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!l!J(B-DEPENDENT VARIATIONS IN SKY EMISSION TEMPERATURES 
AT MILLIMETER WAVELENGTHS 

Abstract---In this paper time-dependent variations in sky emis­

sion temperatures at millimeter wavelengths are reported. In the 

course of the observation of the Crab nebula, a constant increase 

in s~ background emission was noticed. Measurements of zenith 

emission at wavelengths of 8.6 and 3.2 mm indicated that the sky 

emission temperature increased gradually through the early morn­

ing hours until it attained a maximum at around an hour before 

ground sunrise. After this maximum the sky emission decreased 

rapidly. The arrival of the maximum is likely to have a wavelength 

dependence. Possible mechanisms for the phenomena are suggested 

and the diurnal and seasonal variations in the sky emission temp­

eratures inferred from the analyses of the phenomena are also pre-

sented. 

l. Ihtroduction 

Millimeter wave attenuation and emission are primarily con­

trolled by the atmospheric temperature, molecular oxyge~, and 

water vapor. The well-known Van Vleck-Weisskopf equation [1, 2, 

and 3] gives approximate values of attenuation and emission by 

the aid of an appropriate atmospheric model. In practice the 

attenuation is measured through room experiments, propagation 

measurements along the line-of-sight path [e.g. 4] or by extinc~ 

tion measurements of extraterrestrial sources such as the sun. 

[e.g. 5, 6, and 7]. Theoretical calculation and empirical determ­

ination of the millimeter wave emission of the atmosphere have 

been published by various workers. [8, 9, and 10} 

Barrett et al. lmhave measUred the atmospheric emission at 
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tvw zenith distances (60° and 70°) and at three f requencies (±20, 

±60, and ± 200 I·U!z) centered on the N=9+ resonance line of rnolecl­

ar oxygen at 61.151 GHz by their balloon :flights, in which they 

found that :for the 60- and 200-I•lliz channels the line widths as 

observed in those flights showed disagreement with the theoretic­

ally predicted values, which they attributed to the use of small­

er line-width parameter Jv in the Van Vleck-Weisskop:f theory. 

They inferred that the discrepancy might be due to the assumption 

of Van Vleck and Weisskopf that the absorption coefficient due to 

many overlapping lines is merely the sum of the absorption coef­

ficients of the individual lines. While at their 20-MHz channel 

even a larger line-width parameter than that actually used would 

not predict the observed values. In their theory they included 

two assumptions: first, the 5-mm wavelength radiation incident on 

the top of the atmosphere was assumed to be zero; second, the use 

of the Rayleigh-Jeans approximation to the Plank radiation law. 

However , the errors introduced due to the assumptions being 

small as coMpared with ot her uncertainties, they excluded the 

effec t from the expl ana tion of the discrepancy . 

:M:eeks and Lilley [9] have calcula ted the opacity and the 

thermal emission of oxyGen molecule in the earth's e tmosphere. 

They suggested that the information about the vertical thermal 

structure of the atmosphere would be attainable from the satel­

lite observation of the microwave brightness temperature as 

a function of the frequency arotmd 60GHz , and that the relation­

ship between the emission spectrum and the temperature as 

a function of height demonstrates that the emission at a given 

:frecuency repressents the average te~perature in a layer of 

a ir roughly l Okm deep. 

Meeks D.OJ hns calculated the emission and opacity of 
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the earth 's atr~wsphere in the 1'12.velen r,·th reGion fror. 7. 5 to 

3.7 rnm. His result shows an excellent ae:reement with measured 

values of opacity at 6 and 4.3 mm wavelenr;ths. 

Barrett and Chung UU have shown that fror. their theoret­

ical analysis of the water vapor resonance line at 13.5 mm 

wavelength the data on the physicfl.l structure of the atr..osnhere 

would be obtained by the ground-based reicrowave observations. 

While Croom [12) has calculated the atnos-pheric teM'Jer­

a ture at 13. 5 and 1.64 mm wnter vapor resonance lines as 

observed from an earth satellite and obtained the result shovting 

that the enhancement of the tem-perature at the resonance center 

of the 13.5 mm line would be 5°K even over the most f avorable 

earth's surface (water) , which is hard to be observec1 by the 

ground-based receiver. 

The theoretical and empirical treatnents of the a tmos­

pheric o~acity and emission thus far cited have been ,erformed 

in most cases by using the ARDC model atmosphere . [13] The 

model being such that its use would not deal with time-denendent 

phenomena such as diurnal and seasonal variations of the 

atmospheric o~acity or emission. 

Behaviors of water vapor distribution in the troposnhere 

and the solar control of the a t mospheric constituents variable 

in correspondence with solar zenith distance may give rise to 

profound effects in some cases on astronomical observations. 

In this paper diurnal variation in sky emission temperat­

urES at millimeter wavelengths in parallel with the measurements 

of the zenith emission at wavelengths of 8.6 and 3.2 mm are 

presented. 

2. Observation 
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For the purpose of measurine the linear polarization of 

the Crab nebula at milliMeter wavelengths, observations of 

the nebula were conducted durinG the period August-September 

1968 using The University of Texas 16-foot diameter radio 

telescope at wavelengths of 8.6 and ) . 2 mm. This telescope 

is described in references 14 and 15. The block diagram of the 

receiver is shown in Fig. 1. 

The deflections in the record due to the nebula were seen 

over the tilting background. The background was found ascend­

ing for several pre-dawn hours and reaching a flat maximum at 

about an hour before sunrise, and thereafter descending rather 

rapidly than before. These variations in the background 

radiation were used to be found in every clear morning but 

barely found when humidity was very high. No drastic change 

in the background radiation due to ground sunrise was found. 

For the purpose of confirming the characteristic varia­

tions of the ba ckground radiation, em~ssion temperature at 

the zenith was measured at 8.6 and ).2 mm wavelengths for 

several pre-sun-rise hours and approximately one poet-sunrise 

hour for a period of about two weeks in late September and 

early October. 

In the observations of the Crab nebula an integration 

time of approximately 200 seconds was a pplied in order to 

inprove the effective noise figure of the receiver and smooth 

out the effect of short period non-stationary atmospheric 

fluctuations since the antenna temperature due to the nebula 

was expected to be less than one degree Kelvin. Thus the 

minimum detectable temperature of the receivers used in the 

observations was approximately 0.5° K for the ).2 mm wavelength 

r adiometer and a pproximately 0.05~ for the 8.6 mm wavelength 
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radiometer. This setup of the receivers enabled us to detect 

even slightest variations in antenna temperature. 

After corroborative observations of the sky emission vari­

ations at the two wavelengths it was found that the emission 

temperature at the zenith showed, as was expected, regular vari­

ations with regard to the solar zenith distance at both wave­

lengths, that is, the sky emission temperature increased grad­

ually and almost monotonously throughout early morning hours 

until it attained a short period (say, for 10 minutes or so) 

flat maximum at around an hour before ground sunrise and the 

temperature decreased rapidly thenceforth which kept up for hours. 

Quantitatively describing these variations, on a clearest 

day the increase in antenna temperature at the 8 .6 mm wavelength 

was very roughly 0-5~ per hour and the rate of decrease after 

the peak was approximately 2'1i: per hour. While at the 3. 2 mm 

wavelength the temperature increase was found to be somewhat 

more gradual than in the case at the 8.6 mm wavelength, and its 

rate was estimated to be slightly less than 0.5° an hour. 

The rate of decrease 

at the 3. 2 mm wave­

length was found some-

what higher than at 

the 8 .6 mm wavelength 

and was estimated to 

be 2 to 3"K an hour. 

(vid. Fig.2). The 

onset of the decreas-

ing phase was likely 

to have wavelength 

-2Hil - lift SUNRISE +lift 
Fig.2. Observed antenna temperature 
variations with time. 
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dependence, that is, the 3.2 mm wave set in to decrease a little 

earlier than the 8.6 rom wave. 

Calibration of the rec_eiver was carried out b;v means of 

a matched termination at various temperatures. In the 8.6 mm 

radiometer a precision attenuator and an argon tube noise 

source were available. The precision attenuator readings 

were calibrated through the above procedure ~o enable to read 

approximately 2°C temperature difference. While, in the 3.2 

mm wavelength radiometer, in which no precision attenuator 

was available, the calibration was performed directly with the 

matched termination, whirrh was a very painstaking procedure 

to perform frequently. Hence, the evaluation of the antenna 

temperature due to the varying emission temperature was 

liable to be uncertain due to the delicate and awkward proce­

dures in calibration. 

The appearance of the maximum antenna temperature was 

clearly time-dependent with regard to the local ground sunrise, 

and hence the regular variations in antenna temperature was 

believed unquestionably to be due to some unknown source in 

sky. 

However, for fear of possiQilities of mistaking spurious 
-
antenna temperature variations due to instrumental and meteor-

ological fluctuations for the intrinsic sky emission variations, 

due considerations were paid to di~cr~inate what's what. 

3. Possible mechanisms for the emission variations 

At the first stage of this section the environments of 

the measurements at the time of the observations are intra-

duced. 
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The possibility that the a tmos-1heri c tenuer a ture and 

humidity variations at the ob servin~ site ~i~ht be t h e caus~ 

of the varia tions in the ~ntenna temper a ture WQS feared a t 

first. In order t o investip,ate the possibili t~ , the ambient 

temperature and the relative humidity near the antenna were 

monitored throughout res~ective observations, which remained 

on most days almos t unchanged until about half an hour after 

sunrise. Accordingly, the varia tions in the antenna tempera­

ture were unmistakably not due to the variations in meteoro­

logical conditions at the eround level. Atmospheric pressure 

was not monitored but it may be inferable to have been stable 

at around 800 mb since the measured temperature and humidity 

remained almost constant. 

Throughout observations the antenna was kept steady 

towards the zenith, and hence possible variation in ground 

radiation picked up by the antenna due to its varying posture 

was avoided. This warranted to eliminate the variations in 

the stray radiation of the ground as a possible source of the 

antenna temperature variations. 

The receiver front end just behind the prime focus of the 

antenna consists of a cylinder in which all the waveguide 

components, a local oscillator, and an I.F. preamplifier are 

installed. Temperature inside the cylinder would come to 

saturation due to heat radiated by the local oscillator 

and the I.F. preamplifier after an hour's warming up. Thus, 

the thermally sa turated front end would not exert any effect 

upon the out, ut of the receiver. 

The atmospheric and instrumental situations as stated 

thus far as well as the fact that the phenomena in the present 

discussion were clearly time-dependent with regard to the 
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solar zenith distance naturally led us to believe t hat the 

emission variations should be intrinsic variations possibly 

related with thermal and/or chemical nroperties of the 

atmosphere. 

At the time of the observations the antenna beam was 

traversed by the Galaxy between right ascensions of around 

4.5 and 6 hrs, however, the contribution of the gal actic 

emission to the sky emission temperature at the wavelengths 

used should be essentially negligible except the constant 

3DK cosmic background radiation omnipresent in space, and no 

distinct correspondence between the transit of the Galaxy 

and the timevarying sky emission was seen. Hence the contri­

bution of the galactic r~diation to the sky emission varia­

tions can be reasonably negl ected . 

Now it has become clear that the regularly varying sky 

emission is originated at some height in the earth's atmos­

phere between the F ionospheric l ayer and the troposphere. 

Thermal and chemical properties of the earth's atmos­

phere are principally controlled by solar radiation and galac­

tic cosmic rays through various processes such as heating , 

ionization, and dissociation of the atmospheric constituents. 

These urocesses occurring in various height ranges will be 

discussed in the following in relation to the time-dependent 

variations in the millimeter wave sky emission. 

At first the contribution of the F2-region to the sky 

emission variations is considered. 

The F2-region separated the shadowed portion and the 

sunlit portion of the atmosphere at about an hour before 

ground-sunrise. The sunli t nortion of the i onos,lhere changes 

its conditions eree.tly, thet is, electron concentrat ion and 
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its te~perature there set o~t to r estor e t h e dayt~e condi t ion 

due to heating, ion ization, dissocia tion, &c. of the consti tu-

ent -narticles by sola r X- and lN-rndiati ons. 'fhus, the l ayer 

sunrise at the P2-reeion distinctly s epar a tes the day tine and 

nighttime conditions i n t h e layer sharply. Hence , t h e appli-

cation of therma l r adiation to the F2-re.'~ion s eel!ls to be worth­

while to be considered in relation to t h e periodic variations 

in slcy emission temperature . 

In this investigation validity of the Kirchhoff's law 

and local th~rmodynamic equilibrium are tentativel y assumed. 

Actually, in the layers above the transition layers Kirch­

hoff's law would not hold any longer and also deviation from 

thermodynamic equilibrium may be great . However, since in the 

present case we are dealing with only a rough estimation of 

thermal emission in the Fz-region, even these assumptions 

would suffice the present requisite in investigating whether 

the F2 acts as the source for the regularly varying temperature. 

With these bas ic assumptions ·several equations are intro-

duced for the purpose of calculating the thermal emission and 

absorption in the F 2-region. 

The emissivity E of the thermal emitter per unit solid 

angle i s expressed as follows: [16] 

(1) 

The absorption coefficient r is obtained with Kirchhoff's law, 

El=7iB(T). In the radio frequency range the Rayleigh-Jeans 

approximation may be used Ydth small error even at 95 GHz, 

then B(T) can be written as 
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.B(T) = ( 2) 

where f = c/ l • 

Under thermodynamic equilibrium the absorntion coefficient 

is 

( 3) 

Combining equations 1,2, and 3, the absorptior. coeffici ent~ 

is expressed as 

(4) 

in which Ni and Ne represent number density of ion and e lectron, 

respectively. e and Z are electron and nuc lear charge, respect­

ively. c is the velocity of light , m electron mass , K Boltzmann 

constant, T k inetic temperature in ~. f wave f~equency in Hz, 

and l wavelength in em. 

As is immediately seen from Eq.4 the absorption coeffici­

ent is proportional to wavelength squared. Hence, it is 

intuitively expected t hat the absor ption and hence the emis­

sion may take negligibly small values a t millimeter wavelengths. 

In order to confirm this situation by means of Eq.4, typical 

values of Ni, Ne , and T for the daytime equilibrium in the 

F2-region are taken to be Ni ~ Ne~ 5xl05cm-3 and T - 15000K. 

Nuclear charge Z is taken to be 8 s ince most of ions in the F2 

consist of oxyp,en ions. With these values and from Equ.4 the 
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brightness temperature of the F2-region thermal emission in 

the millimeter wave range was calculated to be vanishingly 

low. 

Nighttime value of T at the F2 heights is lower than the 

daytime value by a factor of one half to one ~hird and night­

time Ne is lower by a factor of near]~ two orders than the day­

time value and hence the brightness temperature there is again 

negligibly small. Thus the F2-region contribution to the 

millimeter wave emission may be safely ruled out from consider­

ation. 

In the F1-region the situation is almost the same as in 

the F2 and thus the contributio~ of the F1-region to the milli­

mete~_.wave emission is excluded likewise. 

At the D-and E-region heights the time constants of ion­

ization and recombination are of the orders of hours, days or 

even months according to the heights in those layers in which 

these reactions take place. Therefore, the emission due to 

ion- electron interaction and the emission due to molecular 

oxygen would show no such relatively short period variations 

as are needed in the present investigation. 

So far we have seeked for the possible source of the re­

gularly varying millimeter wave emissions in the F~layer 

down to the D-layer heights in vain, though these layers thus 

far investigated will reappear in the later stage as possible 

media which refract or scatter solar radiation downwards. 

From above discussions it is now inferred that the source 

of the regularly varying millimeter wave emission lies at eome 

height in the stratosphere or the trouosphere in which molecul­

ar oxygen and water vapor concentrations are ~gh. 

Ionization in the lower atmosphere is caused chiefly b.1 
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the galaqtic cosmic radiation except the lowest kilometer over 

the ground in which ionization of air is chiefly due to radio­

active matter in the soil. As is known, however, the intens­

ity of the galactic cosmic radiation is low and show a very 

small diurnal variation of 0.1 to 0.2 ~with a maximum at a­

round local -noon. Hence, the weak galactic cosmic radiation 

will not lend support to the interpretation of the regularly 

varying microwave emission in the present discussion. 

Let us now consider another possible mechanism that may 

give rise to the phenomena, which seems to be the most effective 

factor in controlling temperature, 02 and H20 concentrations 

and hence millimeter wave emission at stratospheric and tropo­

spheric heights before sunrise. 

A portion of sun's radiant energy reaches stratospheric 

and tropospheric heights straying away by scattering and 

refraction from the direct beam toward F2 heights in the course 

of its traveling in the atmosphere. Thus, the solar radiation 

straying into the lower atmosphere from the direct beam con­

trols the atmospheric situation in the stratosphere and the 

higher half of the troposphere and hence the millimeter wave 

emission at those heights. 

As is known, however, solar ultraviole t radiation is 

deeply absorbed in the higher atmosphere, and hence the 

radiation below l = 3200A is cut off before it arrives at the 

troposphere. While at wavelengths greater than the visible 

range the absorution spectrum is due chiefly to the minor 

constituents in the a tmosphere such as carbon dioxide and 

wat er vapor. Thus the infrared and visible parts of solar 

radiation refracted or scattered do\vnwards can penetrat e deep 

into the troposphere to heat and ionize the air at those heights. 
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Thus, it may be sugccsted thc·.t the do','TJ1\'!ard bent solar 

radiation ::Jlays o. leadinc role in controlling the situation 

in the millimeter wave emitting ree;ion in the decreasing phase 

of the sky emissions. 

For convenience of description we will devide the day 

into five phases in accordance vii th the sequence of the eMission 

variations. 

PHASE I as we denote is the phase which starts at about 

an hour before ground sunrise and separates the nighttime and 

the daytime conditions. 

PHASE II« is the phase in which the atmospheric absorption 

and emission decrease constantly. This phase starts about a n 

hour after ground sunrise (observationally the change in the 

decreasing rate of the sky emission would show a dull turning 

point at around several tens minutes after sunrise), and ends 

at around 14 hours in local time. PHASE II" is immediately 

followed by PHASE IIp in which the sky emission increases 

gradually due to the heat loss of the atmosphere. PHASE III 

follows PHASE IIp immediately. This phase is an inversion 

of PHASE I and may last for an hour or so. 

PHASE IV is the final phase of the day and corresponds 

to the nighttime emission increasing phase which endures for 

nearly 10 hrs until the sky emission attains a pre-dawn 

maximum. 

The sequence of the phases is illustrated in Fig.3 with 

temperature in the ordinate. 

The nature of PHASE I has been discussed so far. It ie 

a p eriod in which the nighttime atmospheric condition ie 

rapidly destroyed. This destruction is, as has been diecuaaed 

already, due to the heating and the reduction of oxygen 
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molecule and water vapor at hei ["htr· around the up"'l cr trop­

osph ere due t o the strayi ng radiation fron the direct s olar 

beam illuminating t h e higher atmos ~here . The strayin~ light 

is the visible and infrared ranges of so l a r r adiation since 

UV is strongly a bsorbed in the top l ayer of the ozonos,)here 

a s was sta ted before. 

As the sun climbs the layer illuminated by the direct 

b eam comes lower and lower, ionization and dissociation 

9rogress , and the tempera t ure comes higher . In ~arallel 

with other changes due to the destruction of nighttime condi­

tions in PHASE I V, t he solar control of the a t mos11h erc would 

bring the nillimeter wave emission lower and lower for a couple 

of hours. 

PHASE I i s likely to be the most com:,lex p eriod of the day in 

which the rise and fall of atmosnheri c conditions take place 

concurrently . 

In PHASE II solar radiati on heats the atmos,)here directly, 

and t he march of this heating keeps up until sunset. Hence 

the sky emission temperature is na tura l l y low. However, the 

atmospheric t emper a ture c omes to its satura tion a cou~le hours 

aft er the meri di an t ransit of the sun and thenceforth it de­

creases , and, therefore, before t he time of t he maximum a t rros­

~hcric temper a t uxe t he sk0' emission or onacity d ecrease 

&T adually and after t he atmosnheric t enpera ture has a ttained 

its n eal~ the s1cy enission increa s es gradually as the s un goes 

dorm . Accordingl~r , it seems 8.lJ~·rOYlrie.te t o make two s ubdi­

visions of l'HASE II, t hat is , !. HASE IIa whj_ch is r·iven pl ace 

t o the ':> eriod before t he TQaxi mmn a tnos heric t e11perature, 

and T'HAS~~ II~ for the :>eriod a f t er t hat . 

At a r ound s m s e-t t !w h0: tinr- of t~~ n ~nosphere c eas es 
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rapidly, cooling starts, and thus PHASE III s e ts in. As was 

stated, this phase is the inverse of PHASE I and therefore the 

processes taking place in PHASE I would occur in the reverse 

order in PHASE III. PHASE III may continue for sorne time, say 

an hour or so, and is iJ'DJ!lediately followed by PHASE IV. 

PHASE IV endures throughout the night. In this phase 

the emission temperature of sky increases cpntinuously until 

an hour before sunrise. At the peak of the emission temperature 

PHASE IV is taken over by PHASE I at which the day starts 

again. 

The mechanism of the emission temperature increase in 

PHASE IV may be ~ concurrence of several processes taking 

place in.regions from the ozonosphere down to the ground. 

These processes are: 

a-) Heat loss of the atmosphere after sunset. 

After ceasing of solar heating of the atmosphere the 

troposphere loses heat gradually bringing the atmospheric 

emissivity higher. 

b) Gradual cooling of the ground. 

The heat emission of the ground attenuates gradually 

reducing the heating of the atmosphere through night. 

This b~ings the atmospheric emission higher. 

c) Ozone heat loss. 

The atmospheric ozone near the region of 50km acts as 

an enormous heat reservoir absorbing solar radiation in 

Hartley absor ption bands (2100-300dA) in the daytime. 

The stored energy by ozone released through long wave 

(infrared) radiation all through night impedes the 

cooling ·of the atmosphere, but as the stored energy is 

wasted this propping up of the atmospheric temperature 
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gets weaker resulting in a gradual cooling of the atmosphere. 

Thus , the atmospheric emission increases gradually. 

d) Lowering of the height of 

zero water vapor concentra-

tion. 

F. Shimabukuro [5] has re­

ported that for the same 

value of pricipitable wa-

ter the atmospheric atten-

uation is higher when the 

vertical distribution of 

WATER VAPOR DENSITY 

Fie.~. Height chance of z•ro 
water Yapor leYel between d.r 
aDd nich~. 

water vapor concentrates lower in the atmosphere. This situ­

ation may have occurred as the air became cooler during the 

measurements. The height at which water vapor density be­

comes practically negligible comes lower (vid. Fig.4) through­

out the night resulting in the increasing opacity or emie-

eion in the middle troposphere. 

e) Local atmospheric circulation. 

The so-called mountain wind which occurs at summer nights is 

a circulation of air along mountainsides. (vid. Fig.5). This 

circulation may act as a carrier of cool and humid air in 

the surrounding valleys to the over-summit region. Thus, a 

constant flow of cool and humid air 

from the region over the top of the 

mountain fills the antenna beam 

pointing at the zenith to increase 

the antenna temperature. The mount­

ain wind sets in at around midnight 

and reaches a peak sometime before 
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sunrise. The atnosphcric condition favorable to the occur­

rence of this air circulation is limited to only a windless 

night, and when m:i:dng of air nrevuils there is no such cir­

culation. The atmospheric circulation, when occurred under 

a favorable meteorological condition, may have contributed 

to the time variations in the O"J?acity and emisnion of the 

atmosphere at the zenith over the observer since The Univ­

ersity of Texas 16-foot diameter radio telescope used in 

the observation is situated close to the top of Mt. Locke. 

( For the atmospheric circulation vs. sky emission temper­

ature, see pp.29 - 33 in this issue). 

The preocesses a through d and possibly e ·:1hich keep their 

march throughout the night come to their termination concurrent­

ly at some time before sunrise and are taken over by th ~ solar 

control of the atmosphere in PHASE I. 

The occurrences in PHASE I through I'HASE rv are sttr.unarized 

in Table I. 

It is naturally inferred that'in the observations of weak 

extraterr estrial radio sources in the microwave range the re­

lation between the antenna temperature due to a source and the 

zenith distance of the source would show specific traits in ac­

cordance with the respective phases. 

Let the atmospheric opacity be ~1 and ~2 for the observa­

tions before and after the meridian transit of the source, re­

spectively. Then, r1>r2 in PHASE I, r1>" ;: in PHASE IIa:, rl 

< r 2 in l'HASE I Ill , rl <~ 2 in PHASE III, and ~1 < r 2 in PHASE IV. 

In PHASE I and PHASE III the atmospheric opacity and hence e­

mission vary irregularly, ond accordingly the curve for antenna 

te!'liJerature vs. zenith distance would sho1,'.' irre{;Ulari ties in 
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I 
1\) 

0 

PHASE 
I* 

I lor 

Ilp 

III* 

IV 

Table I 

Phenomena Cause I 
Onset of decrease in sky Onset of solar control of 

emission at abou~ one hour lower atmosphere due to 
before sunrise. Transient downward scattering of sol-

period between night and ar radiation and decay of 

day. nighttime atmospheric con-
di tiona. 

I 

Continuous decrease of Gradual heating of air by 

slcy emission. direct solar r adiation. 

Gradual increase of sky Gradual cooling of air 

emission. a few hours after meridi-
an transit of sun. 

J 

Increase of sky emission Ceasing of solar heating 

at around sunset. Tran- of lower atmosphere. Re-

sient period between day verse processes of PHASE I. 

and night. J 
Continuous increase of Heat loss of atmosphere. I 
sky emission. Concurrence of several 

processes . I -· ~. ~ 

* ~~Y have wavelength dependence i n the onset time. 



accordance with the varying opacity. In par ticular when an ob­

servation is made in the period extending over PHASE IV and 

PHASE I, PHASE II and PHASE III, 

PHASE III and PHASE IV, and pos­

sibly PHASE II« and PHASE IIp, the 

plot of antenna temperature vs. 

zenith distance would be compli-

cated. These situations are il-

lustrated in Figs.6(a.) through (e) 

and Figs.7(a) through (c). 

As are readily seen in these 

figures, the plots of antenna tem­

perature vs. zenith distance ob­

tained in the observations made in 

PHASE I, PHASE III, and the inter-

phase periods do not show a simple 

curve as appears in PHASE II and 

PHASE IV. In these cases the ex-

act brightness temperature of the 

source may not be determined so 

simply as in the case that the at-

mospheric attenuation is linearly 

changing. 

At millimeter wavelengths 

at which atmospheric absorption 

is considerably high, the bright-

ness temperature- of an extrater­

restrial radio source can be de-

termined 0y extending the plo t 

of the antenna temperature vs. 
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~T-TIWIIIT 
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secz 
(d) 
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secz 
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Pig.6. Expected ~a ve.eeoZ 
curves for respective phases. 



sec Z curve to sec Z = 0 when t he PHAS€ft'-l 

atmospheric attenuation is not 

changing during t he observation, InT. 

and the intercept at secZ=O 

gives the brightness tempera-

ture of the source. If the at-

tenuation changes at a constant 

rater, the plot of the pre-

and post-transit lnTa va. secZ 

values will give a regression 

curve. Then the brightness 

temperature of the source is 

determined by extending the in-

ner bisector of the regression 

curve to sec Z• 0. This si tua-

tion is illustrated in Fig.8. 

InT. 

PHASEU -· 

~SIT 
~TIWISIT 

sec z 
(bl 

PtfAS! II -TV 

lnr. ~=· 
sec z 
(Cl 

In this figure intercepts a and 71g.7.Bxpected interphase ~a 
vs.eecZ curves for pre- and 

c, which give brightness temper- poet-transit measuremen~• o~ a 

ature for, say, pre- and post-

transit measurements, represent 

false values. The true bright-

ness temperature is found at b 

which is the intercept of the 

bisector of t he plots for the 

pre- and post-transit measure-

ments. Acco~dingly, if the plot 

of the measured lnTa vs. secZ 

values gives a sinuous regres­

sion curve as appearing in Figs. 

6 and 7, t here is no way to 
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Fig. 8. ln Ta ve. sec Z under 
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f i nd out t he true brightnes s t emper a ture of the source . There­

fore, obs ervation of weak sources should be made eith er in PHASE 

IV or in PHASE II. 

4. Wavelength dependence of the ditrrna l vari ations 

As was stated in secti on 2, t he onset of PEASE I at the 

8 . 6 and 3. 2 mm wavelengths ar e slightly differ ,l:ln t , t hat is, the 

onset of l'HASE I at the 8 . 6 mm wavelength r etards s lightly com­

pared \Uth that at t he 3. 2 mm wavelength . This may be inter-

preted by the difference i n t he attenuation a t the t wo wave-

lengths. ~he.t3.2 mm wave is more sensitive than 'the 48 .6 mm 

wave to t he variat i ons in attenuation due to va rying atmospher­

ic conditions described previously. (vid. Fi g . 9 ). 

From above statement, it may 100 

be inferred that in PHASE III 

the rise of sky emission at 

t h e 3. 2 mm wavelength should 

be steeper than in the case 

at the 8 .6 mm wavelength and 

the temperature increase at 

the 3.2 mm wavelength in this 

phase should be greater than 

at the 8.6 mm wavelength. 

iD 10 
:!! 
z 
0 

~ 
:::~1.0 
z .... .... 
~ 

0.1 

20 40 10 80 IC)O 200 400 
FREQUENCY (GHZ) 

Fig.9. Atmospheric absorption 
due to water vapor and oxygen 
molecule. 

5. Seasonal variations 

The ratio of the antenna t emperature to brightness temper-

ature of a source is dependent upon the season in which the ob-

servation is made. The ratios for some planets at various mil­

limeter wavelengths have been reported by Tolbert et al. ~4] 

for the period J uly-November 1964. Their results are shown in 
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Fig .lO. The va ri-

ations s een in t h e 

figure are unmis-

takably due to t he 

change in humidity 

in the atmosphere. 

The minimum Ta/Ts 

ratios for all the 

wavelengths come, 

as are readil y 

seen in the figure, 

in midsummer in 

which humidity is 

the highest in t h e 

year. Fr om the re-

sults of Tolbert et 

al. it is naturally 

.l -

.01 r-

b 
.001 - + 

0 

X 

x. 
o. ... 

· .. \ + · .. \ 
·. \ 

. . , . . , . 
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4.3 mm ~ 
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.· 
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.· .0 
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.· 
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Fig.lO. Variations in the ratio antenna 
temperature/brightness temperature of 
some planets during calender 1964. 

-

-

-

inferred that sea- After Tolbert et al. 

sonal variations 

should exist in the 

sky emission and opacity which are dependent upon the wavelength 

used in the observa tion. 

6. Discussion and conclusion 

In the latter part of Sept ember, repair work of the astro-

dome s t arted, and the operation hour of the telescope was limit-

ed to n i gh ttime only . Therefore, the observation did not cover 

the v1hol e pr ocess of the sky emis s ion variations. Accordinr;ly, 

the present discussions are ba s ed on a s hort time observation 

of t he daylong va riations v1h ich covered only several hours 

- 24 -



from midnight through about an hour after sunrise . Therefore, 

PHASE II, PHASE III, and the first half of PHASE IV have no ex­

perimental bases. Hence, we had to speculate about the rest of 

the phases from the observations made in PHASE IV and PHASE I 

in order to construct the diurnal variation curve of the sky 

emission as shown in Fig.3. 

However, it may be stated that the periodic and recurrent 

variations in sky emission and opacity exist besides the large 

scale variations due to non-periodic changes in meteorological 

conditions. 

These regular variations may have a temperature amplitude 

of , a~, 10°at the most'as observed at the height of as high 

as 2000 meters. This amplitude would be much smaller for an 

observer near see level. Therefore, in the observation of 

strong radio sources such as ~he sun, this small amplituie 

variations in the attenuation would naturally be passed over 

without being noticed. However, observations of weak radio 

sources in which the antenna temperatures due to those sources 

are lese than the amplitude of the temperature variations of 

sky ~ suffer from the varying opacity and emission even 

though the weather is ideally fine and irregular variations 

in the atmosphere should be completely negligible. Therefore, 

it~ be said that in order to determine the exact value of 

brightness temperature of a weak source, as was mentioned al­

ready, observation should be made during PHASE II or PHASE IV 

in which the decrease or increase o! the atmospheric attenua­

tion are relatively constant aside !rom the effect of non-peri­

odic variations in meteorological conditions. 

There remain some questions about the nature of the phe~ 

nomena: They might be localized phenomena, may have relations 
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with the solar cycle and activities, and so forth. 

However, since the observations were carried out in a limited 

period, there is no means to answer these questions. Solution 

of these questions calls for the observations of the phenomena 

at various locations and at a variety of wavelengths covering 

24 hours of the day and extending over a long space of time. 

In PHASE IIaand lip the observations of the phenomena may be 

difficult due to solar radiation straying into the antenna 

through its sidelobes. Even if the sidelobe level of an an­

tenna is 30 dB lower than that of its main lobe, the spurious 

response due to the straying solar radiation would come up to 

several degrees which is almost comparable to the ampli~ 

of the sky temperature variations in the present discussions. 

The two wavelengths of 8.6 and 3.2 mm used in the observ­

~tions are both in the radio windows between the molecular 

oxygen and water vapor resonance lines at 13.5, 5, and 2.35 mm. 

Observations of the phenomena at or near these resonance lines 

will reveal which makes more contribution to the gener~ion of 

the phenomena, water vapor or oxygen molecule; and will give 

more yrecise information for the interpretation of the wave­

length dependence of the onset of PHASE I and PHASB III, an~ 

possibly about the l ~ight of the source for the phenomena. The,y 

will also give some information about the physical and chemical 

properties of the lower atmosphere, possibly including the 

stratosphere, as a supplementary means for the calcUl&~ons 

and experiments of various workers cited in section 1 in this 

paper. 

In c l osing, need of l ong-term observations of the sky 

temperature is emphasized in order to enable meteorologists 

to acquire further knowledge about the troposphere and poe-
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sibly the stratosphere, and to enable astronomers to know the 

behavior of the atmospheric absorption of microwaves the know­

ledge of which is a prerequiai te:1br. the determination of exact 

brightnea~ temperature of extraterrestrial radio sources. 
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ANOMALOUS SKY 'fEMPERATURE VA.lUAT I ON WITH ZEJUTH DISTAHCE :' i.EASURED 
ON A NIOUNTAIN-TOP AT A CAIJ.i HI GHT AT A WAVELENGTH OF 3. 2 .MM 

Observat ions of extrater restrial r adi o s ources in the micro-

wave r an ge sustain a ttenuation due to oxygen molecule and uncon­

densed water vapor in the atmos~here . In particular f or waves 

at wavelengths shorter than about 20 mm, the a tmospheric absorp-

tion is considerably high and ar ound t he r e s onance f requencies 

of molecular oxygen and water vapor its effect is profound. 

Hence a radio source moving in the slcy gives a varying antenna 

temperature in accordance with the zenith distance of the source. 

This is described in the form 

Ta =AT8 exp(- ~sec .z) {l) 

where Ta is the antenna temperature due to the source, A a 

constant of proportionality, Ts brightness temperature of the 

source,c the opacity at the zenith, and Z zenith distance of 

the source. 

The opacity r can be determined by the a id of Van Vleck­

Weisskopf equation [1, 2, and 3] and an appropriate atmospher­

ic model. [e. g. 4] 

Or conversely,r may be obtained by applying the rela~ion 

lnTa vs. sec Z whose plot is a straight line with a slope 

equal to - c . 

Without emitting source the atmosphere is not an absorb­

ing matter any longer but acts as an emitter ot waves itself. 

Then the antenna temperature due to the atmospheric emission 

is expressed as 

( 2) 

in which Tsky is the average temperature of the atmosphere. 
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This situation is illustrated in 

Fig.l. 

For the purpose of confirming 

this relation by experiment, The 

University of Texas 16-foot dia-

meter radio telescope installed 

near the top of 11ft. Locke near 

Fort Davis, Texas was used at a 

wavelength of 3.2 mm. The meas-

urement was conducted at several 

z-
Fig.l. Normal Tsky vs. 
zenith distance. 

clear nights in September 1968. Since the wavelength used is 

in the radio window between the 5- and 2.53-mm resonance lines 

of molecular oxYgen and since the absorption due to water vap-

or is not very high at this wavelength, the variation in sky 

emission due to increasing zenith distance vms expected to be 

low. Therefore, a long integration time of approximately 100 

seconds was applied in order to improve the effective sensi-

tivity of the receiver . Thus, the minimum detectable temper­

ature of the radiometer attained a value of about 2°K. 

The measurement was carried out by tilting the antenna at 

intervals o~ 10 degrees from the zenith down to a zenith dis­

tance of 80 degrees . In order to 

separate the effect of the ground 

emission from the intrinsic sky e-

mission variation with zenith dis-

tance, a check was made by tilting 

the antenna from the zenith toward 

south , east, and west. Horthward 

tilting vms not made since the 

sight in this direction was ob-

structed by the peak of l.It. Loclce. 
- 30 -
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In the data thus taken an anomalous bulge of antenna temp­

erature around the direction tovffird the zenith was found. 

A sketch of this abnormal temperature variation with zenith dis­

tance is shown in Fig.2. The feature of the temperature varia­

tion as seen in the figure is somewhat different from the curve 

shown in Fig.l. The minimum temperature was found unexpectedly 

at around 30 degrees from the zenith, and this anomaly was found 

at a calm night. 

At calm nights in this season the anemoscope installed 

near the antenna site showed no definite direction which was 

the indication of the existence of turbulent vertical air mo­

tions along the mountainside. 

As is well known there is a constant air flow along mount­

ainsides: downward flow at night and upward flow in the daytime. 

The former is called mountain wind and the latter valley wind. 

These winds are generated through expansion or contraction of 

air as mountainsides warm up in the daytime or cool down in the 

nighttime, and they are known to be observed in summer. [5 and 6] 

Mountain wind sets in at around midnight and reaches its peak 

of development before sunrise. The downslope wind changes its 

direction near the bottom of the valley and blows upwards from 

there. The upward flow changes its direction at a certain 

height over the valley and soon changes its direction again to­

wards the top of the mountain. Thus, the atmospheric circula­

tion reccurs and keeps up for hours as the mountainsides cool 

down. 

The mountain-valley circulation may play a role as a car­

rier of humid and cool air from the surrounding valleys to the 

over-the-mountaintop region. Thus, this circulation makes the 

overhead region of the observer filled with humid and cool air. 
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When the antenna beaEt trav-

verses t he flux of the circula-

tion the antenna temperature due 

to the humid and cool air in the 

overhead region of the observer 

would show a higher value than 

that exnected from t he usual 

Ta vs. zenith distance relation. 

This is illustrated in Fig.3. 

As is shown in the figure, the 

direction of the antenna beam 

between Z0 and Z1 is just in the :Fig.). Air circulation due to 
mountain wind and antenna beam 

flux of the downward air flow directions penetrating it. 

toward the observer at 0, and in this range the antenna temper~ 

ature would show a slightly higher value than it should be in 

the normal case, and ~he antenna temperature for beam direction 

lower than OZ1 would obey the usual Ta vs. Z relation. 

The effect of the anomalous zenith opacity upon the anten-

na temperature due to a source passing the zenith region is 

shown in Fig.4. 

When wind is strong enough, 

the circulation does not exist be- Ta 

cause of mixing, and then the an-

tenna temperature v1oUld show no 

anomaly any longer and would obey 

the usual Ta vs. Z law. 

No measurem<'mt of the same kind 

J-

Fig.4. Ta vs. zenith dis­
tance for a source paesing 
zenith with anomalous o­
pacity due to mountain wind 
in the nighttil:ae . 

was not made in the daytime since tl' the sun is above the horizon 

its contribution to the antenna temperature would not be negli-

gible and would vary in accordance with the relative position 
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between the sun an<l the antcn..,"l.D . '.f1·:ic vc.ryin:- contribution of 

the sun v10uld confuse t he r'lec.su!'er:cnt . 

~ince the ueriod of observc.tion ~':ns ver:r s:10rt we could 

not talce enough data for makinr; rigorous discussions for the 

phenomenon. h o\·.'ever , it nay be su~p;ested t hat the enhanced 

absorption or emission in the zenith region would give rise to 

an anomalous ln 'l'a vs. sec Z curve for a source passing through 

this region over the mountaintop as was s tated already and 

shown in Fig .4. 

Finally, emphasi s is made that in s electing the antenna 

site for a radio t elescope in the microwave range in which t he 

effect of atmospheric absorption i s cons iderabl y high, v arious 

investigations should prec ede about loca l atmospheric condi-

tions which exert undesirable effects on astronomical observ-

ations, though the effect of the atmospheric circulation re-, 

ported here would not be so annoying s i nce their occurrence 

is fairly limited in direction, season, and weather. 
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MEASUREMENTS OF LINEAR POLARIZATION OF THE MOON 
AT MILLIMETER WAVELENGTHS 

Abstract--Measurements o~ the linear polarization o~ lunar therm­

al radiation were carried out at wavelengths of 8 .6, 4.3, and 3.2 

mm using The University of Texas 16-foot diameter millimeter 

wavelength telescope in the period July-September 1968. At 8.6 

mm wavelength it was found that the measured position of the max-

imum polarization removed towards the limb away ~rom that expect­

ed from a smooth surface model. Assuming that this is due to the 

effect of surface roughness, the average slope of roughness is 

estimated to be 8°.:!:. 2~ While at 4. 3 mm wavelength fluctuations 

brought on by atmospheric variations have made the estimation of 

the polarization difficult, but the data shows a sign of polar­

ization at this wavelength. Whereas, at 3.2 mm wavelength no 

definite sign of polarization was found. From the analyses of 

10-odd clear nights' data it is inferred that the polarization 

should be very weak at 3.2 mm wavelength . From these results 

and Eastin's measurement o~ the polarization at a wavelength of 

1.5 mm, the scale of sur~ace roughness is in~erred. It is indi­

cated that the small scale roughness may be distributed around 

a radius size of 0.9 mm. 

l. Introduction 

Troitsky [1] has suggested the possibility that information 

about the surface roughness and the dielectric constant of the 

lunar surface might be obtained from the measurement of the lin­

ear polarization of the lunar thermal emission. 

Assuming a smooth and homogeneous surface, power reflect­

ivity R for a plane electromagnetic wave is expressed as the 

square of the Fresnel coefficient as 
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Rn= If> cos8 - Je - sin2el
2 

e cos8 + Je - sin2e 
( 1) J 

for linear polarization with the electric vector parallel to 

the plane of incidence , and 

2 

for the orthogonal pol ari zation. 

Here 9 is the angle of wave incidence and e the dielectric 

constant of the surface material of the moon. 

The emissivity E(j) for the thermal radiation emitted 

from a smooth surface in the direction 8 is expressed by 

the Kirchhoff's law as 

and 

E...1.= 1 - R...l(e) 

The brightness temperature distribution on the moon 

measured with an infinitely narrow antenna beam is given by 

and for the orthogonal polarization 

in which Do is the angle between the lunar equator and the 

orientation of the antenna polarization; D is the radius on 

which the point of observation is situated. 
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Then the l)Olarized component .ITp is obtained by taldng 

t he diff erence between TDo and T(Do+~/2)' i.e., 

(7} 

After Troitsky's suggestion an appreciable amount of the 

results of measurements at various wavelengths have been re­

ported. These measurements have furnished us wi th useful in­

formations about the properties of the lunar surface toget her 

with the results obtained by radarmetric means. 

Particularly, measurements of the polarization at milli­

meter wavelengths seem to be interesting because of their short 

wavelength with respect to the influence of surface roughness 

upon the waves. From this view point, observations of the 

polarization were conducted at wavelengths of 8.6, 4.3, and 

3.2 mm using The University of Texas 16-foot diameter radio 

telescope in the period July-September 1968. The characerist­

ics of the antenna are well described in Refs.2 and 3. There­

solving power of the antenna is approximately 7' for 18.6 mm, 

3.5' for A4.3 mm, and 2.8' for~3.2 mm, respectively. 

In the following are presented the results obtained in 

these measurements. 

2. Observations and their results 

As is well known, propagation of millimeter waves is sub­

ject to the influence of oxygen molecule and water vapor in 

the atmosphere. Hence, even when atmospheric condition is 

most favorable, the effect of small scale irregularities of 

the atmosphere inevitably deteriorates the data obtained par­

ticularly at the 4.3 and 3.2 mm wavelengths. Therefore, in 

the measurements of the polarization it is most desirable to 
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measure the J Tp directly. ll o'.':ever, at the time when t hese ob­

servations were conducted the radiometers for the three wave-

lengths used were not equipped with such a device as to measure 

the JTP directly. Hence, in order to obtain the J~p with those 

radiometers we had to resort to a round-about method t~ measure 

TD
0 

and T(Do+~/2) in separate scans. For the purpose of secur­

ing the symmetry of the data for t he two orthogonal polarizations, 

either TD
0 

or T(Do+~/2 ) was measured in pre-transit hours, and 

the rest in post-transit hours. At around the meridian tran-· 

sit of the moon the feed horn was rotated by 90° to change pol-

a~zation. The data taken in pre- and post-transit hours were 

averaged separately, and then taking the difference of the two 

averaged curves JTP was obtained finally. 

The method adopted in the observations required a long 

span of time, during which atmospheric conditions often chang­

ed appreciably. Hence, at the 3. 2 rnm wavelength, as rill be 

seen later, the effect of atmospheric variations was so severe 

that no definite sign of polarization could be found. 

Atmospheric scintillations exert a blurring effect on the 

edge of the moon's disk when the antenna beam transitsthere. 

This makes the size of the lunar disk vary from time to time, 

and hence makes difficult the processing of the data and the 

comparizon of the curves for the respective polarizations. 

Measurements were cantered in the detection of the polar­

ization at 3.2 mm· wavelength, and the other two wavelengths 

were adopted as sabsidiary means. 

I•ieasurements were carried out at the 8.6 mm wavelength at 

first. An example of the results of these measurements is shown 

in Fig.l. The curves shown in the figure were obtained b,y one 

scan for the respective polarization under a favorable weather 
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condition. The 4Tp deduced from Fig.l is shown in Fig.2 in which, 

as is readily seen, the position of the maximum 4Tp as measured 

comes slightly outside the theoretically expected position. 

JULY 10, 1968 
8.6MM 

w LUNA!It DISK E 

Fig.l. Measured antenna temperatures for horizontal 
( ) and vertical (-----) polarizations at 8.6 
mm wavelength. 

JULY 10. 1168 
e.e ww 

10 

... .. .. 
•• 

~ • 0 • 

• • ~ • 
t! 5 
~ 

t!" .:-
~ ~ 

i -J ao· 10' te' 14 • 11 10 •.•• 4' I 0 I .. .. - I w LUNAR DISK 

Fig.2. 4Tp obtained from Fig.l. Attention to 
the differ~nce between theoretical and meas­
ured positions of maximum ITp• 
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Similar effect can also be found in the results obtain­

ed by Moran [4J at a wavelength of 8.6 mm. 

Theoretically it is expected that the position of the max­

imum dTp is situated at a point satisfying the following rela­

tion: 

e~ cos-1..re-=l"/4(e - 1) (8) 

in which 9 is the angle of wave incidence and e dielectric con­

stant. Practically, however, the temperature distributions are 

measured with an antenna with a finite resolving power, and ac­

cordingly the angle 9 comes at a slightly different position. 

The maximum JTp appearing in Fig.2 was obtained by applying 

the effect of the antenna's smoothing effect on the theoretical 

4Tp distribution. The outward displacement of the maximum JTP 

position may be explained by taking into consideration ~he ef­

fect of surface roughness which makes the angle of wave incid­

ence at the point of observation smaller than it should be in 

the case of a smooth surface, that is, the slope of the undul­

ations facing to the observer makes the normal at the point o~ 

observation tilt toward the observer. Thus, the angle between 

the propagation and the ac ·tual normal becomes smaller -than in 

the case of a smooth surface. Thus, the lunar surface as ob­

served appears rather flat than a sphere due to surface rough­

ness. Then, at the point where the maximum J Tp should occur 

when the surface is completely smooth the angle 8 which satis­

fies Eq.8 would not be attained. At this point the actual 

angle of incidence is 9 minus average slope # of undulatione. 

Thus, t1.e large:at 4l'p would naturally be found at a point which 

steps orer the theore1ically predicted position. This situa­

tion is illustrated in Figs.) and 4. In Fig.) is shown the 

effect of an undulation on the local normal. 
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The normal f or the smooth 

surface ~ tilts to pn;ct. 

due to an undulation with 

its average tangent ps and 

average slope " • Then the 

angle of tilt of normal 

~ to pnact. is also"· 

Hence, smooth surface an-

gle 8 reduces to rough 

surface angle 8'. 

Fig.4 illustrates 

the effect of un-

dulations somewhat 

more generally than 

in Fig. 3. The max-

imum J Tp is expect­

ed to occur at dis-

tance R1 from the 

disk center in the 

0 

Fig.3. Effect of 
surface normal. 
normal pn0 tilts 
slope -. 

an undulation on 
Average surface 
to pn8 ct due to 

case of a smooth Big.4. Effect of undulations to drive 
the maximum ~Tp position outwards. 

surface model. Ob-

s ervationally, however, it was found at R2• At point p, which 

corresponds to distance R1, the smooth surface normal pn1 tilts 

to the actual normal pnp making angle 8 reduce to angle 8P. 

Thus, at point p the maximum JTP condition would not be satis­

fied. Whereas, at point q, which corresponds to distance R2 
from the disk center, angle 9 2 for smooth surface reduces to 

L0 2qnq or • due to slope , 

tion in Eq.8. 

to satisfy the maximum JT condi­p 

The preceding assumption lends su~port not only to the 
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explanation of the outward displacement of the maximum 4T posi-
P 

tion but also to the investigation of the average slope of sur-

face roughness whose method is selfexplanatory in the preceding 

assumption. Using the same symbols as appear in Fig.4 and the 

semidiameter R of the disk, the average slope , is given b,y 

, -e2 -9 "" 8 - 9P =r sin-1 (R2J'R) - sin-1 (RyR) (9) 

since 9- sin-1 (RJ/R) and 9
2 

= sin-1 (R2f'R). 

Thus, measurement of the linear polarization of the moon's 

thermal radiation enables one ta determine the average slope 

of surface roughness. However, of course, the position at 

which the maximum 4TP occurs is dependent upon the dielectric 

constant of the surface material on the moon, and hence the 

average slope • also depends upon the dielectric constant. 

Moran adopted a value of 1.6 for the dielectric constant, and 

in our case computations were carried out with the dieleatric 

constant of 1.8. Naturally, the value of the average slope 

must be slightly different between that of Moran and that of 

ours. However, uncertainties associated with the measurements 

b,y means of the previously mentioned method may not be small, 

so that the difference (<1° for all the possible values of 

dielectric constant of the lunar surface) due to the differ-

ent dielectric constants may not matter in the present investi­

gation since we are feeling that it should be improper to men­

tion of the exact value of the average slope b.Y using the data 

available to us now. Therefore, only a very rough estimation 

of the average slope as measured at the 8.6 mm wavelength will 

be given here. B,y the aid of Eq.9 the average slope ie esti­

mated to be 8° ± £!0 from the data obtained at this wavelength. 

From the data obtained b.Y Moran [4] at 8.6 mm wavelength the 

slope is estimated to be nearly the same value, though hie mod-
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SEPT) 1968 

VERTICAL POLA~I ZATION 

HOAIZONT.lL POL.ARI ZATIOH 

Fig.5. Scan curves for vertical (upper) and horizontal (low­

er) polarizations for 4. 3 ram wavelength. Sept. 3, 1968. 

Sept.3. 1968. 4.3 MM 
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Pig.6 . Averaged curves of Fig.5 for horizontal (---) and 
vertical (-----) polarizations. Pay attention to the swell 
at 28' from the north limb in the curve for horizontal pol­
arization. Except this point vertical polarization is seen 
at around limbs . 
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Fig.?. Scan curves ~or horizontal (upper) and vertical (low­
er) polarizations for 3.2 mm wavelength. Sept.6, 1968. 

Sept.6. 1968. 3 .2 MM. -----VERTICAL 

--HORIZONTAL 
.. 
\ . 

LUNA DISK 

Fig.8. Averaged curves o~ Fig.7 !or horizontal (------) and 
vertical (-----) polarizations. 
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el was made for the moon's semeidiameter of 15.5' while his 4Tp 

values were obtained by the observation of the moon with semi­

diameter of 16.4', which necessitated to make some manipulation 

in acquiring the average slope. 

An observation of the moon was conducted on the night of 

September 3, 1968 using the 4.3 mm wavelength radiometer. 

At the time of this observation the radiometer was not in its 

best condition due to the excessive noisiness of its mixer, so 

that little could be hoped from the observation. In consequ­

ence of the processing of the data, however, at least the ex­

istence of the polarized component was found in it, and the re­

sult of this observation is shown in Figs.5 and 6. The measure­

ment was carried out by means of declination scanning. In Fig.5 

are shown two families of scan curves for the respective polar­

izations for the purpose of best visualizing the effects of re­

ceiver noise and atmospheric scintillations. In the family of 

curves for the horizontal polarization in Fig.5, a scatter of 

curves is seen at around 28' from the north limb, which has 

given rise to a bulge at the corresponding point in Pig.6. 

This scattering of the curves is due to the increase in re­

ceiver noise or atmospheric perturvations. Except the bulge 

in this part of the curve, the existence of the vertically pol­

arized component may be concluded. However, the estimation of 

4Tp b,y the two curves in this figure may be overdoing since 

they are too fluctuant to do so. 

Measurements of the polarization at 3.2 mm wavelength 

were carried out at 10-odd clear nights in the period A~t­

September 1968. The result is shown in Figs.? and 8. Fi~.7 

shows two families of declination csan curves for the respec~ 

ive polarizations as in the case of 4.3 mm wavelength mea~ 
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ment. In Fig.8 are shown the resultant curves obtained by aver­

aging eleven curves for horizontal polarization and ten curves 

for vertical polariza~ion. As is seen in this figure it is hard 

to discriminate the polarized component, and hence we mB¥ con­

clude that the polarization should be very weak to be detected 

by the 3. 2 .mm wavelength radiometer used', i.e., 4TP <1 .. 50X:. 

If ~here should be the polarizized component cosiderably exceed­

ing 1.5<lx:, which is approximately the minimum detectable temper­

a-ture of the radiometer used in the measurement (NF.;; 20diJ, IF:SW• 

10 .a.. and integration time - 16 seconds), it would ~e been 

daiectea in the lO~dd nights' observations. Hence, it seems 

not to be an excess to conclude that the polarized component 

has the maximum temperature that does not exceed 1.5~. 

3. Lunar surfao.e model 

From the results of the observations so far introduced and 

by the aid of the results obtained a~ other wavelengths and ra­

dar measurements, .a lunar surface model willcbe .conatruoted~ 

If the depolarization effect at the 3.2 mm wavetength should 

be intrinsic&aly related with the surface structure of the moon, 

we ~ be able to infer the scale of surface roughness by the 

joint use of the results obtained at other wavele~hs. 

In order to explain the depolarization effect of a wave, we 

will lll&ke the following assumptions: When the half size a of 1m 

undulation is much smaller than the wavelength Oil the wave, ~e 

efficie~ of reflection and hence emission of the wave by the 

surface covered with an aggregation of such undulations would 

no~ .decrease so much as compared with that of a smooth surfece. 

As the size a approaches to a quarter wavelength of the probiag 

wave, however, the efficiency becomes lower. This 18 j~ the 
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case of a paraboloid antenna whose efficiency is a function of 

surface roughness. 

When the half size a exceeds a half wavelength of the wave 

and if the average slope of undulations be favorably or iented 

for the observer, the efficency becomes higher . 

The effect of undulations with a certain size in t he range 

A/2>a> l/4 would, therefor , give rise to the lowest efficiency 

in reflecting or emitting the wave. 

Thus, the depolarization effect at the 3.2 mm wavelength 

may be interpreted by the random scattering due to the surface 

cover ed Vlith small scale undulations whose half size is dis-

tri buted near 1 mm which is just in the range A/2> a> l/ 4 for 

the 3. 2 mm wave. 

Kerr [5] has calculated the ratio of radar back-scattering 

cross section to geometrical cross section as a function of ra-

dius to wavelength for a sphere with infinite conductivity. 

Some of the radio cross sections after his result for various 

wavelengt hs of interest in observation for a~0.9 mm are shown 

in the following table. 

Wavelength (mm) 8.6 6.0 4.3 2.2 1.5 
Cross section (%) 100 310 205 23 140 140 

As is seen in this table the radio cross section of a shpere 

with a radius of 0 . 9 mm is 23% of its geometrical cross section 

for the 3.2 :run wave, which indicates that t he wave undergoes 

high random scattering by the element with a radius of 0.9 mm . 

Should the depolarization effect of the 3. 2 mm wave be due to 

such elements perfused all over the lunar surface, they must 

have a very high conductivity since the calculation of Kerr was 

made for a sphere with inf inite conductivity. Hence, it may be 

inferred that such elements as affect the scattering of t h e 3.2 
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mm wave should composed of some metalic substance. 

Bastin [6] has found 4" polarization at a wavelength of 1.5 

mm. The ll.5 mm wave is efficiently reflected or emitted by the 

assumed roughness with a size distribution around 0.9 mm s ince 

the half wavelength of the wave is shorter than the average 

roughness scale of 0.9 mm. 

These small scale rou&nness with a size distribution around 

0.9 mm is perfused on t he larger scale roughness ranging from 

several millimeters up to meters. The frequency distribution 

of the roughness scale may become larger as the roughness size 

b.ecomes smaller. 

This model surface structure as deduced from the millimetric ob-

aervations thus far introduced is illustrated in Fig.9 below. 

~EAN SURFACE 

Fig.9. Surface structure as deduced from the milli­
metric observations. 

Radarmetric exploration of the moon has supplied a good 

deal of information on the properties of the lunar surface. [e.g. 

7]. Relative echo power vs. delay at various wavelengths ie shown 

in Fig.lO. As is readily seen in this figure, there is a die-

tinct wavelength dependence in relative echo power, that is, 

the decrease of the relative echo power with increasing delay 
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becomes less as the sounding 

wavelength becomes sh~r. 

This fact may be accounted for 

by considering the mannar of 

roughness scale distribution 

and the previously assumed sur-

face structure in which the ef-

feet of the side of undulations 

favorably tilted toward the ob-

server makes the apparent lunar 

shape deviate from a sphere to 

a somewhat flatter shape whose 

cross section may be describ-

able by a curve something like 

an ellipse with its minor axis 

pointing at the obser.ver. The 

ellipticity depends on wave­
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Fig.~O. Relative echo p@wer 
vs. delay at various· wave­
lengths. 

length due to the size distrib- Q+-L----1~~~~~~=:~~---J 

ution of surface roughness and 

also on the average slope of 

undulations, that is, the dis­

tribution of roughness and the 

average slope of undulations 

become greater as the scale of 

roughness reduces. This situ­

ation is illustrated in Fig.ll. 

Should the angle between the 

normal at the point of observ­

ation and the direction of 

wave propagation, i.e., Lnpo, 
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Ln'tO, LnKrO, • •• ••• , be related with the reflected power PrefoC 

cos •, the reflectivity becomes larger as the ellipticity in­

creases or as 9 reduces to 9', 9•, 9•~ and so on. Accordingly, 

at distance R from the disk center the reflected power would 

become larger (aside from the reduction of wave reflection due 

to the random scattering b,y small scale roughness) as the el­

liptioiT.y becomes larger or wavelength reduces. This may be 

the account for the wavelength dependence of the relative echo 

power vs. delay . 

Due to the present technical difficulties, radarmetric 

observation of the moon at wavelengths shorter than 8 mm has 

not yet .been undertaken as far as this auther knows. Therefore, 

there is no knowing about the behavior of radar returns at 

short millimeter wavelengths. However, from the results of the 

observations at millimeter wavelengths so far introduced, it 

may be said that radar re~s at 3.2 mm wavelength would show 

the least intensity compared with those at longer and shorter 

wavelengths. 

4. Discussion and conclusion 

In the measurements of the linear polarization of the lun­

ar thermal emission, we put emphasis on the detection of the 

polarized component at 3.2 mm wavelength, and those at the 8.6 

and 4. 3 mm wavelengths were made as subsidiary means. HeDce, 

qU&Dtitative discussions of the results obtained at the 8.6 

and 4. 3 mm wavelengths would Decessarily be overdoing. Accord­

ingly, only 'things we can state here are that the polarized com­

ponent could be found down to the wavelength of 4. 3 mm and that 

the polarization at the wavelength of 3. 2 liiJI. is very nak ud 

mq be lees than 1. 5~ which was the minimwa de ..... bU tap.,_ 
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aVUre of the 3.2 mm wavelength receiver at the time of the ob­

servation. 

The radius distribution of grains around 0.9 mm as deduced 

from the results obtained b,y the observations at the millimeter 

wavelengths so far introduced calls for a very high conductiv­

ity of such elements since the calculation of Kerr was made by 

assuming an infinite conductivity of the sphere. It seems hard 

to believe that such very highly conductive grains should be 

the composent of the lunar surface materials. However, if the 

depolarization of ~he 13.2 mm wave should be coming from the 

intrinsical nature associated with the surface structure, the 

size of the sca~terer of the 13.2 mm wave must come in the 

range J/2> a>l/4, and hence the half size of the small scale 

roughness would not be far from the assumed value of 0.9 mm. 

The method of measurements which was limited b.Y the avail­

able functions of the radiometer was the source of difficulties. 

Ae was stated already, the polarized component 4Tp was obtained 

by taking the difference between the vertical and horizontal 

antenna polarizations obtained in different scans. This method 

is subject to the variations in meteorological conditions. 

Consequently, at the 4.3 and 3.2 mm wavelengths even the aver­

age of 10 scans obtained under a favorable weather condition 

gave a fluctuant curve. Hence, the detection of the very weak 

polarization at the 3.2 mm wavelength by the method adopted was 

quite discouraging. However, there will be a fair chance of 

detecting the weak polarization if one employs a high speed 

polarization switch in the feed which enables one to measure 

the 4Tp directly. Such a device as this will minimize the ef­

fects of meteorological variations, and then the detectable 4Tp 

will be close to the minimum detectable temperature of the radi-
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ometer. 

The determination of ~he average slope of surface irregular­

iss bw means of the outward displacement of the maximum 4Tp pos­

ition as found in the 18.6 mm measurements depends critically on 

the accuracy of measurement. Hence, every possible source of er­

ror should be completely known before observations are made. 

In the corroboratory measurements of the instrumental pol­

arization a displacement of the antenna beam direction was found 

when the feed horn was rotated by 90° to change the antenna pol­

arization. The effect was due to the eccentric alignment of the 

feed horn center bw 0.5 mm from the true center, which introduced 

about 1.5' displacement of the beam direction every time the pol­

arization was changed. This beam displacement was allowed for 

when the data were processed. However, even a slight position 

error introduced by the different antenna beam directions seems 

to have affected the accuracy considerably when the two curves 

for the individual polarizations were compared to obtain the 4Tp. 

Hence, the estimated average slope of 8°~ 2°from the result ob­

tained at the 8. 6 mm wavelength necessarily includes consider­

able uncertainty . Therefore , we may only suggest that the aver­

age slope may be determined by the outward displacement of the 

maximum 4 Tp position away from t he t heoretically expected posi­

t ion if the high accuracy could be secured. The high accuracy 

may be attainable by the use of a high speed polarization switch 

in the feed to obtain the 4Tp directly and instantaneously as 

suggested in the case of the 4.3 and 3.2 mm wavelength measure-

menta. 
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