard Deviation

27.70

1.78

4.91

4.52

C. Computational Procedure for a Non-Scattering Atmosphere

As was seen in Chapter II, the solution to the problem of the

transfer of thermal radiation through the atmosphere is quite simple

when scattering processes may be neglected. On the other hand,

one may use the solution for the non-scattering case as an approxi-

mation to the multiple-scattering case. Most investigators who have

solved the radiative transfer problem have assumed that scattering

can be neglected; however, they generally have retained scattering
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as an extinction process while omitting scattering as an emission

process. This assumption is implied when an investigator uses the

volume extinction coefficient in an assumed non-scattering atmos-

phere. Since radiation extincted from one pencil of radiation by

scattering must reappear as "emitted" radiation in other pencils

of radiation, one either should neglect scattering as both an

extinction process and an emission process or should include

scattering in both processes. In this paper, the volume absorption

coefficient is used to characterize the medium when scattering is

neglected. When one approximates a scattering atmosphere by such

a non-scattering scheme, one is assuming that extinction and emis-

sion by scattering are offsetting phenomena. In the case of a non-

scattering atmosphere, (81) and (82) may be used to compute the

katabatic and anabatic emission of thermal microwaves from the

atmosphere.

Consider the transfer of microwave radiation through a homo-
->-

geneous, non-scattering slab of thickness, Az (m). If T is the

temperature vector, {f,0,0,0}, where f is the mean temperature of

the slab (K), then the Stokes vector for radiation emerging from

the other side of the slab is given by

T = ? exp(-a Az/y) + f [1 - exp(-a Az/y)], (171)

where a is the mean value of the volume absorption coefficient of

the slab (m ) and T is the Stokes vector for radiation incident
o

on one side of the slab at a zenith angle whose cosine is y. This
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equation states that the radiation field emerging from a non-

scattering slab consists of two parts. The first part is equal to

the incident radiation times the transmissivity, T , of the slab.
s

The second part is equal to the radiation emitted by the slab,

i.e., the product of the temperature of the slab and its emissivity.

The transmissivity, T , is exp(-a Az/y), and the emissivity, £ ,
S S

is simply (1 - r ). In this page, (171) is used to compute the
S

katabatic and anabatic fields of radiation from a plane-parallel,

horizontally-homogeneous, non-scattering atmosphere by dividing

the atmosphere into a number of homogeneous slabs and progressively

transferring radiation from slab to slab. In these calculations,

the incident field of radiation is assumed to be zero for the first

slab. The transmissivity of the entire atmosphere is simply the

product of the transmissivities of all of the slabs in the model

atmosphere.

The microwave emission of the liquid-water mass i$ a function

only of the total amount of liquid water in the atmosphere under

the following conditions: (1) a is a linear function of the

content of liquid water for any given temperature and frequency,

and (2) a decreases with increasing temperature. This result is

derived below.

The katabatic field of brightness temperatures due to micro-

wave emission from the atmosphere is given in a form similar to (82)

as
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h 2 ,
T = lim / a(z) T(z) exp[-J a(z') —] — . (172)
K {" )J ph ->• °° o 0

If a is represented by c.. M, then

h z »
n. / Cl M(z) T(z) exp [-/ c^ M(z') —] — (173a)
y °° 0 0

h z j
= lim f J C;L M(z) exp[-(Cl/y) / M(z') dz'] ̂  , (173b)

h ->• °° 0 0

where T is the mean temperature of the atmosphere.

The integral under the bracket in (173b) is the total amount

of liquid water in the atmosphere below the level z and is denoted

by M (z) (g m"2). The differential of M (z) is simply M(z') dz'
Z • Z

since M(0) is identically equal to zero. If one changes variables

and takes the integration in (173b) over M rather than over z,
Z

one obtains the expression:
~ c1 dM

T = lim T /Vh' exp(-Cl M (z)/p)
 L Z . (174)

** i •»» Sr\\. J. Z U

The integral in (174) is now in a standard form, namely,

exp(-u) du, where u is (c.. M /y). Thus,

T, = lim f texp(-Cl M (0)/y) - exp(-Cl M (h)/y], (175)
*C . J. Z JL Z

h ->- oo

However, M (0) is zero, and M (h) approaches the total amount of
Z Z

-2liquid water in the atmosphere, M (g m ), as h approaches infinity.

Thus, the katabatic field of brightness temperature is dependent

upon the total amount of liquid water in the atmosphere for any
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given temperature distribution irrespective of the vertical distri-

bution of the liquid water. Eq. (175) then reduces to

Tk = f [1 - exp(-C;L Mjji)]. (176)

A similar derivation could be made for the anabatic field.

If GI decreases with increasing temperature, that is, the volume

absorption coefficient decreases with increasing temperature, then

the value of the bracketed term in (176) decreases. As a result,

T , which is the product of the temperature and the mean emissivity

of the atmosphere (bracketed term), tends to remain unchanged.

Thus, when these conditions are met, the emission is primarily a

function of the total amount of liquid water for any given zenith

angle and frequency. Unfortunately, the point is rather academic,

since absorption by gases, scattering by hydrometeors, and transfer

of incident radiation were neglected in the derivation. In the

case of katabatic radiation, the microwave radiation incident at

the top of the atmosphere is small and negligible. If the frequency

is low, then scattering and gaseous absorption may be neglected

when clouds or, especially, rain are present. In this case, however,

the absorption of microwaves by rain is non-linear. Therefore,

the linearity of a with respect to M and the effect of temperature

changes on a can not be used to determine optimum frequencies for

sensing of total liquid water in the atmosphere. A thorough analy-

sis is required that takes into consideration the effects of differ-

ences between absorption by a cloud mass and a rain mass, the

effects of absorption by water vapor, and the ef-fects of temperature.
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D. Computational Procedure for a Scattering Atmosphere

The effects of scattering on the transfer of thermal radiation

at microwave frequencies through a model atmosphere may be evaluated

by a straightforward method of statistical trials known as the Monte

Carlo method. An excellent discussion of this method is given in

a book edited by Shreider (1966). In Chapter III of this book there

is a detailed discussion of the application of the Monte Carlo

method to the problem of neutron transport. The transfer of elec-

tromagnetic radiation is analogous to neutron transport. The

concepts used in the Monte Carlo method and the procedures used to

apply it to the problem of the transfer of thermal microwaves

through the atmosphere are outlined below.

The field of microwave radiation at a given point in a medium

may be viewed as being composed of a number of representative

photons possessing certain polarizations, energies, and directions

of movement, as indicated by a Stokes vector, the zenith angle, and

the azimuth angle. These photons appear in the medium through a

thermal emission process, interact with matter in the medium, and

disappear from the medium either by being absorbed or by exiting

the medium. The history of a particular photon depends on the

distribution of the probabilities for scattering and absorption in

the medium. These probabilities may be obtained from the elec-

tromagnetic properties of the medium given from classical considera-

tions. The effects of multiple scattering may be evaluated by
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following the history of thousands of representative photons through

the medium and determining the patterns of the emergent streams of

photons.

It has been noted that scattering is a significant extinction

process for frequencies above about 10 GHz and in rain in which the

rainfall rate is moderate to extreme. For these conditions, the

absorption and scattering properties of the combined gases, cloud

and rain are dominated by that of the rain elements. The extinc-

tion properties of rain are fairly homogeneous with altitude in

the model used in this paper. Thus, one may assume that the

scattering domain is characterized by a temperature, T (K) , a

volume absorption coefficient, a (m ), a volume scattering coeffi-

cient, 3 (m ), and a set of transformation matrices, [£']. These

quantities are obtained from the Mie theory and the Van Vleck

theory. In order to simplify further these considerations, the

Monte Carlo method will be applied to one homogeneous layer of

rain, cloud, and gases overlying a black-body surface of temperature,

Tsfc

The optical depth of the atmospheric layer is

,0
T = -/ K dZ = K Z , (177)
O ' O

Z
O

where z is the altitude of the top of the layer (m) and K is the

_i
average volume extinction coefficient of the layer, a + 6 (m ).
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1. Emission of microwave photons from a Lambert surface. The

intensity of emission of a black body at temperature, T f (K), is

isotropic and is given at microwave frequencies by (8) as

B = 2 k v2 T c /c
2. (178)

src

Therefore, the differential flux of emission of a black body

is given from (4) and (178) as

dF = 2 \V T , cos9 sine d6 d<fi, (179)
2 src
c

where 6 is the zenith angle and <j> is the azimuth angle. The flux

of radiation between zenith angles of 6 and 6. is

,2ir 9 9 i, ,,2
AF(0 ,6 ) = / / 2 -=-̂ - T f cos8 sine d0 d<|> (180a)

1 2 o 9l c2 8fc

2 rr k v2 T f , „
= ^ ^^ (sin 62 - sin ep . (180b)

c

Let cf be the number of photons per unit flux, that is, c,.

is the number of photons emitted per unit horizontal area per unit

time per unit bandwidth. The number of photons emitted by the

surface per unit time interval per unit bandwidth per unit

horizontal area per unit surface termperature into the solid angle

described by zenith angles 6.. and 6. is An(6 ,6?), where

An(ei,e2) = cn IT Tgfc (sin
262 - sin̂ ) (181)

and

= 2 k v
2 c

Cn ~ '
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The total number of photons emitted into the upper hemisphere

from the surface is

An(0,iT/2) = c ir T . (183)
n sfc

The differential number of photons emitted in the interval of

zenith angles from 6 to 6 + d6 is given from (179) and (182) as

,2TT

dn = c T , cos9 sin6 d9 f dd> (184a)
n sfc J

0

= 2 c TT T - cos6 8in6 d9. (184b)
n sfc

Thus, the probability distribution function for the zenith

angle of emitted photons by a Lambert surface is 2 cos0 sin0.

One may select values for 6 from a uniformly-distributed, random

number, £, in the interval (0,1) as follows:

6
J 2 cos6' sine' d6' = 5. (185)

Thus,

sin2e = 1 - cos26, (186)

or

y = cosO = /I - "i". (187)

An equivalent distribution for y would result from /£ since r,

is randomly distributed over (0,1). Thus, the procedure to be

used in the simulation of emission of photons from a Lambert surface

is simply to have the model emit c TT T ,. photons one at a time in
n sr c

random directions, as given by
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M = cos6 = /Y . (188)

2. Emission of microwave photons in the atmosphere. A small

3
volume element dA dz (m ) in the atmosphere of temperature, T (K),

emits an amount of radiant energy (J) per unit horizontal area,

2
dA (m ), per unit time interval per unit bandwidth into the solid

angle dfi as given by

dF = a B(v,T) dz dfl. (189)

Substitution of the expressions for B(v,T) and dn into (189)

yields

dF = 2 k2
V a T sine d9 d<|> dz. (190)
c

If one integrates (190) over the entire layer of atmosphere

from the surface to z (m) and over all solid angles, then one

obtains an expression for the total amount of energy emitted in the

atmosphere per unit horizontal area per unit time interval per unit

bandwidth. If cf is the number of photons per unit flux, then the

total number of photons emitted in the atmosphere per unit horizon-

tal area per unit time interval per unit bandwidth per unit of air

temperature is given by

An(0,7r) = 4 TT cn T a ZQ, (191)

where c is the same as given in (182).

The probability distribution function for the zenith angle of

emission of a photon at some point in the atmosphere is (sin9)/2,

that is, the distribution of 0 is related to a uniformly distributed,
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random number, £, over the interval (0,1) by

je ii|i de = c. (192)
0

Thus,

5 = [1 - cos9]/2, (193)

or

y = cos6 = 1 - 2 £. (194)

The photons may be emitted at random altitudes or optical

depths. One should insure, however, that y is not too small (or

zero) since division by zero is not allowed by the computer.

3. Trajectories of emitted photons. In order to reduce the

number of trials necessary to determine the effects of multiple

scattering on the transfer of microwaves through rain, the method

of statistical weights was used as suggested in Shreider (1966).

In this paper, however, the representative photons are characterized

by a Stokes vector, u, whose value is

o - {1,0,0,0} (195)

at the point of emission, since thermal emission is unpolarized.

Suppose that the representative photon is found at an optical

depth, T, in the atmosphere and is traveling in a direction (6,<f>).

It will travel a distance H to the next point of interaction where

I is a random variable with a probability distribution function of

K exp(-K £), that is,
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£
/ K exp(-K £') d£' = 5, (196)

0

where c; is a uniformly-distributed, random variable over the inter-

val (0,1). If H* is the distance from the initial point to a

boundary of the medium, then the probability that a photon will

escape the medium without interaction is the probability that

9, Z H*. That is,

oo

/ K exp(-K £') d£' = exp(-K £*) . (197)
a*

Rather than allow the photon to escape without interaction,

it is better to adjust the range of £ such that £ .£ £*. Note that

£*
/ K exp(-K £) d£ = 1 - exp(-K £*) . (198)

0

Thus, as Shreider (1966) suggests, one may choose £ from

£ = - ̂  InU - 5 [1 - exp(-K £*)]}. (199)

If y > 0 (upward), then £ is -A-r/y and £* is -T/y, where AT is

the change in optical depth between points of interaction (note:

AT is negative for an increase in altitude). If y < 0 (downward),

then £ is -AT/y and £* is (T - T)/y.

Before the photon is moved to the next point of interaction,

its Stokes vector u is reduced by the amount

^ f u.exp(-T/y), y > 0
u = I +

[ u exp[(TQ - T)/y], y < 0
(200)
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where u is the Stokes vector of the portion of the representative

photon that escapes the medium without interaction. At the next

point of interaction, 3/K (i.e., u) photons are scattered and a/<

photons are absorbed. Thus, the Stokes vector of the photon at

the next point of interaction is

u1 =o) (u - u ), (201)
e

where u> is the albedo for single scattering of the layer.

To avoid branching trajectories, the entire remaining repre-

sentative photon is scattered into some new direction (6',<J>').

As a result of this scattering, the relative values of the second,

third, and fourth components of u' may change; however, the total

intensity (first component) of u' will not change.

To determine the values of 9' and <j>', one needs to select

an angle, 6.., and a scattering angle, 0 (see Fig. 65). 6.. is

obtained from £ by

&1 = 2 TT C. (202)

The scattering angle, 0, is selected from the distribution of n

discussed in Chapter VI, Section E, that is,

0
/ n de1 = e, (203)
o

where the integral is evaluated by the same finite-difference

scheme used to calculate q in (169). Using the relationships

between the angles in Fig. 65 as given from spherical trigonometry

(Rothrock, 1913, p. 126-127), one may state that
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Scattering plane

Fig. 65. Three-dimensional geometry of scattering.
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cosS = cos0 cos0 4- sin9 sinG cos6 ,
S I 1 J .

sin6_ = sine. sin6,/sin9 ,
i i 1 s

()) = sinG sin69/sln6 ,
S i, 1

and

(204)

(205)

(206)

(207)

Thus, 9 and <j> may be obtained from 6 , 9, 9., and
S " . S ^ 1

Before the Stokes vector of the incident photon may be trans-

formed, a rotation must be performed on u' in order to

align the components properly to the scattering plane. After

transformation of the resulting Stokes vector by the normalized

transformation matrix for angular scattering, [£], given in

Chapter VI, Section E, one must rotate the Stokes vector of the

scattered photon by using a second rotation matrix, [R_].

Chandrasekhar (1950, p. 40) gives the following expression

for [R^ :

01

0

0

0

0

sin26. cos26_

0

0

0

1

(208)

The expression for [R-] is identical to that for [R..] except that

the 1's in the latter have been replaced by 2's.

The above processes are repeated to determine the next link in

the scattering chain until the energy of the scattered photon is

reduced below some cutoff level. After each scattering encounter,
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a portion of the radiation escapes the scattering region. These

escaping portions of microwave radiation are accumulated for specific

ranges of the zenith angle. After a large number of photon histor-

ies are followed, one has determined the distribution of the photon

emission of the atmosphere and surface with zenith angle. It is

a simple matter to determine the effects of no scattering, single

scattering, and multiple scattering by using different sets of

accumulators at different points in the program. Similarily, one

may distinguish between those photons that originate in the atmos-

phere and those that originate at the surface. Also, forward-

scattered, back-scattered, and side-scattered photons may be counted

separately. Thus, one may solve simultaneously by the Monte Carlo

method a number of different scattering problems.

The number of photons counted in the accumulators is converted

to an average brightness temperature by use of (181), that is,

An(91,02)

T = i 2 2c ir (sin 60 - sin 6n)n £. 1

(209)

where An(6 ,02) represents the Stokes vector for the sum of all

escaping photons between zenith angles 6 and Q^. In this paper,

0.. and 62 are taken over five-degree increments.
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CHAPTER VIII

RESULTS

In this chapter, the results of the analyses of the emission

of thermal microwaves from the atmosphere are given. Detailed

results of the study of the emission of thermal microwaves by the

sea were given in Chapter IV. One may summarize these results as

follows. (1) For low states of the sea, the microwave emission

by the ocean is small (brightness temperatures range between 62K

and 167K for normal incidence) and is fairly independent of the

temperature and salinity of the ocean for frequencies above about

5.8 GHz. (2) Salinity is an important parameter in the emission

of thermal microwaves by a calm ocean for frequencies less than

5 GHz. (3) The emissivity of the ocean ranges from 0.13 to 0.81

for microwave frequencies, for low states of the sea, and for zenith

angles less than 55 deg. (4) The microwave emission increases

markedly when the sea becomes rough due to waves and especially to

sea foam the emissivity of which appraoches unity. (5) The state

of knowledge concerning the quantitative effects of sea roughness

is such that the emission of the atmosphere and the ocean must be

studied separately at this time.

The properties enumerated above are such that under most

conditions of the sea the microwave emission is fairly predictable

and small. Also, most of the katabatic emission of microwaves by
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the atmosphere will be reflected upward at the sea surface and will

add to the upwelling emission of microwaves by the atmosphere and

the ocean. Such a reinforcing effect does not occur over land

since land has a large emissivity (greater than 0.9) and small

reflectivity. In some cases, the atmosphere behaves as a black

body. Thus, the emission of the ocean and the atmosphere may vary

by as much as 150K of brightness temperature. Current microwave

radiometers are capable of sensing differences in microwave radia-

tion on the order of 5K. Thus, some 30 levels of discrimination

are possible.

A. Emission and Transmission of Thermal Microwaves by Non-

Scattering Atmospheres

The general procedure for computing the katabatic and anabatic

fields of microwave emission by a non-scattering atmosphere was

discussed in Section C, Chapter VII. Briefly, in this procedure,

one divides the atmosphere into a number of homogeneous layers,

computes the volume absorption coefficient for each layer as a

function of the mean temperature, dew-point temperature, content

of liquid water in cloud form, and content of liquid water in pre-

cipitation form, and then transfers radiation from layer to layer

by means of (171). These calculations were performed for all 582

model atmospheres described in Sections A and B of Chapter VII,

for the microwave frequencies of 1.42, 2.695, 4.805, 8.0, 10.69,
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15.375, 19.35, 31.4, 33.2, 37.0, and 53.8 GHz, and for zenith angles

of 0.0 and 55.0 deg. In addition, the equivalent depths of water

vapor, W (mm), of liquid water in cloud form, W (mm), and of

liquid water in precipitation form W (mm), were computed for each
P

model atmosphere. As was noted in Section B of Chapter VII, the

distributions of W and W are highly skewed; however, the distri-

butions of In W and In W are less skewed,
c p

The purpose of the analyses in this section is to find the

quantitative relationships between a small number of meteorological

parameters of the atmosphere and the associated microwave emissions

at a number of selected microwave frequencies. The ranges of the

katabatic brightness temperatures of the 582 model atmospheres for

each of the frequencies used are shown in Table 32 (6 = 180 deg,

nadir) and in Table 33 (0 = 125 deg, 55 deg from nadir).

If one studies the values of the ranges for the clear-sky

case, then one sees that the content of water vapor is an important

parameter for frequencies near the water-vapor resonance line

(22.235 GHz). Also, these values show that the atmosphere is nearly

opaque at frequencies near 60 GHz due to the large volume absorption

coefficient of molecular oxygen. Moreover, the microwave emission

of rain may be significant for frequencies of 2.695 GHz or greater.

In clouds, the microwave emission may be significant for frequen-

cies of 4.805 GHz or greater. Rain is the dominant parameter for

frequencies between about 2.695 and 19.35 GHz; this is due to the
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large rate of absorption by rain at these frequencies as compared

to that by clouds and atmospheric gases.

In order to illustrate the correlation between the katabatic

brightness temperature of the atmosphere and the equivalent depth

of liquid water in precipitation form, scattergrams of the kata-

batic brightness temperature versus log.. _ W were plotted by the

Gerber plotter for frequencies of 10.69, 19.35, and 37 GHz and

for normal incidence. These scattergrams are shown in Figs. 66

to 68, Remarkably, there is little scatter of the plotted points

in Fig. 66 (10.69 GHz). Thus, the effects of the absorption and

emission of microwaves by water vapor and cloud liquid water are

minimal at 10.69 GHz. Similar plots (not shown) for lower fre-

quencies show even less scatter; however, the next lowest radio

astronomy band occurs at 5.81 GHz, and the range of microwave

emission of the atmosphere is too small for most observed meteorolo-

gical conditions to be of practical use.

Fig. 66 suggests that one predictor, namely, W , the equiva-

lent depth of liquid water in the form of precipitation (mm), may

be used to predict T, , the polarized component of the katabatic

brightness temperature (K) of the atmosphere at 10.69 GHz. There-

fore, one may use measured values of T, to determine W . A third-

degree ploynomial in T, was formed by means of a standard IBM

Scientific Subroutine Package program. T was taken over the range

from 30K to 300K. The corresponding range of W is from 1.3 mm to

27.4 mm. The resulting regression equation is
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login W = -0.203312 + 0.0118844 T, - 4.604364 x 10~5 TJ~610 p kp kp

+ 8.222227 x 10~8 T,3 . (210)
kp

(The degree of significance of the various terms is not considered).

Since the regression analysis minimizes the sum of the squares of

the deviations of the dependent variable, l°giQ w » °ne has, in

effect, minimized the percent deviation of W . The multiple

correlation coefficient for the regression specified in (210) is

0.9793, and the standard error of estimate of W is 18% (0.77 db).

It is clear that more than one parameter is needed to predict

the values of the katabatic and anabatic brightness temperatures

of the atmosphere and the transmissivity of the atmosphere at other

microwave frequencies. The most logical choice of predictors

appears to be W , W , and W . The multiple regression analysis

program used in this study works best when the variables have dis-

tributions that are not highly skewed.

Since one wishes to minimize the sum of the squares of the

percent deviations from regression, it appeared that In W , In W ,

and W should be the independent variables and that the logarithm

of the dependent variable should be used in the regression analysis.

Usually, one does not accomplish any further refinement by using

regression equations of degree higher than three. Therefore, a

multiple regression analysis was made of In T, , In T , and In T
rCp 3-p

using powers of W , In W , and In W and combinations of these
v c P

variables such that the sum of the exponents of any particular
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term did not exceed three. As a result, multiple regression equa-

tions involving 20 terms were developed; the resulting regression

coefficients are listed in Appendix B. It was found that the

regression on the emissivity worked better than that on the trans-

missivity since the emissivity increased with increasing equivalent

depths. The transmissivity is related to the mean emissivity, f, by

r = i - I. (2ii)

The resulting regression equations are such that no other

predictors need be used. One should note in Appendix B that the

multiple correlation coefficients exceed 0.995 and that the stan-

dard error of estimates are less than 9.7% (0.4019 db).

B. Emission, Transmission, and Reflection of Thermal Microwaves

by a Scattering Atmosphere

The general procedure for computing the emission and scatter-

ing of thermal microwaves in a one-layer atmosphere overlying a

black body surface was discussed in Section D, Chapter VII. Briefly,

in this procedure, the histories of several thousand representative

microwave photons are followed through the atmosphere as they inter-

act randomly with the atmosphere. The properties of the emergent

radiation are determined by summing the Stokes vectors of the

escaping portions of the representative photons over 5-deg incre-

ments of zenith angle.

In order to test the Monte Carlo program, the emission of a
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non-scattering atmosphere was computed using 200,000 primary photons.

For this calculation, the optical depth of the atmosphere was 2.0

and its temperature was 300K. One should recall that the emission

of such an atmosphere may be computed directly from (171), viz.,

T = T [1 - exp(-T /y)], (212)
c Si

where T is the optical depth of the atmosphere for absorption, T
3

is the temperature (K), and u is the cosine of the zenith angle,

6 (deg).

The result of the Monte Carlo solution to this problem is

shown in Fig. 69 along with the corresponding theoretical solution.

These solutions are in agreement. The fluctuations of the Monte

Carlo solution are due to statistical fluctuations.

There are three approximations that one may use to compute

the emission and transmission of a scattering and absorbing medium.

In the first approximation, one assumes that the radiative prop-

erties of the medium may be predicted from the volume extinction

coefficient alone. There is no physical basis for this approxima-

tion since thermal emission at some point in a medium depends on

absorption processes, not on extinction or attenuation processes.

This approximation is used when an investigator uses the volume

extinction coefficient of a medium as if it were the volume

absorption coefficient of a non-scattering medium. For a homo-

geneous layer of atmosphere, the extinction approximation for the

microwave emission of the medium is
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T£ = T [1 - exp(-To/y)], (213)

where T is the optical depth of the layer K Az, and Az is the

thickness of the layer. The transmissivity is

T = exp(-To/y). (214)

In the second approximation, one assumes that all radiation

extincted by scattering is compensated for by radiation scattered

from other pencils of radiation. In this approximation, one uses

the volume absorption coefficient to describe both emission and

extinction processes. This approximation, which was used through-

out the investigation in this paper, is called the thin-atmosphere

approximation and gives expressions for T and r as

T = T [1 - exp(-T /y)] (215)
t- a.

and

F = exp(-T /y), (216)
3.

where T is the optical depth for absorption, a Az.
3.

The third approximation, called the thick-atmosphere approxi-

mation, is based on the assumption that all of the scattered radia-

tion is absorbed subsequently. In this approximation, r is given

by (214) , and Tg is given by

T = Jx [1 - exp(~r /y)]. (217)
" K. O

One should note that T is zero when a is zero in both the
e

thin- and thick-atmosphere approximations. Such is not the case

for the extinction approximation. All three approximations give

the same values for T and T when there is no scattering. None



209

of the approximations, however, can be used to predict the reflec-

tion or back scattering of radiation from a scattering atmosphere.

The Monte Carlo method was used to evaluate the effects of

multiple scattering on the transfer of thermal microwaves through

rain. The radiative properties of the model atmosphere used in

these calculations are listed in Table 34.

Table 34. Radiative properties of the atmospheric model used in
multiple scattering evaluations.

Parameter Value

Frequency 37.0 GHz
Thickness 3000 m
Rainfall intensity 8 mm hr_.
Maximum M 0.4 g m _„
Liquid content of rain mass 0.5023 g m
Cloud temperature 283.2 K (IOC)
Surface Temperature 293.2 K (20C)
Surface emissivity 1.0 (black body)
Volume absorption coefficient 0.41667 per km
Volume scattering coefficient 0.20740 per km
Volume extinction coefficient 0.62407 per km
Optical thickness 1.8722
Albedo for single scattering 0.3323

This model represents an average rain. The frequency of 37 GHz

was chosen for several reasons. First, this frequency will be used

by a radiometer that will be flown in a Nimbus Meteorological

Satellite. Second, the excessive absorption of microwave by mole-

cular oxygen at higher frequencies places an upper limit on the

frequencies at which a radiometer might be used to sense liquid



210

water in the atmosphere. Third, the value of to for this model is

not far below the maximum albedo (0.47) for single scattering of

a cloudburst (100 mm hr ) at 37 GHz. Last, the radiative proper-

ties of a cloudburst also are approximately the same at 19.4 GHz.

The distribution of the angular-scattering intensities for the

rain mass are shown in Fig. 70. This distribution is very similar

to that for Rayleigh scattering.

In the Monte Carlo program, a distinction was made between

the emergent radiation before scattering and that after scattering.

Also, the solutions to the emission problem and the transmission

problem were calculated separately. In the former, the histories

of 50,000 photons were followed, and in the latter, 20,000 photons

were followed. In each case, there were an average of 5.6 scatter-

ings before the intensity of the representative photon fell below

1/10,000 of its original value.

The angular distribution of the emission of microwaves by the

model atmosphere in terms of brightness temperature is shown in

Fig. 71 along with values given from each of the three approxima-

tions. It is obvious from this figure that the extinction approxi-

mation gives emissions that are much too high. The thin-atmosphere

approximation holds well for zenith angles where the line of sight

traverses a distance that is less than about six units of optical

depth. It should be noted that these zenith angles include the

useful part of the scan of a radiometer (spatial resolution is best
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for low values of zenith angle). The true solution (Monte Carlo)

tends toward the thick-atmosphere approximation for zenith angle

near 90 deg where the path length through the atmosphere is quite

long. The true solution is bounded by the thin- and thick-

atmosphere approximations. Also, the percent polarization,

(/Q2 + U2 + V2 /I) x 100%, of the emitted radiation was less than

0.8%

The angular distribution of the radiation originating at the

surface and transferred through or scattered back from the model

atmosphere is shown in Fig. 72. It appears that none of the three

approximations is best for transmission, and, of course, they all

fail for zenith angles from 90 to 180 deg. For this atmosphere,

the spectral albedo or flux albedo is 8.8%. For a thicker atmos-

phere (not shown), it was 14% at the same frequency and for the

same distribution of drop sizes.

The angular distribution of the combined emission, transmission,

and reflection of thermal microwaves by the model atmosphere is

shown in Fig. 73. One should note two important characteristics of

this plot. First, the combined emission and reflection of micro-

waves toward the surface is larger than predicted by the thin-

atmosphere approximation since the amount of reflected radiation

is significant. If the surface emission is low, as in the case of

sea water, the reflected component of the sky radiation would be

small and the thin-atmosphere approximation still would hold for
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medium zenith angles (viz., 9 near 135 deg). Second, and perhaps

more important than the first, the intensity of the upwelling

radiation is significantly lower than that predicted by the thin-

atmosphere and extinction approximations. All past studies have

been based on these approximations and have indicated that measure-

ments of the intensity of the microwave emission of the atmosphere

over land surfaces wTould be of little use due to the lack of con-

trast between the emission of the atmosphere and the ground. The

Monte Carlo calculations show, however, that, if there is signifi-

cant scattering in the atmosphere, then there will be a measurable

contrast between the emission of the land and the combined emission

of the rain and the ground. Large rain drops and hail have large

values of w, the albedo for single scattering, and would thus

appear as cold anomalies in the brightness-temperature field, as

seen from overhead by a K-band microwave-radiometer in an aircraft

or spacecraft. Also, the spatial resolution of a K-band radiometer

is better than that of a radiometer operating at lower frequencies.

The percent polarization of the transmitted radiation ranged

up to 26% for radiation with zenith angles near 90 deg. In this

case, the vertical component was larger than the horizontal compo-

nent, and 26% of the radiation was linearly polarized. The percent

polarization of the reflected field ranged up to 5% for zenith

angles near 120 deg. In all cases, the polarization was vertical.
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CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

Investigations by a number of engineers and scientists over

the past decade have indicated that the remote sensing of thermal

energy emitted by the atmosphere and its underlying surfaces at

microwave frequencies is capable of providing needed information

on the state of the environment. Due to the unique characteristics

of the atmosphere and the ocean at microwave frequencies, one finds

applications for remote sensing that are not possible at infrared

or visible frequencies in the electromagnetic spectrum. In particu-

lar, the microwave properties of the atmosphere are functions of

the distributions of water in gaseous and liquid form. Thus,

microwave radiometry offers the possibility of surveying these

distributions remotely from ground, ship, aircraft, or spacecraft

platforms.

The present study is a theoretical, calculative study of the

radiative characteristics of the ocean and several hundred model

atmosphere at microwave frequencies ranging from 0.5 GHz to 60 GHz

(see Table 1). This study consisted of several parts. First, the

basic physical and mathematical concepts used in this study are

discussed in detail, especially as they are related to the direct

problem of radiative transfer through model atmospheres. Second,

the basic radiational parameters of sea water, atmospheric gases,
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and liquid-water clouds and rain are obtained from classical

theories as a function of appropriate variables of state. In

particular, the Mie theory for scattering by dielectric spheres is

used to compute the absorption and scattering properties of rain.

Third, the radiative transfer problem is solved for 582 non-

scattering, plane-parallel, horizontally-homogeneous, model atmos-

pheres. Fourth, the resulting anabatic and katabatic fields of .

microwave emission are analyzed in terms of their predictability

by a small number of basic atmospheric parameters. Fifth, the

solution to the radiative transfer of thermal microwaves through

the atmosphere including multiple scattering and polarization is

obtained through the Monte Carlo method. Last, applications to

meteorology and oceanography are developed on the basis of the

emissive, absorptive, and scattering properties of the atmosphere,

the ocean, and the land.

A. Conclusions

The basic findings of this paper are summarized below under

several topical headings. No attempt has been made to extrapolate

between the frequencies listed in Table 1. Also, no attempt has

been made to extrapolate between zenith angles of 0, 30, and 55 deg

since most calculations were made for these angles. Many of these

conclusions may be found at various places in the preceding chapters;

however, those which involve the assessment of factors which extend



219

beyond the scope of any particular chapter are presented in this

summary.

1. Complex index of refraction of water and sea water. A

knowledge of the dependence of the complex index of refraction on

the basic variables of state of water and sea water is essential

to all studies of the absorption, scattering, reflection, and

emission of microwaves by liquid hydrometeors and the ocean.

Sufficient measurements of the complex index of refraction of

pure water have been made by a number of investigators; however,

this quantity has not been determined for sea water. The complex

index of refraction of aqueous sodium chloride was used as an

approximation to that of sea water. It was found that these values

may be predicted when certain parameters are specified by simple

expressions developed by Debye (1929). Regression equations (Table

13) involving second-degree terms of sea temperature and sea

salinity were used along with the Debye equations to predict the

complex index of refraction of sea water and pure water for any

given sea temperature, sea salinity, and microwave frequency.

2. Emission of microwaves by a calm sea. The Fresnel equa-

tions for reflection and the Debye equations were used to compute

the emission of microwaves by a calm sea. The emissivity of sea

water ranges from 0.13 to 0.81 for the frequencies, polarizations,

temperatures, and zenith angles used in this study. The lowest

values are for low frequencies, horizontal polarization, warm water,
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and large zenith angles. The highest values are for high frequen-
i

cies, vertical polarization, cold water, and large zenith angles.

For sea water (34.7 o/oo) and for increasing sea temperatures, the

microwave emission of a calm sea increases for frequencies from

2.695 GHz to 10.69 GHz, decreases for frequencies from 0.5 GHz to

1.42 GHz and over 31.4 GHz, and remains fairly constant for fre-

quencies from 15.375 to 22.235 GHz. The maximum rate of change

in the microwave emission of a calm sea with respect to sea-

temperature changes occurs at frequencies of 9.61 GHz, 5.81 GHz,

and 60 GHz for vertical polarization and at a zenith angle of

55 deg; however, this response is only about 0.6K of brightness

temperature per degree of change in sea temperature at these

optimum frequencies. The effect of sea salinity on the microwave

emission of a calm sea is small (less than 2K difference between

sea water [34.72 o/oo] and pure water) for frequencies between

5.81 GHz and 60 GHz. Salinity has a large effect at low frequen-

cies, for warm water, for vertical polarization, and at a zenith

angle of 55 deg. For these configurations, the rates of change in

the microwave emission of a calm sea with respect to changes in

salinity range up to -1.93K of brightness temperature per part-

per-thousand of salinity and -0.85K per part-per-thousand for fre-

quencies of 0.61 GHz and 1.42 GHz, respectively.

3. Emission of microwaves by a rough sea. The effects of

wave roughness and sea foam were not studied extensively in this
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research. Other investigators have found that the maximum rates

of change of the microwave emission of the sea with respect to

changes in wave roughness occur for zenith angles near 55 deg and

for horizontal polarization. This response amounts to approximately

IK of brightness temperature per m sec of wind speed. Wave

roughness has a negligible effect on the microwave emission of the

sea when vertical polarization is selected, especially for zenith

angles near 55 deg. The emissivity of sea foam may approach unity,

especially during hurricanes when the coverage of foam may approach

100%. As a result, the microwave emission of a highly disturbed

sea may be over 200K higher than that of a calm sea. At the present,

no reliable, quantitative expression has been developed that may

be used to predict the emission of a rough sea.

4. Extraterrestrial radiation at microwave frequencies. The

background level of thermal radiation from cosmic sources is small

(3K to 10K) for frequencies greater than about 1 GHz. For lower

frequencies (wavelengths in excess of 30 cm), this background

ranges up to 1000K and is unpredictable. This variation affects

seriously microwave measurements of the ocean at these frequencies

due to the large reflectivity of sea water.

5. Emission and absorption of microwaves by atmospheric gases.

Molecular oxygen and water vapor absorb and emit thermal radiation

at microwave frequencies as a result of resonant bands near 60 GHz

and 22.235 GHz, respectively. Pressure-broadened infrared lines
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also contribute to the absorption and emission of microwaves by

water vapor. The atmosphere tends to become opaque for frequencies

from 53.8 GHz to 60 GHz due to the large rate of absorption of

microwaves by molecular oxygen; thus, sensing of microwaves emitted

by the surface is severely affected by the atmosphere for these

frequencies under any meteorological condition. Variations in

the amount of water vapor in the atmosphere cause appreciable

changes in the emission of clear atmospheres for frequencies above

11.312 GHz. For example, at normal incidence the change in the

katabatic emission of microwaves by a clear atmosphere due to

changes in precipitable water amounts to 0.56K of brightness °

temperature per mm of precipitable water at a frequency of 19.35 GHz.

The air in clouds and rain is usually close to saturation. An

increase in the amount of water vapor in clouds and rain causes a

corresponding increase in the rate of absorption of microwaves.

This contributes significantly to the combined absorption of the

gases and hydrometeors for frequencies above 11.312 GHz. The

microwave emission of clear atmospheres for frequencies near

22.235 GHz is related directly to the precipitable water of the

atmosphere.

6. Emission and absorption of microwaves by clouds. Liquid-

water clouds (drop diameters less than 0.1 mm) do not scatter signi-

ficant amounts of microwave radiation. Their rates of absorption

are independent of the distribution of drop sizes and can be given
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from the Rayleigh Approximation. In general, the rates of absorp-

tion of microwaves by clouds increase with the square of the fre-

quency and decrease with increasing temperature. For the 255

model clouds used in this study, the emissions of microwave have

ranges greater than 10K for frequencies above 2.695 GHz. The rates

of absorption of microwaves by clouds are almost an order of magni~

tude less than that by rain for frequencies near 10.69 GHz and

approaches that by rain for frequencies near 0.5 GHz or 60 GHz.

The largest range in the katabatic emissions of the 255 model clouds

at normal incidence is from 14.3K to 279.8K at a frequency of

37.0 GHz. Also, these emissions are fairly independent of the cloud

temperature and vertical distribution of liquid water.

7. Emission and absorption of microwaves by rain. The rate

of absorption of microwaves by rain was calculated from the Mie

theory by assuming a distribution of drop diameters given by

Marshall and Palmer (1948) and by using the Debye equations to

predict the complex index of refraction of the individual drops.

This rate is a linear function of the content of liquid water in

the rain mass for frequencies near 0.5 GHz and for frequencies near

39 GHz. It becomes a non-linear function for other frequences

where the greatest non-linearity occurs at a frequency of 7.3 GHz

and for warm rain (303K). In general, the absorption of microwaves

by rain dominates that by gases for frequencies above 2.695 GHz

and dominates that by clouds for frequencies between 4.805 GHz
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and 31.4 GHz. The absorption and emission of microwaves by rain

increases sharply with increasing frequency. For the 320 model

rains used in this study and for normal incidence, the range of

the katabatic emission of the atmosphere is greater than 10K and

100K for frequencies above about 2.695 GHz and 5.81 GHz, respec-

tively. The largest range is from 4.4K to 299.6K at a frequency

of 15.375 GHz.

8. Scattering of microwaves by rain. The rate of scattering

of microwaves by rain and the distribution of the scattered radia-

tion with scattering angle and polarization was calculated from

the Mie theory. The ratio of the volume coefficients for scatter-

ing and extinction (the albedo for single scattering) for the

rain was greater than 0.1 for frequencies greater than 10.69 GHz

and for large contents of liquid water. It ranged up to 0.55 for

_3
a frequency of 60 GHz and a content of liquid water of 4.0 g m

(94 mm hr rain). The angular distribution of scattered radia-

tion is similar to that given by the Rayleigh scattering approxima-

tion.

An evaluation of the effect of multiple scattering on the

emission of rain at microwave frequencies shows that the thin-

atmosphere approximation, in which the volume absorption coefficinet

is used to describe emission and extinction, may be used to compute

the emission of a scattering atmosphere for zenith angles from

nadir or zenith to about 60 deg toward the horizon. Beyond that
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point, the emission is less than that given by the thin-atmosphere

approximation and tends toward values given by the thick-atmosphere

approximation, in which it is assumed that scattered photons sub-

sequently are absorbed and do not escape the medium. The emission

of microwave radiation by the atmosphere remains unpolarized in

spite of the polarizing effects of scattering. This probably

is due to the randomness of scattering of radiation emitted in the

rain.

The effect of multiple scattering on the transmission of

microwave radiation from a black body surface through a scattering

atmosphere was evaluated. The true solution for the transmitted

portion fell between the values given from the thin- or thick-

atmosphere approximations. The flux reflectivity was appreciable

and amounted to as much as 15% for the range of conditions consid-

ered in this paper. The percent polarization ranged up to 26% for

the transmitted radiation for zenith angles near 90 deg and was

less than 2% for zenith angles less than 50 deg.

The sum of the radiation emitted by a black-body surface and

transmitted through the scattering atmosphere and the radiation

emitted upward by the scattering atmosphere was less than that

expected from a non-scattering atmosphere over a black-body surface.

This depletion was largest at a frequency of 37 GHz and for heavy

rain. The presence of hail, of which the albedo for single scatter-

ing is large, would probably greatly enhance this effect. This
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depletion amounts to about 33K at 37 GHz for moderate rain

(8 mm hr ) with a thickness of 3 km.

It is important to note that all approximations to the emission

and transmission of rain at microwave frequencies work well when

the albedo for single scattering approaches zero. In fact, it

appears that multiple scattering effects may be neglected when

the albedo for single scattering is 0.1 or less.

9. Predictability of the emission and transmission of the

atmosphere at microwave frequencies. The calculated values of the

anabatic and katabatic emissions of the 582 model atmospheres and

their transmissivities were used to form third-degree regression

equations where the equivalent depths of gaseous water (precipitable

water), of liquid water in the cloud mass, and of liquid water in

the rain mass were used as predictors. The logarithms of the

latter two predictors were used to improve the skewness of the

independent variables. The logarithms of the dependent variables

were used to minimize the sum of the squares of the percent devia-

tions from the line of regression. Based on these three predictors

only, the resulting regression equations explain almost all of the

variance. The multiple correlation coefficients are 0.995 or

higher and the standard errors of estimate are 9.7% or less. Due

to the fact that at 10.69 GHz absorption of microwaves by rain

dominates that due to clouds and atmosphere gases, the microwave

emission of the atmosphere at 10.69 GHz is dependent only upon the
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equivalent depth of liquid water in the rain mass. One should note

that the temperature of the atmosphere was not needed in any of

the regression analyses. In a sense, the effect of temperature is

included since there are correlations between the precipitable

water of the atmosphere and the other equivalent depths and tempera-

ture.

B. Recoiiimendations

On the basis of the findings of this research as summarized in

the above section, the following recommendations are made:

1. Complex index of refraction of sea water. It is recommended

that extensive measurements of the dielectric properties of sea

water at microwave frequencies be made for a wide range of sea

temperatures and sea salinities. The effects of dissolved gases

and biological matter would need to be determined also. These

studies are needed especially for microwave frequencies less than

5.0 GHz where salinity appears to play a major role.

2. Remote sensing of sea-surface temperature by microwave

radiometry. It is recommended that the use of a microwave radio-

meter not be considered for surveying sea temperatures over the

World Ocean from Earth satellites. Of the three possible optimum

frequencies (0.61 GHz, 5.81 GHz, and 60 GHz) for such an applica-

tion, the 0.61-GHz band is ruled out by the variability of radiation

from cosmic sources and the extremely poor ground resolution that
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could be achieved with present equipment. The 60-GHz band is not

feasible due to the large absorption of microwaves by molecular

oxygen. At 5.81 GHz and at the zenith angles needed to enhance

the emission, the variability of the microwave emission by the at-

mosphere would result in fluctuations in the brightness temperature

of upwelling radiation of up to 2K and clouds would cause changes

of up to 70K. The range of microwave emissions by the sea surface

at 5.81 GHz is from 151K to 168K — a total change of only 17K —

for sea temperatures ranging from OC to 30C.

3. Remote sensing of sea-surface salinity by microwave

radiometry. It is recommended that a radiometer operating at

1.42 GHz, at vertical polarization, and at a zenith angle of 55 deg

be used to survey surface salinity from aircraft along coastal

regions where the water temperature is warm. The large amount of

radiation from cosmic sources precludes such an application at

lower frequencies. The effects of wave roughness would be negli-

gible since vertical polarization is used. Such surveys would be

limited to rainless conditions. In order to accomplish this survey,

the sea temperature would need to be measured independently. An

infrared radiometer would be a good instrument for this purpose.

Survey of salinity from satellites is not feasible due to the poor

ground resolutions that would result.

4. Remote sensing of sea-surface roughness by microwave

radiometry. It is recommended that an extensive program be initiated
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to determine the relationship between the microwave emission of

the sea and its state of roughness through empiricism. Theoretical

studies should be used to guide the experimentalists in selecting

environmental parameters that need to be measured. It is apparent

that duration, fetch, salinity, and wind stress contribute to the

state of the sea both with regard to its wave spectra and to its

whitecap coverage. The benefits to the forecasting efforts in both

oceanography and meteorology would justify such a program. Until

the effects of sea state are determined, all other applications of

microwave radiometry to marine meteorology are limited to low

states of the sea.

5. Remote sensing of liquid and gaseous water in the marine

atmosphere by microwave radiometry. It is recommended that a

radiometer operating at 10.69 GHz from aircraft or spacecraft be

used to survey the equivalent depth of liquid water in rain form

over the ocean when the sea state is low. There is no particular

preference for viewing angle or polarization. The contributions

to the emission of the atmosphere by water vapor and liquid-water

clouds are minimal, the background emission of the ocean is low

and predictable for low sea states, and multiple scattering may

be neglected at 10.69 GHz. Such measurements are not possible at

present by any other technique except direct sampling from aircraft,

which is inadequate. A 10.69-GHz radiometer could differentiate

between rain and clouds and give a measure of the amount of energy
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being converted from latent to sensible heat in a tropical storm.

Pattern recognition techniques could be applied to correlate hurri-

cane development to the patterns of liquid precipitation observed

by the radiometer. A similar application would be possible from

land stations.

It is further recommended that a multifrequency radiometer be

used to survey the amount of liquid water and gaseous water in the

atmosphere and to measure the sea state of the ocean. These studies

have shown that there is a significant change in the relative impor-

tance of the effects of the state of the sea, gaseous water, cloud

liquid water, and rain liquid water on the emission of the atmos-

phere and the ocean as the frequency changes from 5.81 GHz to

37 GHz. Multiple scattering becomes a problem for the higher

frequencies. Thus, it appears that measurement of the emission of

the atmosphere and the ocean at four microwave frequencies, say

5.81 GHz, 10.69 GHz, 15.375 GHz, and 19.35 GHz, could be used to

acquire information on sea state, precipitable water, cloud liquid

water, and rain liquid water. Certainly, no single frequency

could be used to measure the cloud liquid water under general

conditions.

6. Remote sensing of severe storms over land by microwave

radiometry. It is recommended that a radiometer operating at

37 GHz be used to survey the location of precipitation consisting

of large hydrometeors, both liquid and solid. These conditions
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would most likely be found In severe storms. Their presence would

be indicated by a depletion of the radiation upwelling from the top

of a storm. The relatively high ground resolution of the 37-GHz

radiometer would be an additional advantage.

7. Future research. The techniques developed in this study

should be applied to meteorological conditions in which the appro-

priate variables are a function of all three dimensions. Also,

distributions of drop sizes in rain other than that given by

Marshall and Palmer (1948) should be investigated. The effects of

scattering in hail shafts on the upwelling radiation need to be

investigated. Finally, the Monte Carlo technique should be used

to investigate other multiple-scattering effects in radar propaga-

tion and the transfer of infrared and visible light through atmos-

pheric pollution, gases, haze, clouds, and rain and through turbid

oceans.
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APPENDIX A

The computed values of the volume absorption coefficient of

a M-P rain (a , m *) at fixed temperatures of -10, 0, 10, 20, and

30C were fitted to an expression of the form

where M is the content of liquid water in the M-P rain mass, and c..

and d are constants which are functions of temperature. The

regression coefficients of two fourth order polynomials giving

GI and d as a continuous function of T were obtained through the

method of successive elimination (Brooks and Carruthers, 1953,

pp. 297-299). These coefficients are listed in Tables Al and A2.
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APPENDIX B

This appendix presents the results of the regression analyses

of the transmissivities, katabatic emissions, and anabatic emissions

of the 582 model atmospheres using as predictors the equivalent

depths of gaseous, cloud, and rain water. These analyses were made

for a zenith angle of 55 deg. The regression equations are third

order equations in the three independent variables (predictors).

The multiple correlation coefficients and standard errors (db) are

shown also.

Table Bl. Table of symbols used in subsequent tables.

Symbol Meaning Units

T Transmissivity
E, Emissivity, 1 - T
W Equivalent depth of gaseous water mm
W Equivalent depth of liquid water in

cloud mass mm
W Equivalent depth of liquid water in

rain mass mm
T Polarized, anabatic brightness temperature K
T P Polarized, katabatic brightness temperature K
x P In (W + 0.01), independent variable
y In (WC + 0.01), independent variable

z W , independent variable mm

u* In £, In T, , or In T ; dependent variable

*Refer to caption of following tables for type of dependent
variable.
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