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I. Introduction 

This progress report covers the work perfarmed under NGE 44- 

012-006 for the period 1 October 1969 to 31 December 1969. This period , 

was very significant in the overall program of radio astronomy at the 

Millimeter Wave Observatory, Mt, Locke, Texas, in that it marked the 

dividing line between the basically engineering program of antenna 

evaluation and the basic astronomica2 observing program to which the 

facility is committed. 

In this report we discuss the work under the usual headings of 

engineering and astronomy, The engineering section is  concerned mainly 

with work on the receivers in use on the radio telescope. The astronomy 

portion describes analytical work on the 11 September 1969 solax eclipse 

measurements a s  well a s  the beginnings of a planetary observing program. 

11. Engineering Work 

The major event in the antenna evaluation program was the reshimming 

of the antenna structure in the summer of 1969. This work increased the 

antenna efficiency from 3470 at  a frequency of 95.0 GHz with 12 dB side- 

lobes to 437'0 at 1 34.0 GHz with 21 dB sidelobes. 

The effect of this improvement in antenna performance was to create 

an urgency in equipping the receivers for astronomical use as well as in 

refining pointing corrections, generating ephemerids: in short, in dealing 



with the remaining obstacles-to full time use of the telescope in astronomical 

observations. 

The major work was in getting the receivers prepared for astron- 

omical observations. Early in the summer, when things begin to look up 

for the antenna, the needed parts  for adding calibration circuitry were 

ordered, By mid-October everything had arrived and the calibration cir- 

cuitry was constructed. 

Meanwhile, the digital data system, which went out for  bids in March, 

arrived a t  Mount Locke. This equipment digitizes, formats, and serializes 

the data and punches i t  on paper tape. The system had a few malfunctions 

in its f irst  weeks of use but these were repaired and it  has proven on the 

whole well conceived for i ts  role. 

The final step in readying the receiver systems was calibrating them 

in thermal units. During observations, the receivers a r e  calibrated by 

firing a noise tube into a reference port, The thermal equivalent of the 

resulting signal was determined by reference to a temperature controlled 

I I black-body" (actually, a well-matched waveguide termination), which re- 

placed the feed for this test;. Thus al l  astronomical measurements a r e  in 

effect calibrated with respect to a thermal reference, Repeated calibrations 

indicated a 57'0 random e r ro r  for this metbod. Systematic e r ro r s  a r e  more 

difficult to judge. A 7% accuracy will be assumed in data analysis. 

These tests also yielded a direct evaluation of the receiver sensitivity. 

The results are shown in Table I below, 
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Table I Receiver Sensitivity 

These figures show that the receivers a r e  not near the state-of-the-art, 

although they do allow a basic program of solar system radio astronomy, 

In the next section we describe the beginnings of such a program. 

In preparation for the observing program, we completed the pointing 

calibrations. This program was the subject of our trechnical Memorandum 

No; NGL-006-69-3 entitled "Pointing of the 16 Foot Antenna, " Our approach 

to the pointing problem is  bas'ically to evaluate and correct  for all  the e r ro r s  

in the production of an observing ephemeris. Corrections for sag, r e f .  

refraction, axis tilts, and encoder e r ro r s  a r e  used. Data a r e  taken by the 

drift scan method with the antenna stationary, which leads to the simplest 

observing procedure. One by-product of this pointing evaluation was a 

better measurement of r ,  f .  refraction than was currently available. These 

results have been accepted for publication. The final draft of our paper 

appears in Appendix A of this report. 

111. Astronomy 

During the reporting period, analysis was being done on the data taken 

during the partial solar eclipse of 11 September. This work was done in 



cooperation with the other mil l imeter  observatories in the country. The 

basic  experiment was suggested by Dr. Michal Simon of The University of 

New York a t  Stony Brook, and was designed to measure  the solar  l imb 

distribution through occultation by the lunar limb. 

Most of the models proposed for the quiet sun radiation a t  mi l l imeter  

wavelengths predict  some amount of l imb brightening. Measurements in  

sea rch  of this effect have been inconclusive: our own data taken by the dr if t  

scan method, for example, appear to  indicate a flat distribution near  the 

limb. 

In this experiment, we t racked the solar  l imb a t  the f i r s t  and fourth 

contact points and allowed the moon to move a c r o s s  the beafn, thus extin- 

guishing the solar  l imb radiation in  a predictable manner.  The advantage 

of this method i s  that anomalies,  e. g. , a ring of excess  radiation at the 

limb, would show up in  the extinguishing curve. 

The weather for the edipse was excellent, but the data were ve ry  noisy. 

The noise was t raced  to seeing effects ra ther  than to receiver  noise. 

F igure  1 and figure 2 shows the data for both contacts. The flat  portions 

are  the t racks  of the l imbs,  and the decreasing portions a r e  caused by the 

motion of the moon a c r o s s  the antenna beam. 

The data were  analyzed by fitting a straight line to the l imb t rack  

portion, fitting a n  e r r o r  function to the extinguishing portion, and extra- 

polating these curves to  the point of contact. The fitted l ines a r e  shown 

on Figures  1 and 2 .  Several  features  of these data deserve  mention. 

Notice that the data a r e  m o r e  noisy during the limb traeking portion of 



the data. This i s  due to a seeing phenomena; these data indicate a seeing 

motion of the solar  image of approximately 12 a r c  sec,  r m s .  (This is a 

different seeing parameter  than i s  used in astronomy. ) Another interesting 

feature of the data i s  the slope of the curves in  the limb track portions. 

This i s  an indication of a los s  of signal a s  the moon obscures  the lower 

corona, and hence indicates some mil l imeter  radiation in this region. 

A discontinuity between the two curves in  F igures  1 and 2 would 

indicate an excess  of radiation a t  the limb. Our resu l t s  indicate, however, 

that no such discontinuity exists and we conclude that the distribution i s  

flat to the optical limb, where it drops abruptly to a value near the sky 

value. We might mention in  conclusion that we a r e  currently preparing 

to repeat  the experiment during the 7 March eclipse s o  a s  to improve the 

signal- to-noise ratio. 

In 1967-1 968, Dr. Takashi Yamashita of The Research  Institute of 

Astrophysics,  Nagoya University, was resident  a t  the Millimeter Wave 

Observatory. Although Dr. Yamashita's chief in te res t  was solar  radio 

astronomy, he did work in  other a r e a s  while in  Texas. Some of his work 

on sky emission phenomena and the polarization of lunar radiation have 

appeared in the Proceedings of the Research  Institute of Atmospherics,  

Nagoya University, Vol. 17A (January 1970), pp. 1-52. The published 

ma te r i a l  i s  included herein a s  Appendix B, 

The other major  activity under this heading was the establishing of 

an observing program. This required essentially defining pr ior i t ies  and 

designing an  observing procedure compatible with the ephemerids and 

data recording facil i t ies available. 



The planets available for  observation in  December were  Jupi ter  and 

Saturn. Although Jupi te r  offered a l a r g e r  sfgnal, Saturn was getting far ther  

away and Jupi ter  was coming nearer .  F o r  this reason we decided to  begin 

with Saturn and to observe Jupi ter  sekond. Only a few observing days were 

left i n  December but some ten days observations have been made at the 

t ime  of writing. 

The observing procedure is basically a drif t  scan  approach, with 

calibrations and extinction scans of the sun included to allow accura te  data 

reduction. The details of this  procedure are of l i t t le in te res t  here.  







APPENDIX A 

Astronomical Refraction a t  Millimeter Wavelengths 

John H. Davis, Dept. of Electrical Engineering 
John R .  Cogdell, Electrical Engineering Research Laboratory 

The University of Texas a t  Austin 

I. Introduction 

This paper reports measurements of astronomical refraction a t  

wavelengths of 8 .6  mm (35 GHz), 4. 3 mm (70 GHz), 3. 1 mm (97 GHz), 

> - 
and 2. 17 mm (1 34 GHz). Taking the viewpoint that knowledge of optical 

. .  . -  I 
astronomical refraction i s  well established in  theory and practice, we - , .  

have made measurements of differential refraction between optical and 

radio frequency (r. f.  ) waves a s  they pass through the atmosphere. These 

measurements a r e  a small  part  of a larger  calibration program a t  the 

Millimeter Wave Observatory; Mt. Locke, Texas. * 
These measurements have practical importance for the use of high 

resolution antennas i n  and through the atmosphere in that refractive pointing 

corrections can be comparable to beamwidths a t  low elevation angles. Also, 

since the surface refractive index determines the magnitude of the refraction 

effects, these measurements seem to widen considerably the frequency range 

within which the radio refractive index has been measured. (1 

The f i r s t  measurements of astronomical refraction of microwaves 

were reported by Aarons, Barron, and Castelli. (2) They made low resolution 

studies at  3 . 2  cm and 8. 7 mm and observed total refraction directly. Their 

results failed to demonstrate a direct  proportionally between r .  f .  and optical. 

*Operated by the Electrical Engineering Research Laboratory, The unrver s i t y  
of Texas a t  Austin under NASA Grant N G L  44-012-006. 



refraction and exhibited wide day-to-day variability. Tolbert, Britt ,  and 

~ a h n ' ~ )  made differential refraction measurements at 4 .3  mm. Their re- 

sults were of low resolution but generally showed the expected refraction 
. - 

curve. ~ n w a ~ ' ~ )  made extensive total refraction measurements and derived 

a empirical relation to fit the data. 

In the following section we describe our measurement technique and 

data analysis procedures. We present our results in the following section 

and compare them with what the simple theory of refraction would predict. 

Our results support a simple theory of astronomical refraction at millimeter I 
wavelengths, in that our data exhibit the expected geometrical and meteoro- 

logical dependences. 

11. Measurement Techniques 

The measurements were made with the 16' radio telescope at the 

Millimeter Wave Observatory, Mt. Locke, Texas. The patterns of the 

antenna a t  134 GHz a r e  shown in Figure 1 and indicate near-theoretical 

performance a t  and below that frequency. The radio telescope i s  equipped 

with standard Dicke radiometer receivers a t  35 GHz, 70 GHz, 97 GHz, and 

134 GHz , and operates with the feed a t  the pr ime focus. The 3 dB beam- 

width at 134 GHz i s  0.033" and allows particularly high resolution mea- 

The differential refraction measurements were made by observing the 

transit of the solar limbs through the antenna beam. The optical limbs of 

the sun a r e  observed through collimated optical telescopes and marked on 

the chart along with the receiver response. Both limb crossings ar.e observed 



in a drift scan and the optical and radio limb crossing times a r e  averaged. 

The radio limb i s  identified a s  the point a t  which the response has r isen to 

one-half its value on the solar disc. 

At 8 .6  mm, 4. 3 mm and 3.1 mm, the sunrise can be observed from 

the horizon but at 2. 17 mm atmospheric extinction and radiometer sensitivity 

combine to limit observations 'to elevation angles about 6'. The sun is ob- 

served in this fashion until i t  is high in the sky, ideally until meridian transit 

o r  after,  in order to estimate and remove sag effects. 

The data were analyzed in  the following manner. A scan results in 

a data point 

= T  - T  
di rf opt 

where d. is the difference time between r .  f. transit and optical transit of the 
1 

sun in seconds. As the sun moves across the sky, d. changes due to differ- 
1 

ential refraction, antenna sag, and geometric factors. The' various factors 
- 

- - 1  

(6) a r e  related through the equation 

where 

K = solar rate (deg. fsec. ) 

6 = eolar declination 

S = antenna sag, zenith to horizon (deg.) 

th 
Ei 

= antenna elevation angle for i data point 

r = differential refraction 



R (E) = Garfinkel optical refraction function (7 ) 
0 

Ir i 
= angle between sun's path and horizontal line 

C = constant of no importance in this work. 

For  each day's data, r ,  S ,  and C a r e  regressed to the data according 

to the equation given. Typical data, with the best fit  curves, a r e  shown in  

Figures 2 and 3. The parametric equation fit to the data was confirmed 

experimentally by varying the sag term. When weights were hung on the 

antenna feed structure, the sag coefficient in  the equation varied greatly 

while the refraction coefficient was unchanged. Figure 2 displays data ' 

where the sag te rm i s  large. Figure 3 shows a data se t  where sag i s  small. 

In either event, the sag te rm does not naturally couple the refraction term. 

The e r r o r s  in the data a r e  due to radiometric noise, differential 

seeing effects, and operator inaccuracy in marking the optical l imbs. The 

effect of these e r r o r s  on the accuracy of the estimate of r was determined 

by generating data se ts  on a digital computer and regressing the parametric 

equation to a number of such data sets .  This procedure was followed for 

each day's measurement, since the exact position and number of data points 

a r e  significant. 

111. Results 

A large number of data se ts  were obtained during the antenna cali- 

bration program to measure sag and opacity, but only a few of these were 

carr ied  to elevation angles which were low enough to allow accurate evaluation 

of differential refraction. Table 1 gives selected data with meteorological 



r r 

R . H .  P Measured Theoret ical  
Date a(mm) Tamb r f a  r r 

23 July 1969 8 . 6  61" 5 670 23.5 0.13f .02 0.200 

31 July 1969 8 . 6  61' 4 370 23.5 0. 16h. 02 0.150 

4 Dec 1969 8 . 6  41. 3" 9570 23.5 0. l6&. 01 0.180 

Ju ly1968 4 . 3  -- -- - - 0.203~. 04 -- 
l D e c 1 9 6 9  3 . 1  40" 82% 23.5  0 .17 f .  01 0.140 

2 7 A u g  1969 2 .2  57" 100% 23.5  0.25&. 02 0 .334 

5 Oct 1969 2 .2  68" 4770 23.6 0 .16f .  02 0.222 

6 Oct 1969 2 . 2  67 " 95% 23.7 0. 24 0.326 

Differential Refraction Measurements 

Table 1 



conditions. The meteorological data given in Table 1 were recorded from 

inexpensive instruments and a r e  probably not highly accurate. The data 

accuracies, a , a r e  standard deviations. 
r 

The simple formula for radio refractive index i s  

where T,  P, and e ,  a r e  the temperature (OK), pressure  (mb), and partial 

pressure (mb) due to water vapor. (1) The second term in this equation re-  

presents the difference between optical and radio refraction. The simple 

theory of astronomical refraction shows that the total refraction depends 

(8) only upon the surface refractive index term. Figure 4 shows our data 

plotted against the term discussed above. The solid line gives the dependent 

the simple theory would suggest. We feel that in view of the relative crudeness 

of the rneteorological measurements, our data a r e  compatable with the simple 

theory up to 100 GHz. However, at 134 GHz the data fall significantly below 

the theoretical line in favor of the optical refraction values. This i s  an ex- 

pected result since the polarization experiences a downward break somewhere 

above 100 GHz. ( 9 )  Our results indicate that this break occurs between the 

100 GHz window and the 140 GHz window. 
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TQE-DEPWlDEN31 VARIATIONS IN SKY HJISSION T ~ f P m U R E S  
AT XIILLIIT~T~ YillVELENGTHS 

Abetract---In %his paper time-dependent variations in sky emis- 

sion temperatures at millimeter wavelengths are reported. In the 

cozwae sf the observation of the Crab nebula, a constant increase 

in uky background emission was noticed. hfeasu-rements of zenith 

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

ernisaion temperature increased gradually through the early morn- 

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

ground ~twucioe. After this maximum the sky emission decreased 

rapidly. The ~-ffl$al of the maximum is likely to have a vraveleng-th 

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, 

Millimeter wave attenuation and emi~sioa are primarily con- 

trol&dd by the atmospheric temperature, molecular oxygen, and 

water vapor, The well-known Van Vleck-Keisskopf equation [I, 2, 

and 31 gives approximate values of attenuation and emission by 

the kid of an appropriate atmospheric model. In practice the 
i 

attenuation ie measured through room experiments, propagation 
I 

measurements along the line-of-sight path [e.g. 43 or by extinc~ 

tion measurements of extraterrestrial sources such as the sun. 

p. g. 5, 6, and 77. Theoretical calculation and empirical detern- 

ination of the millimeter wave emission of the atmosphere have 

been published by various workers, [8, 9, and 101 

Barrett et al. 181 have measured the atmospheric enission at 



t ~ o  z e n i t h  d i s t a n c e s  (60' and 70') and a t  t h r e e  f r e q u e n c i e s  (*20, 

+ ~ 6 0 ,  an6 2200 T4I.Tz) cen te red  on t h e  I\T.=g resor,z.:ce l i n e  cf  rnolecl- 

ai- oxygen a t  61.151 GIIz by ' t h e i r  b a l l o o n  f l i g h t s ,  i n  \vhicl~ they  

found t h a t  f o r  t h e  60- and 200-!3Iz channels  t h e  l i n e  vridths as 

observed i n  tlloBe f l i g h t s  showed d i sameemen t  w i t h  %he t l i eo re t i c -  

a l l y  p r e d i c t e d  va lues ,  tvhich t h e y  a t t r i b w t e d  t o  t h e  u s e  of  s m a l l -  

e r  line-wiclth parameter  AV i n  t h e  Van Vleclr-'7ieisskopf theory .  

They i n f e r r e d  that t h e  d iscrepancy n i g h t  be due t o  t h e  a s su~np t ion  

o f  V a n  Vleclr and Yfeisskopf t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  due t o  

m a n y  ove r l app ing  l i n e s  i s  merely t h e  sum o f  t h e  a b s o r p t i o n  coef- 

f i c i e c t s  o f  t h e  individu-a1 l i n e s .  \'r?.Lile a t  t h e i r  20-IblHz channel  

even a l a r g e r  line-i7:ridth parameter  t h a n  that a c t u a l l y  used svould 

n o t  p r e d i c t  t h e  observed va lues .  I n  t h e i r  t heo ry  they  inc luded 

two assumptions:  first , *he 5-rm v ~ a v e l e n ~ h  r a d i a t i o n  i n c i d e n t  on 

t h e  top  of  t h e  a tnosphe re  w a s  assumed t o  be ze ro ;  second,  t h e  use  

of t h e  3iayI.eigh-Jeans approximation t o  t h e  Planlr ~ a d i a t i o n  3-m~. 

I<ov;cver, t h e  e r r o r s  in t roduced due t o  t h e  assumptions b e i n g  

sma l l  as compared w i t h  o t h e r  u n c e r t a i n t i e s ,  -they excluded t h e  

e f f e c t  f r o n  t h e  exp lana t ion  of t h e  d iscrepancy.  

Pleeks and L i l l e y  [91 haxe calcv. lated t h e  o p a c i t y  and t h e  

thermal  emiss ion  o f  oaTC;en molecule i n  t h e  e a r t h  I s  ~ , t rnosphere.  

They sugges ted  t h a t  t h e  in fo rma t ion  abou t  t h e  v e r t i c a l  thermal  

s t r u c t u r e  of  t h e  atmosphere would be a t t a in t ab le  from t h e  e a t e l -  

l i t e  o b s e r v a t i o n  of  t h e  microwave b r i g h t n e s s  t e m p e r a t u ~ e  as 

a f u n c t i o n  of  t h e  frequency around 6OGIl2, and t h a t  t h e  r e l a t i o n -  

s h i p  between t h e  emiss ion  spectrum and t h e  tempera ture  as 

a f u n c t i o n  of  h e i ~ ~ h t  demonst ra tes  t h a t  t h e  ernission at a Given 

f recuency r e p r e s s e n t s  t h e  m e r a g e  temnera ture  i n  a l a g e r  o f  

a i r  roughly lOlm deep. 

bIeeks DO] h a s  calculated t h e  emission and o p a c i t y  of  
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-tile e a r t h ' s  a t cosnhe re  i n  the v!;:vcLen::th r c z i o n  f ' ro r  7 .5  t o  

3.7 m. His r e s u l t  shovs an e:,:cellent o;,~eement ~ ~ r i t h  mei._sured 

v a l u e s  of o p a c i t y  a t  6 and 4.3 mn w~~velen;:tils. 

S e r r e t t  anci Chung 011 have shown t h a t  fro!? t h e i r  t h e o r e t -  

i c a l  a n a l y s i s  of  t h e  water  va!lor r e sonrnce  l i n e ' a t  13.5 mn 

vr;;velength t h e  d a t a  on t!le p h y s i c e l  s t rv -c tu re  of t h e  a t ~ o s a h e r e  

vrouldbe obta ined  by t h e  tg-ourd-based micro~vave observa t ions .  

While Croom 1123 h a s  cnlculatecl  t b e  a . t n o s ~ ! ~ e r i c  tenye?- 

a t v s e  a t  13.5 and 1 - 6 4  m wntel. vapor  resonance  l i n e s  as 

observed from an  ea,rth s : : . t e l l i te  and obta ined  t h e  r e s u l t  showing 

t h a t  t h e  enhance:nerlt of t h e  te~n:?ereture a-t t h e  resonance c e n t e r  

of t h e  13.5 mm l i n e  would be 50K even o-ver t h e  most fa.vora.ble 

e r , r t b f s  s ~ r f a . c e  (xn - t e r ) ,  which i s  ha rd  t o  be observed by t h e  

ci-o~uid-based r e c e i v e r .  

The t l ieoi-e- t ical  nnd e ~ l p i r i c a l  t r ea tmen t s  of  t h e  atmos- 

phe r i c  o r a c i t g  and e n i s s i o n  t h u s  f a r  ci-t;eci I._;i.ve been perforriled 

i n  rnost ca ses  by u s i n g  t h e  A m  model atmosphere. [13] The 

model be ing  such  t h a t  i t s  u s e  wo~LLd no-t d e a l  w i t h  tine--denendent 

phenonena. such a s  d iu i -na l  and seasorial  v a r i a t i o n s  of tile 

atmcspheric  o p a c i t y  o r  en i s s ion .  

Behaviors  of water  vapor d i s t r i b u t i o n  i n  t h e  t roposnhere  

and  -the sol-ar  c o n t r o l  of t h e  atmospheric  c o n s t i t u e n t s  v z r i e b l e  

i n  corres!)ondence wi th  s o l e r  z e n i t h  d j -s tance  rnay g ive  r i s e  t o  

profovnd e f f e c t s  i n  some c a s e s  on a s t ronomica l  obse rva t ions .  

I n  t h i s  pnDer diurna?. v a r i a t i o n  i n  sky ernission temperat- 

ure ct m i l l i m e t e r  wavelengths i n  y a r a l l e l  w i t h  t h e  measurements 

of  t h e  z e n i t h  emission a t  vravelengths of  8.6 and 3.2 mm a r e  

presented .  

2. Observa t ion  
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For the purpose of neasuring the linear polarization of 

the Crab nebula at nillimeter wavelengths, ohser~ations 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 3.2 mm. This telescope 
1, 

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

receiver is shovm in Fig. 1. $1  
The deflections in the record due to the nebula were seen 'I 

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 
I 

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 background radiation, emission temperature at 

the zenith was measured at 8.6 and 3.2 mm wavelengths for 

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

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

early October. 
i 

In the observations of the Crab nebula an integration ! 

time of a.pproximately 200 seconds was applied 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 
8 

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 t'ne 3.2 mm wavelength 

radiometer and approximately 0.05'~ for the 0,6 rnm wavelength 
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radiometer. This setup of the receivers  enabled us t o  detect  

even s l i gh te s t  var ia t ions  i n  an tema ternpcrat?~re, 

Fig. 2. Observed ante'nna tenpera twe 
i n g  phase was 1-ilcely var ia t ions  with Lime. 

1 After corroborative observations of the sky emission var i -  
I / 
i a t ions  a t  the two waveleneths it was fo~md t h a t  the emission 
1 
i temperature a t  the zeni th showed, a s  was expected, regular var i -  

! a t ions  with regard t o  the so l a r  zeni th distance a t  both vme- 

i 
i 

lengths,  t h a t  is,  the sky emission temperature increased grad- 

1 
i 

ua l ly  and almost monotonously throughout ear ly morning hours 

i u n t i l  it a t ta ined  a  short  period (say, f o r  10 minutes o r  so )  
i 
i f l a t  naxim~m a t  around an hour before ground sunrise an& the 

i 

i 
temperature decreased rapidly thenceforth vhj-ch kept up f o r  hours. 

i 
Quantitatively describing these var ia t ions ,  on a  c leares t  

i day the  increase i n  antenna temperature a t  the 8.6 mm wavelength 
I 

\ was very roughly 0 . 5 ' ~  per  hour and t he  r a t e  of decrease a f t e r  

i 
I 

t he  peak vras approximately 2 ' ~  per  hour. While a t  the 3.2 mrn 

vravelength the temperatwe increase was form4 t o  be sonemhat 1 more gradual than i n  the case a t  the 8.6 mm vmelength, and its 

1 r a t e  was estimated t o  be s l i gh t ly  Less than 0.5' an hour. 1 The r a t e  of decrease ----_~z-H?-- -- 

t o  have wavelength 

j a t  t he  3.2 mm wave- 

i length was found some- 

I what higher than a t  

j the  8.6 mm wavelength 

1 and mas estimated t o  
I 

f 
be 2 t o  3% an hour. 

(via .  Fig. 2). The 
i 

". 
' C  '. 

0.6 o.\H PA---- 

i 1 I 
onset of the decreas- - Zl lR - , Ha 8U?X219E l--l-. ., IM4 



dependence, that is, the 3.2 nm wave set in to decrease a lit-tle 

earlier than the 8.6 mm wa,ve. 

Calibration of the receiver vrcs carried out by means of 

a matched termination at various temperatures. In the 8.6 nm 

radiometer a precision attenuator and en argon tube noise 

source were available. The precision atten~~tor readings 

were calibrated through the above arocedure to enable to read 

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

mm wavelength radiometer, in which no precision attenuator 

vras available, the calibration was performed directly with the 

met-ched termination, which wns a very painstaking procedure 

to perform frequently. Iience, 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 tine-dependent with regard to the local ground sunrise, 

and hence the regular variations in antenna temperature vras 

believed unquestionably to be due to sone unknovm bousce in 

SKY 

However, for fear of possibilities of mistaking spurious 

antenna temperature variations due to instrument21 and meteor- 

olohical fluctuations for the intrinsic s~ emission variations, 

due considerations were paid to discriminate what's what. 

3. Possible mechanisms for the emission variations 

At the firat stage of this section the environ-leiits of 

the measurements at the time of the observations are intro- 

duc ed . 
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The ~ o s s i b i l i t ~ r  t ha t  the atmos--,heric tenoernture and 

hanidi ty  var ia t ions  a t  the obsetviny ~ i t e  ~?i,-ht be ihe cause 

of the var ia t ions  i n  the ~ n t e n n a  tenper2,ture azs feared a t  

first. I n  order t o  i n v e s t i p ~ t e  the poss ib i l i t y ,  the ambient 

temperature and the r e l a t i v e  hunidity near the antenna were 

monitored throughout respective observations, wliich remained 

on most days almost unchenged u n t i l  about half  an hour a f t e r  

sunrise.  Accordingly, the var ia t ions  i n  the antenna tempera- 

t u re  were m;rilistalcably not due t o  the var ia t ions  i n  meteoro- . 

l og i ca l  conditions a t  the pound leve l .  Atnospheric pressure 

was not monj-tored but  i t m a y  be inferab le  t o  have been s tab le  

a t  around 800 mb s ince  the  measured temperature and humidity 

remained almost constant. 

Throughout observations the antenna was kept steady 

to~vards the  zeni th,  and hence possible va r i a t i on  i n  gromd 

rad ia t ion  piclred up by the antenna due -to i t s  vasyj-ng posture 

was avoided. This wa17ranted t o  eliminate the var ia t ions  i n  

the s t r ay  rad ia t ion  of the geound a s  a  possible  sowce o f  .the 

antenna temperature variat ions.  

The receiver  f ron t  end just  behind the  prime focus of the 

antenna cons is t s  of a  cylinder i n  which a11 the waveguide 

components, a  l o c a l  o sc i l l a to r ,  and an I.F. ;,reamplifier a r e  

i n s t a l l ed .  Temperature inside the cylinder would corae t o  

sa tura t ion  due to  heat radia-tea by the l o c a l  o s c i l l a t o r  

and the 1.2'. preamplifier a f t e r  an ho t r ' s  warnling uj?. Thus, 

the  thermally saturated f ront  end would not exert  any e f f ec t  

upon the output of the receiver.  

The atmospheric and i n s t m e n t a l  s i t ua t ions  a s  s ta ted  

thus f a r  a s  well  a s  the fr,ct t h a t  the phenomena i n  the preoen-l; 

discussion were c lear ly  time-dependent with regard -to the 
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solar zenith distance naturally led us to believe that the 

emiesion variations should be intrinsic variations possibly 

related with thermal and/or chemical rrogerties of the 

almospheze . 
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 galactic 

emission to the sky emission temperature at the vravelengths 

used should be essentially negligible except the constant 

3% cosmic background radiation omnipresent in space, and no 

distinct correspondence between the transit of the Galaxy 

and the timevarying sky emission vras seen. Hence the contri- 

bution of the galactic rzdiation to the sky emission varia.- 

%ions can be reasonably neglected. 

Now it has become clear that the regularly varying sky 

emission is originated at some height in the en,rthts atmos- 

phere between the F ionosgheric layer 2nd the troposphere. 

The~~nal and chemical properties of the earth's atmos- 

phere are principally controlled by solar radiation and ~a1a.c- 

tic cosniic rays through various nrocesses such as heatinz, 

ionization, and dissociation of the atmospheric constituents. 

These nrocesses occurring in various height ra.nges will be 

discussed in the following in relation to the time-dependent 

variations in the nillimeter wave S!T~ ellission. 

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

enission variations is considered. 

The 3'2-region sepz.rnted the shadov:ed portion and the 

sunlit portion of the atmos?here 2,t about an hour before 

ground-su-nrise. The slmqlit; -nortion of fiie iozlus,~here changes 

its conditions greetly, th2t is, electron concentration an& 
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its tennerature there set OLT-t to restore the da~rtine condition 

due to heating, ionization, dissocintion, &c. of tile constitu- 

ent ?articles by solar X- and bV-radiations. Ihus, %lie layer 

sunrise at the B2-region distinctly sepervtea the daytine and 

nipbttine conditions in the layer si~arnly. Iience, the apgli- ; 
cation of thernal radiation to tile >'i-re:;ion seens to be worth- 

I 

while to be considered in relation to the periodic variations . 
I 

in slcy emission temperature. 

In this investi,gtion validity of the Eirchhoff 's lavr 

and local thermodynamic equilibrium are tentatively assumed. 

Actually, in the layers above the transition layers Kirch- 

hoff's lavi vrould not hold any longer and also deviation from 

thermodynamic equilibrium nay be great. However, since in the 

present case ne are dealing vrith only a rough estimation of 

thermal emission in the Fp-region, even these assumptions 

~rould suffice the present requisite in investigating vihather 

the 3'2 acts as the source for the regularly varying temperature. 

iiith these basic assumptions several equations are intro- 

duced for the purpose of calculating the thermal emission and 

absorption in the F2-region. 

The emissivity I3 of the thermal emitter per unit solid 

angle is expressed as follows: [16] 

The absorption coefficient r is obtained viith Kirchhoff '8 law. 

E l =  ~AB(T). In the radio frequency range the Rayleigh-Jeans 

-Inproximation may be used with small error even at 95 GHz, 

then B ( T )  can be written as 



where f = C/A . 
Under thcrr?,odynaPrg.ic ec~uilibriurn the nbsor:>%ion coeff icient  

i s  

Combining ecpations 1 ,2 ,  and 3, the absorotioc coef f ic ien t  IL 

is  expressed a.s 

i n  which N i  and ?Ie represent number density of ion and electron, 

respectively. e  and Z are  electron and nuclear charge, resgect- 

ively. c  i s  the veloci ty  of l i g h t ,  m e lectron nass, K Boltzmann 

consta,nt, T k ine t i c  temperature i n  OK, f wave frequency I n  H e ,  

and 2 wavelength i n  cm. 

A s  i s  immediately seen from Eq.4 the absorption coeff ici-  

ent is  propor-tional t o  wz.velene;th squared. Hence, i t  i s  

intprcitively expected t h a t  the absorption and hence the  emis- 

s ion may take negligibly small values 2.t mill imeter wavelengths. 

I n  order t o  confirm t h i s  s i t ua t ion  by means of Eq.4, typ ica l  

values of N- j ,  N e ,  and I f o r  the daytime equilibrium i n  the 

F;cregion a re  taken t o  be Ni*NeQ 5~105cm-3 and T - 15000R. 

ETuclear charge Z i s  taken to  be 8 since most of ions i n  the F2 

consis t  of oxycen ions,  With these values and from Equ.4 the 
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brightness  t e q e r a t u r e  of the 3'2-region thermal emission i n  

tiie ~n i l l ime te r  wme range was caLcu1a"ued t o  be vanishingly 

low, 

Nighttime value of T a t  the P2 heights i s  lower than the 

daytime value by a f ac to r  of one half  t o  one th i rd  and night- 

time Re i s  Lower by a f ac to r  of nearly two orders than the day- 

t i n e  value and hence the brightness temperature there is  a m i n  

negl igibly small. Thus the F2-region contr ibut ion t o  Lhe 

millimeter wave emission may be safe ly  ruled out from consider- 

a t ion.  

I n  the  PI-region the s i t u a t i o n  i s  almost the same a s  i n  

tho B2 axla thus the contr ibut ion of -the Pl-region t o  Yne m I 1 l . i -  

me-t;eq+wa~e emission is  excluded likeivise. 

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

i za t ion  and recombination a re  of the orders of horns, d ~ y u  o r  

even month8 according t o  the heights  i n  those Layers i n  which 

those reac t ions  Lake place. Therefore, the emission due to 

ion-elec.tron in t e rac t ion  a?ld the  emissj.on due t o  molecular. 

olr;ygen vrould show no auch rcla-bively short  period val-ia-biono 

a s  a r e  needed i n  the  present investigation. 

So f a r  me have seeked f o r  the possible source o f  -the ias- 

6qlar ly varying millimeeer wave enissions i n  -Gile B p - l a ~ c r  

down t o  the D-layer heights  i n  vain, though t!lr38e 1a.yc-r-a -khx;s 

f a r  invest igated w i l l  reappear i n  the l a t e r  atagc a s  pooaiblo 

media rihich r e f r a c t  o r  s c a t t e r  so l a r  rad ia t ion  doernwards. 

From above discussions i t  i s  now i ~ f e r r o d  tha t  the  noui-eo 

of the regular ly varying millimeter wave ernission 1-ies a% voma 

hej.gh"cn the  stratosphere o r  the  troooophere i n  ?rhich moleou2.- 

ar oxygen and water vapor concentraLions a r c  @l&. 

Ionizat ion i n  the lower atmosphere is  ctzuaad ohlaf ly by 
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the ga lac t ic  cosmic rad ia t ion  except the lowest Icilometer over 

the ground i n  v~hich ionizat ion of a i r  i s  ch ief ly  dus -Lo radio- 

ac t ive  ma-tter i n  the s o i l .  As i s  known, however, the intens- 

ity of the ga lac t ic  cosmic rad ia t ion  i s  lovr and show a  very 
I 

small d i w n a l  va r i a t i on  of 0.1 t o  0.2 $ with a  maximim a t  a- 

round local-noon. Hence, the vrealr ga lac t ic  cosmic radiagion 

p i i l l  not lend support t o  the in t e ry re t a t ion  of the regularly 

varying microwave emission i n  the  present discussion. 

Let us  now consider another possible mechanism t h a t  may 

give r i s e  t o  the phenomena, which seems t o  be the  most e f fec t ive  

f ac to r  i n  cont ro l l ing  temperature, 02 and Hz0 concentrations 

/ and hence mil l imeter  wave emission a t  s t ra tospher ic  and tropo- 

spheric height;s before sunrise.  

A port ion of sun 's  radiant  energy reaches stra.tospheric 

and tropospheric heights  s t ray ing  away by sca t t e r ing  and 

r e f r ac t ion  from the  d i r e c t  beam toward F2 heights  i n  the  course 

of i ts  t r zve l ing  i n  the etmosphere. Thus, the  so la r  r ad i a t ion  

s t ray ing  i n t o  the lower atmosphere from the d i r e c t  beml con- 

t r o l s  the atmospheric s i t ua t ion  i n  the s t ratosphere and the 

higher ha l f  of the  troposphere and hence the millimeter wave 

emission a t  those heights.  

A s  i s  knovm, hoaever, so l a r  u l t r a v i o l e t  rad ia t ion  i s  

, deeply absorbed i n  the higher atnos:,here, and hence the  

1 rad ia t ion  below 1 =3200A i s  cut off before it a r r ives  a t  the 

, trogosphere. ':bile a t  wavelengths gree te r  than the v i s i b l e  
I 

range the absor i~ t ion  spectruq i s  due ch ief ly  t o  the minor 

const i tuents  i n  the  atmosphere such a s  carbon dioxide and 

vrater vrpor. Thus the infrared and v i s i b l e  p a r t s  of so l a r  

r ac i a t ion  re f rac ted  or  scat tered dox"imvrards can penetrate  deep 

in to  the troposphere t o  heat and ionize the a i r  a t  those heights.  



Thus, it mng be sugc:csted thnt the do~al\-!:ird bent solar 

...- 2 2 - .L: I U U L F - ~ I O I ~  !)lays a le~ding role in controlling the sit~e,tion 

in the millimeter wave enitting re~ion in the decreasing phqse 

of the sky emissions. 

For convenience of description we will devide the day 

into five phases in accor6ance with the sequence of the emission 

variations. 

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

an hour before ground sunrise and separates the nighttime and 

the daytime conditions. 

PRASE Iia is tile phase in which the a'cmospheric absorption 

and ertission decrease constantly. This phase starts about an 

horn after ground sunrise (observationally the change in the 

decreasing rate of the sky emission would shovi a dull turning 

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

at aro-ad 14 hours in local time. PHASE IIa is immediately 

followed by PHASE IIb in which t'ne sky emission increases 

gradually due to the heat loss of 1;hB atmosphere. PHASE 111 

follows PHASE IIj imnedia-Lely. IC1.lis phase is an inversion 

of ;PHASE I and may last for ax h o w  or so. 

PHASE IV i s  tile final phase of the day and corresponds 

to the nighttime enission increasing phase vrhich endures for 

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

maximum. 

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

temperature in the ordinate. 

The nai;ure of PITUSE I has been diacusscd so far. I b  io 

a period in which the nighttime atmospheric condition is 

rapidly destroyed. This destruction is, a8 has beon dlnc~~?jaed 

already, due to the heating and the reduction of orygcn 
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molecule and water  vapor  a t  beiyht::  around t h e  up?cr t rop -  

o sphe re  due  t o  t h e  s t rc -y ing  r a d i a t i o n  f r o n  t h e  d i r e c t  s o l a r  

bean  i l l u m i n a t i n g  t h e  h i g h e r  atmos ?here .  The strayin:? l i g h t  

i s  t h e  v i s i b l e  and i n f r a r e d  r anges  of  s o l a r  r n d i a t i o n  s i n c e  

W is  s t r o n g l y  absorbed i n  t h e  t o p  l a y e r  of tlze ozonos-,here 
! 

as w a s  s t a t e d  before .  I 

As t h e  sun c l imbs  t h e  l a y e r  i l l umina ted  by t h e  d i r e c t  

beam comes lower and l o n e r ,  i o n i z a t i o n  and d i s s o c i a t i o n  , 
o r o m e s s ,  and t h e  tempera ture  comes h i g l ~ e r .  I n  17n1-allel 

w i t h  o t h e r  changes due t o  t h e  d e s t r u c t i o n  of  n i&l t t ime condi- 

t i o n s  i n  PEASE IT, t h e  s o l a r  c o n t r o l  o f  t h e  atmosphere would 

b r i n g  t h e  n i l l i m e t e r  wave emiss ion  l o v ~ e r  and l o n e r  f o r  a couyle  

PHASE I is  1il:ely t o  be t h e  most com2lex pe r iod  of  t h e  day i n  

which t h e  r i s e  and f a l l  of  a tmospher ic  c o n d i t i o n s  t a k e  p l a c e  

concxwrently . 
I n  PHASE I1 s o l a r  r a d i a k i o n  h e a t s  t h e  atmos-:?here d i r e c t l y ,  

and t h e  narc11 o f  t h i s  h e a t i n g  keeps  up u n t i l  sunse t .  Hence 

t h e  s l q  emiss ion  t ex -pe ra tme  is natu.rall.sr low. 110-{fever, t h e  

a tmospher ic  %errLperatwe comes t o  i t s  s a t . m a t i o n  a cou?le hour s  

a f t e r  t h e  mer id i an  t r a n s i t  o f  t h e  s u n  and t h e n c e f o r t h  i t  de- 

c r e a s e s ,  and, t h e r e f o r e ,  be fo re  t h e  t i n e  of  t h e  ~-nlaxiniwn ntrzos- 

y h e r i c  ter.?erc.t~xre t h e  s l q ~  m i s s i o n  o r  o n z c i t y  d c c r e s s e  

g r a d u a l l y  and nf t e r  t h e  c i tmos~her i  c te r?>era ture  h a s  a t t a i n e d  

i t s  cealr t h e  sly e r i c s i o n  i n c r e r s e s  w a d u a l l y  as t h e  sun  goes  

doim. Accordingly,  i t  seems a ~ r r o o r i o t e  t o  rialce t i ~ o  subdi-  

vision:: of  PHASE 11, t h a t  i s ,  L-,i;)[ASX 11, which i s  r.iven p lack  

t o  t h e  : ~ e r i o d  be fo re  t h e  msxiro.vm ;lnt;!ncs:.heric t e ~ n p e r a t u r e ,  

and il'FT~?Slf I I p  for t h e  p s r i o d  a f t e r  tha- t .  

A t  2.l.o~-nd nm:sci; tile hr?:-:tilL- o f  %!I;. n-tr:losph.ei-e cccr,cc: 
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rapidly,  cooling s t a r t s ,  an?? thus PIIASE 111 s e t s  in .  A s  was 

s ta ted ,  t h i s  phase i s  the inverse of PlIASi3 I and therefore the I 
processes taking place i.n PIIASE I would occur i n  the reverse 

order i n  PXASE 111. PIIASE I11 may continue f o r  some time, say 

an h o w  or so, and i s  imnediately folloived by PHASE I V .  I 
PHASE I V  endures throughout the night. I n  t h i s  phase 

the  emission temperature of sky increases c.ontinuously wItil 

an hour before sunrise.  A t  the  peak of the enlission temperature 

PHASE I V  i s  taken over by PHASE I a t  which the d2y s t a r t s  

again. 

The mechanism of the emission temperature increase i n  

PHASE I V  may be a concurrence of several  processes taking 

place in ' reg ions  from the  ozonosghere dovm t o  the ground. 

These processes are: 

a) Heat l o s s  of the  atmosphere a f t e r  sunset. 

After ceasing of so l a r  hea,ting of the atmosphere the 

troposphere loses  heat gradually bringing the atmosp&xic 

emissivity higher. 

b) Gradual cooling of the ground. 

The heat emission of the  ground at tenuates  gradually 

reducing the  heat ing of t he  atmosphere through night. 

This b ~ i n g s  the atmospheric emission higher. 

c )  Ozone heat loss .  

The atmospheric ozone near the region of 50hl a c t s  a s  

an enormous heat reservoi r  absorbing so l a r  rad ia t ion  i n  

Hartley absorption bands (2100-3000~) i n  fhe daytime. 

The stored e n e r a  by ozone released through long wave ! 
i 

( inf ra red)  rad ia t ion  a l l  through night impedes the 1 
i 

cooling of the atmosphere, but ao the stored energy iu 1 
i 

wasted t h i s  propping up of the atmospheric temperature 

- 17 - 



gets weaker resulting in a gradual cooling of the atmosphere. 

Thus, the atmospheric emission increases gradually. 

d) Lowering of the height of I 
zero water vapor concentra- 

tion. 

P. Shimabukuro [5] has re- 5 
ported that for the same 

value of pricipitable wa- I 
ter the atmospheric atten- EUTEW 'dBQ6R D & N 8 1 F f  
uation is higher when the Figc&. Heist el~ange of zero 

water vapor lsaol b&vs@m dey 
vertical distribution of an8 nA&!t. 

water vapor concentrates lovrer in the atmosphere. This situ- 

ation may have occurred as the air became cooler d1win.g the 

measurenents. The height at which water vapor density ba- 

comes practically negligible comes lower (vid. Fig.4) t1~1-ough- 

out the night resulting in the increasing opacity or emis- 

sion in the middle troposphere. 

e) Local atmospheric circulation. 1 

The so-called momrtain wind which occurs at summer ni&.Cs is 

a circulation of air along mouxtainsides . (vid. pig. 5) . lhia 
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 Pig. 5 .  Ihuntain-vallgr 
axr circulation at 
night (mo?mtnin wtnd ) 



sunrise. Yhc etrzosphcric condition favorable -to the occur- 

rence of this air circulation is limited to only a ~~rindless 

night, an5 ?/hen mix3ng of air nrevails there is no such cir- 

I culation. Yhc ahosphcric circulation, when occurred under 
t 

a favorable neteorological condition, may have contributed . 

to the tine veriations in the opacity and enission of the 

atmosphere at the zenith over the obscrver since The Univ- 

ersity of Texas 16-foot diameter radio tel-escope used in 

the observation is situated close to the to*, of Llt. Locke. 

( For the atmospheric circulation vs. sky emission tenper- 

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

The preocesses a .through and possibly e -2:hich keep their 

march throughout the night come to their termination concurrent- 

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

control of the atmosphere in P H A S E  I. 

The occurrences in YEAST3 1 through P H A S E  IV are su~~unarized 

in Table I. 

It is naturally inferred that'in the observations of weak 

extraterrestrial rr.dio sources in the micro~rave range the re- 

lation between the antenna temperat~rre due to a source and the 

zenith distance of the source 7:rould show specific traits in ac- 

cordance with the respective phases. 
I 

Let the atmospheric opacity be *l and r 2  for the observa- 

t'ons before and after the meridian transit gf the source, re- t 
siectively. Then, in P H A S E  I, in MLASE IIa, '1 

', 
< r 2  in PHASE IIj , '1<*2 in P H A S Z  111, and r l < c 2  in P H A S E  IV. 

In  P H A S E  I and P E A S E  111 the atmospheric opacity and hence e- 

mission vary irregularly, and a.ccordingly the curve for antenna 

tenperatwe v ~ .  7 enith disteilce could shov irrewarities in 



Table I 

Gradual increase of sky 
emission. 

Continuous decrease of 

slry emission. 

Gradual cooling of air 
a few hours after meridi- 

Cause 
Onset of solar control of 
lower atmosphere due to 

downward scattering of sol- 
ar radiation and decay of 
ni,y&ttirne atmospheric con- 
ditions. 

PiIASE 

I* 

Gradual heating of air by 
direct solar radiation. 

an transit of sun. 

Phenomena 
Onset of decrease in slry. 
enission at about one hour 

before sunrise. Transient 

period between night and 

day. 

Increase of sky emission 

at around sunset. Tran- 
sient period between day 

and night. 

I 

I / IV / Continuous increase of 
I I sicy emission. 

Ceasing of solar heating 

of lower atmosphere. Re- 
verse processes of PIIASE I. 

Heat loss of atmosphere. I 
Conc~rrence of several 
processes. 

* l k y  h m e  wavelength dependence in the onset time. 



accordance nit21 the varying opacity. In  nar t icu lnr  when an ob- 

servation i s  made i n  -the period extending over PHASE I V  and 

YIIASE I, PHASE 11 a-nd PE!ASX 111, 

YIIASE 111 and PHASE IV, and pos- 

s ib ly  PHASE Ila a d  PHASE 1 I p  , the I PtiGE I 

plo t  of antenna temperature vs. 

zeni th dis tance would be conlpli- In T, 

cated. These s i t ua t ions  a r e  il- I \ 
L 

lus t ra ted  i n  Figs.6(a) throu@ ( e )  sec z 
(a )  

and ~ i g s . 7 ( a )  through ( c ) .  [PHASE na 

A s  a r e  readi ly seen i n  these InTcc 

f igures ,  the  plo-ts of antenna tem- 

perature vs .  zeni th distance ob- I 
see z 

tained i n  the observations made i n  (b) 
1 

, - PHASE ng PHASE I, PHASE 111, and the in te r -  

phase periods do not show a s inple  

curve a s  appears i n  PEASE I1 and 

PHASE I V .  I n  these cases the ex- S&C Z 
I r \ 
IL.1 

a c t  brightness temperature of the  

source may not be determined so /nTa I 
simply as i n  the case t h a t  the a t -  I 
mospheric at tenuat ion i s  l i nea r ly  1 sec n 
changing. 

A t  mill imeter vravelengths 

a t  which atmospheric absorption 

. i s  considerably high, the bright- 

ness temperature of an extrater-  
I' *CZ 

(e 
r e s t r i a l  radio source can be de- Fig.6. W Q C ~ ~  ~ ~ * ~ Q c ~  

curves f o r  respective phanea. 
termined by extending the p lo t  

o f  the anterma te11lperatul.e vs. 
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sec curve to sec Z =0 when the 
PHASE fV -4 I 

atmospheric attenuation is not 

changing during the obser vat5.cn, 

and the intercept at secZ=O 

gives the brightness tempera- \ 
see z 

ture of the source. If the at- (Q)  
I F:U?,85 Jl +Dl 

tenuation changes at a constant 

rate r , the plot of the pre- InTa 

and post-transit lnT,vs, secZ 

values will give a reg~ession 
see z 

curve. Then the brightness Cb) 
PXA8E l% -9 W 

temperature of the source is 

determined by extending the in- 

ner bisector of the regression 

I \ 
curve to secZ-0. This situa- 

I 

tion is illustrated in Fig.8. S ~ C  z 
( C )  

In this figure intercepts a and Mg.7.Eqected inhelphaso 
vs.aecZ curvoa for pre-- and 

c, which give brightness temper- poe-b-transit rneanlrreruen%o of 8 
scurce. 

ature for, say, pre- and post- 

transit neasurements, represent DRIQIIWBS 
TEk4PEffTURE 

false values. The true bright- 

ness temperature is Pound at b 
l nTa 

~~hich id the intercept of the 

bisector of the pl.ots for the 

pre- and post-trmsit measure- 
KEFilDlBN ments. Accordingly, if the plot I ~ ~ ~ f i c r r ,  I \ 

of the measured l n T a  vs. sec Z I \I ' x 
--- 
0 

-- 
values gives a sinuous regres- sec Z -+ 

Pig. 8. In Ta vs. ncc Z under 
sion curve as appearing in Pi@* linearly varying attenuc- 

tion. 
G and 7, there is no viay to 



f ind out t:lc t - n ~ e  br igl~tnesn ten~era l -ure  of the source. There- 

fore ,  observntion of v:cr;!c sourcco shotl-ld bc made e i t he r  i n  PHASE 

I V  o r  i n  PiihSE 11. 

4. Wavelength dependence of the cliurnal var ia t ions  

A s  was s ta ted  i n  sect ion 2, the  onset of Y E A S 3  I a t  t he  

8.6 and 3.2 rim wa,velengths a r e  s l i g h t l y  differbn '~,  t h a t  is ,  the 

onset of PHASE I a t  the  8.6 mril wavelength r e t a rds  s l i ~ b t l y  com- 

pared with t h a t  a t  the 3.2 m wavelength. Phis nay be i n t e r -  

preted by the difference i n  the  at tenuat ion a t  the  tvro wave- 

lengths.  The 23.2 mm wave i s  rnure sens i t ive  than the  1;.  6 l-mn 

wave t o  the  va r i a t i ons  i n  a -Lten~~at ion  6v.e t o  vnxying atmospher- 

i c  conditions described previously. (vid.  Pig. 9). 

Prom above statement, i t  may 

be in fe r red  t ha t  i n  PHASE 111 

the  r i s e  6 f  sky emission a t  

t he  3.2 mm vravelen&--h should 

be s teeper  than i n  the  case 

a t  the 8.6 rm wavelength and 

the  t eraperatwe increase a t  

the  3.2 m wavelength i n  t h i s  
20 40  €0 GO100 2 x 1  &ria - - -  .-- 

FREQUENCY (GHZ) 
pha.se be greater than Fig. 9. Atmospheric absorption 

a t  the 8.6 mm vlavelenfln. due t o  water vapor and oxygen 
molecule. 

5.  Seasonal var ia t ions  

The r a t i o  of the  antenna temperature t o  brigh-tness temper- 

a ture  of a source i s  dependent upon the season i n  which the  ob- 

servat ion i s  made. The r a t i o s  f o r  some planets  a t  various m i l -  

l imeter  wavelengths have been reported by Tolbert  e t  a l .  [14] 
f o r  the period July-Ilovember 1964. Their r e s u l t s  a r e  shovm i n  
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Pig.10. The var i -  

a t i ons  seen i n  the 

f igure  a re  m i s -  .1 

talcably due t o  the 

change i n  humidity ' 

i n  the atmosphere. 

The minimum l'a/Ts 

r a t i o s  f o r  a l l  the 

wavelengths come, 

a s  a r e  readi ly  

i n  midsummer i n  

seen i n  the f igure ,  
.001 

which humidity i s  

the highest i n  t he  

year.  Prom the re- 
TIRE3 (months) --. 

sUlts *'lbert et Pig.10. Variations i n  the r a t i o  an tema 

al. it is natxwally temperature/briglltness temperature of 
some planets  during calender 1964. 

in fer red  t h a t  Sea- After  ~ o l b e r t  e t  a l .  

sonal var ia t ions  

should ex i s t  i n  the 

sky emission and opacity which a re  dependent upon the wavelength 

used i n  the observation. 

6. Discussion and conclusion 

I n  the l a t t e r  par t  of September, r epa i r  work of the astro-  

dorile s t a r t ed ,  ancl .%he operation hour of the telescope was l i m i t -  

ed t o  ni;ihttirne only. Therefore, the observation d i d  not cover 

the vihole process of the sky emission var ia t ions .  Accordin,yly, 

-the present c7iscus:;ions a re  based on a  short  time observation 

of the claylong varria-tions y~l?ici~ covered on1.g several hours 



from midnight through a b o u t a n  how- a f k e r  s w ~ r i s e .  Theref o re ,  

PIIASE 11, PHASE 111, a d  the  f i r s - t  h a l f  o f  PiikSE IV have no ex- 

perimental  bases. Hence, w e  had -to specuXa.te about t h e  r e s t  of 

t h e  phases' from t h e  observa-tions made i n  PHASE I V  and PHASE 1 

i n  o rder  t o  cons-bruct t h e  d i u r n a l  v a r i a t i o n  curve of t h e  sliy 

emission as shown i n  Fig. 3. 

However, it may be s t a t e d  t h a t  t h e  per iodic  and r e c u r r e a t  

v a r i a t i o n s  i n  sky emission and opaci ty  e x i s t  besides t h e  l a r g e  

s c a l e  v a r i a t i o n s  due t o  non-periodic changes i n  me-teorological 

condit ions.  

'Phese r e g u l a ~  v a r i a t i o n s  may have a tempezia"cure ampli-t;ude 

o f  , say, l o o a t  t h e  most as olsesved at t h e  he igh t  of a s  high 

as 2090 meters. This amplitude would be much smal ler  f o r  an 

obselver  neas  see  l e v e l .  Therefore, i n  t h e  observation of 

s t r o n g  r a d i o  sources such as t h e  sun, t h i s  small antpli-i;V.de 

v a r i a t i o n s  i n  t h e  a t t e n u a t i o n  would naGurally be passed over 

vd-bhourt being noticed.  However, observat ions  of weak r a d i o  L 1 

sources  in-which t h e  antenna tempera-hures due t o  those sources 

a r e  l e s s  than  'che amplitude of t h e  tempesakwe ta r i aLioo8  of 

sky may ouff e r  from t h e  vhrying opaci ty  and emission even 

thou& thi: weather i s  i d e a l l y  f i n e  and i r r e g u l a r  v a r i a t i o n s  

i n  t h e  atmosphere should be completely neg l ig ib le .  Therefore, 

i t  nay be s a i d  %ha-l- i n  order  t o  determine t h e  exact  va lue  of 

b r i @ ~ t n e s s  temperature of a we& source, as was mentioned al- 

ready, observation should be maae during PHASE 11 o r  PHASE N 

i n  which t h e  decrease o r  inc rease  of t h e  atmospheric a t t e n . u -  
2 

t i o n  a r e  r e l a t i v e l y  constan% a s i d e  f r o n  t h e  e f f e c t  of non-peri- t 

I 

odic v a r i a t i o n s  i n  me'ceorological condi t ions ,  , 
1 

There remain some quesLions aboic.% t h e  rLatwe of Yne phe- i 

nomena: They might be loca l i zed  phenomena, may have r e l a t i o n s  



w i t h  t h e  s o l a r  c y c l e  m d  a c t i v i t i e s ,  and s o  f o r t h .  

Konever, s i n c e  ths obscl-vatrons u~ez-e c a r r i e d  o u t  i n  a l i x i t e 5  

p e r i o d ,  t h e r e  i s  no means t o  answer these  ques t ions .  S o l u t i o n  

o f  t h e s e  q u e s t i o n s  c a l l s  f o r  Lhe o b s e r v a t i o n s  of  t h e  phenomena 

a t  v a r i o u s  1.ocations an11 a t  a v a s i e t y  o f  wa~re lengths  c o v e r i n g ,  

24 hour s  of  t h e  day and extending  ove r  a l o n g  space of  t ime.  
I 

I n  PHASE I1,and IIB the obse rva t ions  of  t h e  i?henomena may be ' 
1 

d i f f i c u l t  due t o  s o l a r  r a d i a t i o n  s t r a y i n g  i n t o  t h e  ante lms ' 
th rough i t s  s i d e l o b e s .  W e n  i f  t h e  s i d e l o b e  l e v e l  o f  an an- 

t enna  i s  30 dB lower t h a n  t h a t  of i t s  main l o b e ,  t h e  spu r ious  

r e sponse  due t o  t h e  s t r a y i n g  s o l a r  r a d i a t i o n  would come up to 

s e v e r a l  deg rees  which i s  a lmost  conparable t o  t h e  ampli t& 

o f  t h e  s'q t e n p e r a t u r e  v a r i a t i o n s  i n  t h e  p r e s e n t  d i scuss ions .  

The two viavele i g t h s  o f  8,6 and 3.2 mm used i n  t h e  observ- 

B-%ions a r e  b o t h  i n  t h e  r a d i o  windovrs between t h e  molecular  

oxygen and wa te r  vapor  resonance l i n e s  a t  13.5, 5, and 2.35 m. 

Obsel?rations o f  t h e  phenomena a t  o r  n e a r  t h e s e  resonance l i n e s  

w i l l  r e v e a l  which makes more c o n t r i b u t i o n  t o  t h e  generae ion  of 

-the phenomena, wa te r  -rapor o r  oxygen molecu1.e; and w i l l  g i v e  

more 3 r e c i s e  info;-mation f o r  t h e  i n t e r p r e t a t i o n  of  t h e  rave-  

l e n g t h  dependence o  P the o n s e t  of  PHASE I and FFIASB 111, and 

p o s s i b l y  about  t h e  h e i g h t  of  t h e  source  f o r  t h e  phenomens, They 

w i l l  e.lso g i v e  some in fo rma t ion  about  t h e  phyo ica l  s a d  cheuEica1 

p r o p e r t i e s  of  t h e  101-ier atmosphere, p o s s i b l y  inc7.uding the 

s t r a t o s p h e r e ,  as a suppl-ementary means f o r  &he c&lculn%x!.ona 

and exper iments  of  va r ious  workers c i t e d  i n  s e c t i o n  1 i n  Lkio  

paper. 

I n  c l o s i n g ,  need of  long-term obsel-rations of  t h e  e-ky 

tempe-ratx.se i s  ernphasized i n  o rde r  t o  eaab le  me tco ro log in t s  

t o  a c q u i r e  f u r t h e r  knowledge about t h e  troposyhel'o a d  poo- 



s i b l y  ille stratoupllex-el and -to ennble ~.stuonorr.e's "GO h l o n  tha 

bshavior  of i l ~ e  atmocp;le.r.-i.c a b s o r p i l o n  of microwaires .the knov:.- 

l edgc  oE nilich i s  a prercqui.si.-te£or t h e  de te rmina t ion  of  exac t  

b r i g k t n e s s  te~~iperatux-e of ex t - r . a t e r r e s t r i a1  r a d i o  sources .  
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Observations of extraterrestrial radio sources in the micro-. 

wave range sustain attenuation due to oxygen molecule and uncon- 

densed water vapor in the atmosphere. In particular for waves 

at wavelengths shorter than about 2C rnm, the atmosp2ieric absorp- 

tion is considerably high and around the resonance frequencies 

of nolecular oxygen and watar vapor its effect is profound. 

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

tempera-ture in accordance with the zenith distance of the source. 

This is described in the form 

Ta =ATs exp(- r sec Z) (1) 

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

constant of proportionality, Ts brightness temperature of the 

source, r the opac3.t~ at the zenith, and Z zenith distance o:F 

the source. 

The opacity r can be determined by the aid of Van Vleck- 

Weisskopf equation [l, 2, and 31 and an appropriate a-tmospher- 

ic model. [e. g. 41 

Or conversely, r may be obtained by applying the rela-tion 

lnTa vs. secZ whose plot is a s-traight line with a slope 

equal to - 7 .  

Without emitting source the atmosphere is not an a.bsorb- 

ing mat'cer any Longer bu-t acts as an em-itter of mves itself. 

Then the antenna temperatwe due to the atmospheric emisoion 

is expressed as 

T,=T~@(I. - e-' (2)  

in which T,Q is the average temperature of the atmosphere. 



T h i s  s i t u a t i o n  i s  i l l u s t r a t e d  i n  

Fig.1. 

For  t h e  purpose o f  c o n f i r ~ n i n g  

t h i s  r e l a t i o n  by experiment ,  The 

Un ive r s i ty  o f  Texas 16-foot  d ia-  T~~ 
I 

meter  r a d i o  t e l e s c o p e  i n s t a l l e d  ! 

n e a r  t h e  t o p  o f  Illt. Locke n e a r  1 

F o r t  Davis ,  Texas v r a s  used  st a 2- ' 
wa-relength o f  3.2 lim. The meas- Pig.  1. W o ~ n a l  T vs. 

s% 
urement w a s  conducted a t  s e v e r a l  z e n i t h  d i s t a n c e .  

c l e a r  n i & t s  i n  Sepf;ember 1963. S ince  t h e  ~r:avelene;th used  i s  

i n  t h e  r a d i o  u~%ndow between t h e  5- and 2.53-mm resonance l i n e s  

o f  molecular  oxygen and s i n c e  t h e  a b s o r p t i o n  due t o  ivater vap- 

o r  i s  n o t  ve ry  h i g h  a.t t h i s  v~avelength ,  -the v a r i a t i o n  i n  sky 

emiss ion  due t o  i n c r e z s i n g  z e n i t h  d i s t a n c e  was expected to be 

Low. Therefore ,  a l o n g  inq;egrat ion t ime o f  approximatel-y LOO 

seconds w a s  a p p l i e d  i n  o r d e r  f o  improve t h e  e f f e c t i v e  s e n s i -  

t i v i - t y  o f  t h e  r e c e i v e r .  Thus, -the minimum d e t e c t a b l e  temper- 

a t u r e  o f  t h e  r ad iome te r  a tLained  a va lue  of  about  2 '~ .  

The mea::v~~ement w a s  c a r r i e d  o u t  by t i l t i n g  t h e  antenna  a t  

i n t e r v a l s  o f  10  degrees frorn -the z e n i t h  dolm t o  a z e n i t h  d i s -  

La,nce of  80 degrees .  In o r d e r  t o  
1 

s e p a r a t e  t h e  e f f e c t  o f  t h e  ground I 
emiss ion  from t h e  i n t r i n s i c  s l q  e- The 
miss ion  v a r i a t i o n  w i t h  zen i t l l  d i s -  

t a n c e ,  a check w a s  made by t i l t i n g  I 
t h e  an tenna  from t h e  z e n i t h  toward I 
s ou th ,  e a s  t , and \vest. liorthviard z .-a= 
t i l t i n g  was no t  made s i n c e  t h e  

Fig ,  2. Tslg VV". zeni - th  
s i g h t  i n  t h i s  d i r e c t i o n  vras ob- d i s  tance under anorialouo 

strutted by t'?c peak of I.:%. Loclce. Zenith Opnci'~ a' O'oaem- 
ed. 
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I 
I n  t h e  d a t a  t h u s  talcen a n  anomalous bulge  of  ~ . r~te l l r~a .  temp- c 

i 

ern-tuve around t h e  d i r e c t i o i l  tov,rard t h e  z e n i t h  was found. 

A sketcl l  o f  t h i s  abnormal tempera ture  v a r i a t i o n  wi th  z e n i t h  d i s -  

tance,  i s  sho;m i n  Fig.2. l'ne f e a t u r e  of  t h e  t e m ~ e r a t u r e  varia- 1 
i 

t i o n  as seen  i n  t h e  f i g - r e  i s  someviha-L d i f f e r e n t  from t h e  curve  1 
I 

shnvm i n  Fig .  1. T h e  minimurn tenperat%me w a s  f o ~ m d  unexpectedly 1 
I 

a t  around 30 d e g ~ e e s  from %he z e n i t h ,  and t h i s  anomaly w a s  f o ~ m d  1 
a t  a calm n i g h t .  I 

A t  calm n i g h t s  i n  t h i s  season t h e  anernoscope i n s t a l l e d  I 
n e a r  t h e  antenna  s i t e  showed no d e f i n i t e  d i r e c t i o n  vihich vras I 

L %he i n d i c a t i o n  of  t h e  e x i s t e n c e  of  i ;urbulent  v e r t i c a l  a i r  mo- I 
%ions  a long  t h e  mountainside.  i 

A s  i s  vrell known Ynere i s  a cons t an t  a i r  flovr a l o n g  mov.nt- i 
a i n s i d e s :  downward f low a t n i g b t  and xlpvrard f low i n  t h e  deytime. 1 

.# - 
The former i s  called. ~ o w c t a i n  n ind  and Yne l a t t e r  v a l l e y  wind. 

f 

These winds a r e  genera-ted through expa.nsj.on o r  con-bract ion of  I 
a i r  as mountainsides 1vax-n up i n  t h e  daytiole o r  coo l  doxn i n  t h e  I 
n igh t t ime ,  and they  a r e  known. t o  be observed i n  suriuner. [5  and 6 )  I 
T#ioun-tain wind s e t s  i n  a t  a r o m a  m?iclni@~t and r eaches  i t s  peak 1 

1 
o f  development be fo re  susx~ i se .  The d o ~ m s l o p c  wind changes i t s  

d i r e c t i o n  n e a r  t h e  bottom of t h e  v a l l e y  and blows upwards from 

t h e r e ,  The upv~ard flovr changes i t s  d i r e c t i o n  a t  a c e r t a i n  

h e i g h t  over  %he v a l l e y  and soon changes i t s  d i r e c t i o n  a g a i n  to-  

wards t h e  t o p  of  t h e  movntain. Thus, t h e  atnlospheric c i r c u l a -  

t i o n  s e c c u r s  and keeps  up f o r  hour s  a s  t h e  mountainsides c o o l  
I 

down. 

The mountain-val ley c i r c u l a t i o n  may p l a y  a r o l e  as a ca r -  

r i e r  o f  humid and c o o l  a i r  from t h e  sur rounding  v a l l e y s  t o  t h e  I 
i 

o v e r - t h e - ~ ~ o ~ u l t a i n t o p  region .  Thus, t h i s  c i r c u l a t i o l l  makes t h e  ! 
overhead r e g i o n  of  t h e  obse rve r  f i l l e d  vrith humid and c o o l  air .  

I 

i 



\'hen the axtenna bea trav- 

- A T -  - =7 - - - -  
v c L D v ~  ~ I L C  LLW. of -the circula-  20 Z! 

T I 
t i o n  the antenna tempera-ture due 

t o  the humid and cool a i r  i n  the 

overhead region of the observer 

vrould shovi a  higher value than 

t h a t  e x ~ e c t e d  from the usual 

Ta vs. zeni th  distance re la t ion .  

!Chis i s  i l l u s t r a t e d  i n  Fig.3. 

A s  is  shovm i n  the f igure ,  the 

d i r ec t ion  of  the antenna beam 

between Zo and Z 1  i s  j u s t  i n  the Pig,  3. A i r  circulation due t o  
nov-utaia wind and a n t e m  beax 

f l u x  of the dolamward a i r  flo--7 &irec-i;iona penotra-blng it. 

toward the obse-mer a t  0,  and i n  t h i s  range the antenna temper- 

a ture  v~ould show a s l i gh t ly  higher value than it should be i n  

the normal case, and.-the antenna temperature f o r  beam di rec t ion  

lower than 021 wo~ild obey the usual Ta vs. Z relat ion.  

The e f f ec t  of the anomalous zeni th opacity upon the  anten- 

na temperature due t o  a source passing the zeni th region is  

shovm i n  Fig. 4. 

7fi1en wind i s  s trong enough, 

n the c i r cu l a t ion  does not ex i s t  be- .SR 

cause of mixing, and then the an- 

tenna temperature ivould show no 
I 
Xo L ,  3s- 

anomaly any longer and would obey Fig. 4. T, .vs. zeni th &is- 

the usual Ta vs. Z law. 
Lance f o r  a source pasairrg 
e m i t h  iri th anonalo~zo o- 
psci-try d'ae t o  mountain vina 

110 rneasurcrnnn t  of the same kind in the n-jgil-i;thc. 

iras not made i n  the daytime since i f  the sun i s  above the horizon 

i t s  contribution t o  the antenna temperature would not be negli- 

g ib le  and would vary i n  accordance with t h e  rela-tive pooi'iion 



Since the ueriod of obrervctio~? ;:a:; very c:?ort we cou-ld 

not take enou&o- &at3 for r,aking rigorous discussions for the 

pllenomenon . 110-:;ever, i-t r1s.y be sur-~estecl that the enhanc €6 

absorption or c~?isoion in the zenith region v:o~~ld give rise to 

an anomalous 1.1~'l'~vs. sec Z curve for a source passing through 

this region over the mountaintop as vras stated already and 

Finally, emphasis is made that in selecting the antenna 

site for a radio telescope in the microvrave ran,ze in which the 

effect of atmospheric absorption is considerably high, various 

investigations should precede about local atmospheric condi- 

tions which exert undesirable effects on astronomical observ- 

ations, though the effect of the atnospheric circulation re- 

ported here vrould not be so annoying since their occurrence 

is fairly limited in direction, season, and weather. 
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I A S U R ~ I ~ I T S  OF LIITEAR POLARIZATION OF TEIE P:lOON 
AT BIJ.LLI?r~ER WAVELENGTHS 

Abstract-hleasurenents  o f  t h e  l i n e a r  p o l a r i z a t i o n  of  l u n a r  therm- 

a1 r a d i a t i o n  were c a r r i e d  o u t  a t  vravelengths of 8 .6 ,  4.3, and 3.2 

run u s i n g  The Un ive r s i ty  of  Texas 16-foot  d iameter  m i l l i m e t e r  

viavelength t e l e s c o p e  i n  t h e  pe r iod  July-September 1968. A t  8.6 

mm wavelength it was found t h a t  t h e  measured p o s i t i o n  of  t h e  max- 

imm p o l a r i z a t i o n  removed towards t h e  l imb away from t h a t  expect-  

ed from a smooth s u r f a c e  model. Assuming t h a t  t h i s  i s  due t o  t h e  

e f f e c t  o f  s u r f a c e  roughness,  t h e  average  s l o p e  of  roughness i s  

es t ima ted  t o  be 8'2 2? W i l e  a t  4.3 rnm wavelength f l u c - t u a t i o n s  

bro11gh.t on by a.t-mospheric v a r i a t i o n s  have made t h e  e s t i m a t i o n  o f  

t h e  p o l a r i z a t i o n  d i f f i c u l t ,  b u t  t h e  d a t a  shotvs a s i g n  o f  polar-  

i z a t i o n  a t  t h i s  v~avelength.  %'hex-eas, a t  3.2 mm wa~elengt 'n  no 

d e f i n i t e  s i g n  o f  p o l a r i z a t i o n  w a s  found. From t h e  a n a l y s e s  o f  

10-odd c l e a r  nightsf d a t a  i t  is  i n f e r r e d  t h a t  t h e  p o l a r i z a t i o n  

shou-ld be  v e r y  tveak a t  3.2 mrn wavelength. From t h e s e  r e s u l t s  

and B a s t i n 1 s  measurement of  t h e  p o l a r i z a t i o n  a t  a wavelength o f  

1 . 5  nun, t h e  s c a l e  o f  s u r f a c e  roughness i s  i n f e r r e d .  1-1; i s  i n d i -  

c a t e d  t h a t  t h e  s m a l l  s c a l e  roughness may be d i s t r i b u t e d  around 

a r a d i u s  s i z e  o f  0.9 mm. 

I-. I n t r o d u c t i o n  

Tro:i-tslry [1] h a s  sugges.ted t h e  poss ib i l i%y  t h a t  i ~ i o r m a - b i o n  

abowt -the s u r f a c e  roughness and t h e  d i e l e c t r i c  c o n s t a n t  of t h e  

l u n a r  s u r f a c e  might be ob ta ined  from t h e  ueasux-ement of  t h e  l i n -  

e a r  p o l a r i z a t i o n  of  t h e  l u n a r  t he rma l  emission.  

Assuming a smoo-th and bomogeneou.~ s u r f a c e ,  power r e f l e c t -  

i v i t y  R f o r  a p l ane  e lec t romagnet ic  wave i s  e3rpressed as t h e  

square  of  t h e  F r e s n e l  c o e f f i c i e n t  as 



f o r  l i n e a r  p o l a r i z a t i o n  wi th  t h e  e l e c t r i c  v e c t o r  p a r a l l e l  t o  

t h e  p l a n e  of  i nc idence ,  and 

c o s a  -- 4 s  - s i n 2 0  
DL= / 

c o s  8 + * - s i n 2 u  1 
f o r  t h e  o r thogona l  p o l a r i z a t i o n .  

Here @ i s  t h e  ang le  of wave inc idence  and e t h e  d i e l e c t r i c  

c o n s t a n t  of t h e  s u r f a c e  m a t e r i a l  of  t h e  moon. 

The e rn i s s iv ib j  E(@) f o r  t h e  t h e r n ~ a l  r a d i a t i o n  emi t ted  

from a smooth s u r f a c e  i n  t h e  d i r e c t i o n  @ i s  expressed by 

the Kirchhoff  's law as 

The b r i g h t n e s s  tempera ture  d i s t r i b u t i o n  on t h e  moon 

measured w i t h  a n  i n f i n i t e l y  narrow antenna  bean i s  'g iven  by 

and f o r  t h e  o r thogona l  p o l a r i z a t i o n  

T(Do+n,2)E k i i s in2( l3  - Do) + E L c o s 2 ( ~  - D ~ ) ] -  'P (6 

i n  vrhich Do i s  t h e  ang le  between t h e  l u n a r  equator  and t h e  

o r i e n t a t i o n  of  t h e  antenna  p o l a r i z a t i o n ;  D i s  t h e  r a d i u s  on 

vihich t h e  p o i n t  o f  obse rva t ion  i s  s i t u a t e d .  
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Then the nolarized con~onent ATD is obtained by taking 

the difference between T -  and T 
00 (~o+n/2) i*e*9 

dTp = T Do - *(lIo+z/2) ( 7  

After Troitslcy's suggestion an appreciable amount of the 

results of measurements at various wavelengths have been re- 

~orted. These measurements have furnished us with useful in-- 

formations about the properties of the lunar surface together 

with the results obtained by radarmetric means. 

Particularly, measurements of the polariza-Lion at milli- 

meter x-avelengths see= to be interesting because of their short 

v~avelen&h with respect Lo 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. The re- 

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

3*5' for 14.3 mm, and 2.8' ford3.2 mm, respectively. 

In the following are presented the results obtained in 

these measurements. 

2. Observations and their results 

As is well knovm, propagation of millimeter waves is sr~b- 

ject to the influence of oxygen molecule and water vapor in 

the atmosphere. Hence, even when atmospheric condition is 

moo3 favorable, the effect of small scale i~regula~ities of 

the atmosphere inevitably deteriorates the data obtained par- 

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

%he measurements of the polarization it is moat desirable to 



measxwe t h e  dTp d i r e c t l y .  2iov:ever., a t  the tirile ~vhen t h e s e  ob- 

s e r v a t i o n s  v e r e  conductetl t h e  r ad iome te r s  f o r  t h e  t h r e e  wave- 

l e n g t h s  used were n o t  equipped wi th  such a  dev ice  as t o  measure 

t h e  dTp d i r e c t l y .  Hence, i n  orcler t o  o b t a i n  t h e  d!Pp w i t h  those  

radio lne ters  vre had t o  r e s o r t  t o  a round-about method t o  measure 

T and !? 
110 (Do+ ~ / 2 )  

i n  s e p a r a t e  scans .  For t h e  pa-nose  of  secur-  

i n g  t h e  symmetry of  t h e  d a t a  f o r  t h e  t v ~ o  o r thogona l  p ~ l a ~ r i z a t i o n s ,  

e i t h e r  T o r  T(Do+z/2) 
Do 

v r a s  rlleasured i n  pre- t ra .ns i t  hour s ,  and 

t h e  r e s t  i n  p o s t - t r a n s i t  horn-s. A t  around t h e  rneridian %ran-- 

sit o f  t h e  moon t h e  f e e d  horn  w a s  r o t a t e d  by 90' t o  change pol-  

az5zat ion .  The d a t a  talren i n  pre-  and p o s t - t r a n s i t  h o ~ m s  were 

averaged s e p a r a t e l y ,  and then  t a k i n g  t h e  d i f f e r e n c e  o f  t h e  two 

averaged c w v e s  dTp was ob ta ined  f ina . l ly .  

The method adopted i n  t h e  obse rva t ions  r e q u i r e d  a l o n g  

span o f  t ime,  d u r i n g  which atmospheric  c o n d i t i o n s  o f t e n  chang- 

ed apprec i ab ly .  Hence, a t  t h e  3.2 mm vravelengtll, a s  w i l l  be 

s een  l a t e r ,  t h e  e f f e c t  of atmospheric  v a r i a t i o n s  v fa s  SO s eve re  

t h a t  no d e f i n i t e  s i g p  o f  p o l a r i z a t i o n  could be  found. 

Atmospheric s c i n t i l l a t i o n s  e x e r t  a b l u r r i n g  e f f e c t  on  t h e  

edge o f  t h e  moon's d i s k  when t h e  antenna  beam t r a n s i t s t h e r e .  

This  makes t h e  s i z e  o f  t h e  l u n a r  d i s k  va ry  from time t o  t ime,  

and hence niakes d i f f i c u l t  t h e  p r o c e s s i n g  o f  t h e  d a t a  and t h e  

comparizon o f  t h e  cu rves  f o r  t h e  r e s p e c t i v e  p o l a r i z a t i o n s .  

Measureaents  were cen te red  i n  t h e  d e t e c t i o n  of  t h e  po la r -  

i z a t i o n  a t  3.2 nm vravelength, and t h e  o t h e r  two wavelengths 

.were adopted as s a b s i d i a r y  means. 

bieasurements were c a r r i e d  o u t  a t  t h e  8.6 mrn v~avelength  a t  

f i r s t .  An example o f  t h e  r e s u l t s  of  t h e s e  measurements i s  sholm 

i n  Fig.1. The cu rves  shovm i n  t h e  f i g u r e  were obta ined  by one 

scan f o r  t h e  r e s a e c t i v e  p o l a r i z a t i o n  under a f a v o r a b l e  weather  



cond i t ion .  The A T p  deduced from F i g . 1  i s  shovm i n  Fig .2  i n  wllich, 

as is  readj .Jy seeni tllc pcsf.ticn of +'A- ULLG ma.ni~uwu ----------- d Y p  as meas~med 

comes s l i g h t l y  o u t s i d e  t h e  t h e o r e t i c a l l y  expected p o s i t i o n .  

JULY 10, 1963 

r 
0.6 MM 

Pig. 1. bleasured antenna  -I;emperatvses f o r  h o ~ i z o n t d  
(- ) and v e r t i c a l  (----- ) p o l a r i z a t i o n s  a t  8.6 
ran wavelength. 

lXg.2. JTp ob tn i aed  from 7ig.l. At-l-en-Cion -Go 
t ne  d i f f e r e n c e  between h h e o r e t i e a l  and meas- 
u red  p o s i t i o n s  o f  l i ~ a x i r n ~ ~  d l p .  
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I 

I I 

Similar e f f ec t  call a l so  be foxmd i n  the r e s u l k  oob-iein- 

ed 'rjg Moran I.4 2 a t  a wavelength of 8. G mm. 
I 
f 

Theore-lically it i s  ex~ec-bed t h a t  the  pos i t ion  of the max- 1 
irnm ATy i s  si-t.v;?Led a t  a poixb  s a t i s fy ing  the  following re la -  

t ion:  

~ ~ C O S - ~ C ~ ~ ~ ( Q  - 1 )  ( 8  

I 
1 
1 

i 
5.n whicl-~ 0 i s  the  angle of wave incidence and e die1ec-l;ri.c con- I 
s t an t .  P rac t i ca l ly ,  however, the  temperature d i s t r i bu t ions  a r e  I 
measurea vrith an an-tenna vrith a f i n i t e  resolving power, m d  ac- 

I 
I 

cor8ingly the  angle 8 comes a t  a s l i gh t ly  differen-t position. I I 

Tfie raaxhm dTp appearing i n  Pig. 2 was obtained by applying i 
the  e f f ec t  of the  antenna's smoothing e f f ec t  on the theoro-tical 

BYp  distrr ibt~l ion.  The outvrnrd displacemen-t of t he  maxbm dYp 

pou:i.tian mGy be explained by t&ing  i n t o  consideratio11 -the ef- 

fecAt; o f  s w f a c e  roughness which nakes %he angle of Rave inciS.-- 

ence at; the  point of observa.tion srnaller t'nan i t  sXouLd be i n  I 
t he  case of a amooth surface,  t h a t  is, the  slope of t he  w~dul -  I 
at ioua fac ing  t o  t he  observer raRkes the normal at; the p o i n b o f  I 
obaer-vation tilt toward the  observer. Thns, the angle b8tmecn ! 
the propagation and the ac tua l  no rm1  becomes srnallev than in 

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

served appears r a t h e r  f l a t  than a sphere due t o  surface rough- 

ness'. Then, a t  t he  pointwhere the maxirn~un d T p  should occur 

when llle surface i s  c o ~ p l e t e l y  smooth the angle o which sa t i e -  

fies Eq.8 vrould not ke a t ta ined ,  A t  t h i s  point %he actcLll 

angle of incidence i s  @ minus average slope o of undulations. f 
Thus, the '  largeuti dllp ???auld na tura l ly  Be f uund a t  a poin t  which I 
ateps o v e ~  the  theoreticaLly predicted position. This s i l u s -  \ i 
t i o n  i s  i l l u s t r a t e d  i n  Pigs.3 and 4. I n  Pig.3 is  shovm the  

e f f ec t  of an undulation on the l o c a l  normal. 



The normal f o r  t h e  smocth 

s u r f a c e  so til-ts t o  Sact. 

due t o  an 1l-n-dllla-irion w i t h  

i ts  ave rage  t a n g e n t  and 

ave rage  s l o p e  a .  Then t h e  

a-ngle o f  tilt of normal - 
p% t o  Fact. is  a l s o  o . 

i 
Hence, smooth s u r f a c e  an- Pig.3. E f f e c t  o f  a n u n d u l a t i o n o n  

surface normal. Average surf a c e  
g l e  Q r educes  t o  rough normal pno t i l ts  t o  pnaCt due t o  I 

s l o p e  d . i 
1 

s u r f a c e  a n g l e  0'. ? 

Fig .  4 i l l u s t r a t e s  

-the e f f e c t  o f  un- 

d u l a t i o n s  somevqhat 

more g e n e r a l l y  t han  

i n  P ig .  3. The am- 

imwn ATp i s  expect-  

ed Go occur  a t  d i s -  

t a n c e  R1 frolp t h e  

d i s k  c e n t e r  i n  t h e  i 
c a s e  o f  a smooth Eig.4. E f f e c t  o f  undul.ations t o  d r i v e  

t h e  maximum A T p  p o s i t i o n  outwards. 
s u r f a c e  model. Ob- 

s e v v a i i o n a l l y ,  however, it rvas found a t  Rp. A t  p o i n t  p ,  vihich 

co r ra sponds  t o  d i s t a n c e  R1, t h e  smooth s u r f a c e  normal sl tilts 

t o  t h e  a c t u a l  normal making a n g l e  8 r educe  t o  a n g l e  a P P 
Thus, a t  p o i n t  p t h e  maximum 69 c o n d i t i o n  would n o t  be satis- 

P 
f i e d .  Whereas, a t  p o i n t  q, which corresponds  t o  d i s t a n c e  R 

2 
from t h e  d i s k  c e n t e r ,  a n g l e  e2 f o r  smooth s u r f a c e  r educes  t o  

LO qn ox- 0 due t o  s l o p e  /I t o  s a t i s f y  t h e  naxi:riun dT condi- 
2 q P 

t i o n  i n  Eq.8. 

The p r e c e d i n g  nszumption l e n d s  suopor-t n o t  on ly  t o  t h e  



e x p l a n a t i o n  of t h e  outvrard displ-acemcnk of  t h e  masirnun d T  pos i -  
P 

t i o n  b u t  a l s o  t o  t h e  j n v c s t i g a t i o n  o f  t h e  average  s l o p e  of sm-- 

f a c e  roughness urhose method i s  s e l f e x p l a n a t o r y  i n  -the p reced ing  

ansxurlp t i on ,  Using -tile same s y l ~ ~ b o l s  as appea r  i n  Fig.  4 2.nd t h e  

semidiameter  R of  t h e  d i s k ,  t h e  ave rage  s l o p e  6 i s  g iven  by 

= e 2  - Q = e - Q *  = S~C'(E~R/R)  - s i r i - ' (Rd~)  (9) 

s i n c e  8 - s in ' ' (~1 /~ )  an8 G 2  = s i n - l ( R d ~ ) .  

Thus, rneasure~nent of  t h e  l i n e a r  p o l a r i z a t i o n  of  t h e  moon's 

t he rma l  1-adiati-on e n a b l e s  one t o  de termine  t h e  average  s l o p e  

o f  surfa.ce rov.glmess. Hov~ever, o f  cou r se ,  t h e  p o s i t i o n  a t  

which t h e  maximvn JT occur s  i s  dependent  upon t h e  d i e l e c - t r i c  
P 

c o n s t a n t  of  t h e  s u r f a c e  mater ia l .  on t h e  moon, a.nd hence t h e  

ave rage  s l o p e  0 a l s o  depends upon t h e  d i e l e c - t r i c  cons t an t .  

Moran adopted  a v a l u e  o f  1.6 f o r  t h e  d i e l e c t r i c  c o n s t a n t ,  and 

i n  o u r  c a s e  computat ions were c a r r i e d  o u t  w i t h  t h e  d i e l e c - t r i c  

c o n s t a n t  o f  1.8. Na-burally, t h e  v a l u e  o f  t h e  average  s l o p e  

must be s l i g h t l y  d i f f e r e n t  between t h a t  o f  Nioran and t h a t  o f  

o u r s ,  However, u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  measx~~ements  

by means o f  t h e  previou.sly mentioned method may n o t  be  s m a l l ,  

s o  t h a t  t h e  d i f f e r e n c e  ( < 1' f o r  a l l  t h e  p o s s i b l e  v a l u e s  o f  

d i e l e c t r i c  c o n s t a n t  o f  t h e  l u n a r  s u r f a c e )  due t o  t h e  d i f f e r -  

e n t  d i e l e c t r i c  c o n s t a n t s  may n o t  mat-ter i n  t h e  p r e s e n t  i n v e s t i -  

g a t i o n  s i n c e  we a r e  f e e l i n g  tha-t it should  be  improper t o   en- 

t i o n  of  t h e  exac t  v a l u e  of t h e  ave rage  s l o p e  by u s i n g  t h e  d a t a  

a v a i l a b l e  t o  u s  now. Therefore ,  o ~ ~ l y  a v e r y  rough e s t i m a t i o n  

o f  t h e  ave rage  s l o p e  as measured a t  t h e  8.6 mm wavelength dl1 

b e  g iven  h e r e .  By t h e  a i a  of Eq.9 t h e  average  s l o p e  i e  e s t i -  

mated t o  be 8 O +  '2' from t h e  d a t a  ob ta inad  a-1; t h i s  tmveleng%l~. 

From t h e  d a t a  obtai.ned by Koran 141 at  8.6 mm mvele; l&h -the 

s l o p e  i s  e s t i n ~ e t e d  t o  be  n e a r l y  t h e  s m e  v a l u e ,  though h i s  mod- 



HORIZONTAL PMbr7tLATION. 

B i g .  5, Scan cu rves  f o r  v e r t i c a l  (upper)  and hor izoxl ta l  (101~;- 

e r )  p o l a r i z a t i o n s  f o r  4.3 rim viavelength. Sept .  3 ,  1968. 

-.---* VERTICAL 

Fig.6. Averaged cLuves of  Fig. 5 f o r  I i o r i z o n t a l  (--- > and 
v e r t i c a l  (----- ) p o l a r i z a t i o n s .  Pay a t t e n t i o n  t o  t h e  s w e l l  
a t  28 ' from the n o r t h  l imb i n  t h e  curve  f o r  h o r i z o n t a l  pol-  
a r i z a t i o n .  Except  t h i s  p o i n t  v e r . t i c a l  p o l a r i z a t i o n  is  seen  
a t  around L i m b s .  



P i  -7. Scaa  curves f o r  hor izonta l .  (upper) and v e r t i c a l  (low- 
e r y  p o l a r i z a t i o n s  f o r  3.2 ism vavolength .  Sept .  6,  1968. 

Pig.8. A ~ e r a g e d  curves o f  Fig.  7 for h o ~ i z o n - t a l  (- > all& 
v e r t i c a l  (----- ) p o l a r i z e t i o n s .  



e l  was made f a r  the n o o n ' s  semeidiameter of 15.5'  r-ihile h i s  AT 
P 

values were obtained by the observation of the moon ~ i i t h  se~ni- 

d i m e t e r  of 16,4 ', which necessi ta ted t o  make some maiiipula t ion 

i n  acquir ing the  average slope. 

A n  observation of t he  moon was conducted on the night  of 

September 3, 1968 using the 4.3 run wavelength radiometer. I 

I 

A t  the time of t h i s  observation the radiometer was not i n  i t s  

bes t  condition due t o  the excessive nois iness  of i ts  mixer, so 
I 

t h a t  l i t t l e  could be hoped from the observat;ion. I n  conscqu- 

ence of the processing of the data ,  however, a t  l e a s t  the  ex- 

i s tence  o f  the  polarized component was found i n  it, and the re- 

sult of t h i s  observation i s  shown i n  Pigs.5 and 6. The raeasilre- 

ment was car r ied  out by means of decl inat ion scanning. I n  Pig.5 

a r e  sho~m two fami l ies  of scan curves f o r  the respective polar- 

i za t ions  f o r  the puxpose of bes t  v i sua l iz ing  the e f f ec t s  09 re- 

ceiver  noise and atnospheric s c i n t i l l a t i o n s .  I n  the family of 

curves f o r  the  horizontal  polar izat ion i n  Pig,?,  a s c a t t e r  of 

cunres is  seen a t  around 28' from the north limb, which haa 

given r i s e  t o  a  bulge a t  the corresponding point  i n  Pig.6. 

This s c a t t e r i n g  of the curves i s  due t o  the increase i n  re- 

ceiver  noise o r  atmospheric perturnations . Excep t the  bulge 

i n  t h i s  p a r t  of the curve, the existence of the  srer t ical ly  pol- 

ar ized component nay be concluded. IIoivever, the esti-matioil of 

d T D  by the  two curves i n  t h i s  f igure  may be overdoing s ince - 
they a r e  too f l u c t m n t  t o  do so. 

1leasu.rements of the  polar iza t ion  at  3.2 m vmvclengbh 

vrere car r ied  out a t  20-odd c l ea r  nights  i n  the period Arcumnt- 

September 1968. The s e s n l t  i s  sho~rn i n  Figz.7 a~ld  8, ??ige;.S , 

sho~rrs two fami l ies  of decl inat ion csan cnrves f o r  the r e , . ~ p o c ~  

i v e  polar iza t ions  a s  i n  the  case of 4.3 mm ?ravelength monsxx*o- 



ment, I n  Fig-8 a?-e ahov,~l the r e su l t an t  c - m e s  obtained bj aver- 

aging e l e v ~ n  c m r e s  f o r  ho.rir60ni;al po lar iza t ion  and t e n  culi-;es 

f o r  vertica.1 poLarizaLion. As j.8 seen i n  t h i s  f i ~ ~ w e  it  i s  hard t I 

t o  cll!:cri.minc-ke -the polarized conponen-t, and hence vie may con- ! 

j 

clude t h a t  the polariza-bi.on should be very vie& t o  be detec-bed 

by the  3 , 2  mm wavelength radiometer used, i, e, , dTp < l , 5 q .  

I f  there  should be the polar izized component cosiderably exceed- 

i n g  l,.5°9, v:hich i s  approximately the  minimum detectable  temper- i 
i 

a tu re  of the  radiometer used i n  the measurement (NP s BdB, lPBYi= 

LO LXa, an8 i n t eg ra t ion  time - 16 seconds), i t  vro~iLd h ~ a e  been 

d&ectc& i n  t h o  10-odd nights t  obser-rationa. Hence, it &ems  1 

not t o  be an excess t o  conclude t h a t  the  polarized component 
i 
I 

has the  maxb'i.12n tempera.i;vre t h a t  does not excecd 1.5% I I 

3. Luzha~ B U T ~ ~ C R  model 

From the  r e s u l t s  of the observations so fscr introduced and 

by -the a%& of t h e  r e s u l t s  ob-tainea a% other  tvav-elengtha p,nd ra- 

d a r  measx=enen-bs, a lunar surface model wil~ibe .coas$j?ua-i;ed, 

If the  dopolar izat ion e f f ec t  a t  the 3.2 mm vrave2eagth should 

be in%r:lnsically r e l a t ed  ~ 5 t h  the  surface s t r u c t w e  of .the moon, 

rre mag be able  t o  i n f e r  the sca le  of surface roughness by the 

j ob t i  uae of "c~e reMnl-ts obtained a t  other  waveleyghs, 

I n  order t o  explain the depolariza-tion effec-k of a wave, me 

t r i l l  make the  fo l lo~ving  assumptions: Mhen the  half s i z e  w of o-a 

umdula-Lion i s  much s m n l l e ~  than the wavelength og the  'mve, $he 

efficienrjy of reflec-bioa and hence emission of the  ~,iavra by %he 

am.-$ace covered w5.%h an ags-eggation of such undula-kionn bilrld 

not decrease s o  much aB compared with t h a t  of a amooth sv-rfecs. 

AB the  s i z e  a approaches -Lo a quar te r  navelengbh of the  probing 

wave, however, the efficiency becomes lovrer. This i d  just the 



case of a  pa~.n'ooloid antenna ~ ~ h o s e  eff ic iency i s  a  funct ion of 

surface rov.&ness. 

When the ha l f  s i z e  a  excf~rlr;  a  half  !:ia..relec&h of the v;ave 

and i f  the average slope of mldulations be favorably oriented 

f o r  the observer, the  efficency becomes higher. 

The e f f ec t  of undulations ~ v i t h  a  ce r t a in  s i ze  i n  the ' range 

2/2> a  > 114 would, therefor ,  give r i s e  t o  -the lowest eff ic iency 

i n  r e f l e c t i n g  o r  emit t ing the wave. 
, 

Thus, the depolar izat ion ef f e e t  a t  the 3.2 ma wavelength 

may be in te rpre ted  by the  random sca t t e r ing  due t o  t'ne surface 

co-rered with small sca le  undulations wliose half  s i ze  i s  dis-  

t r ibu ted  near 1 m ?.vhj.ch i s  just  i n  the range A/2> a >  1/4 f o r  

t he  3.2 mm wave. 

Kerr [51] has calcula-Ged the r a t i o  of rader  back-scattering 

cross  sec t ion  t o  geometrical cross sect ion a s  a  f m ~ c t i o n  of ra- 

d ius  t o  wavelength f o r  a  sphere v J i t 1 1  i n f i n i t e  conduc"c.vi-ty. 

Some of the ~ d i o  cross  sect ions a f t e r  h i s  resu3.t f o r  various 

vtavelengths of i n t e r e s t  i n  observation l o r  az0.9 nm a re  shovm 

i n . t h e  following tab le .  

]cross sec t ion  ($1 I LOO 310 205 23 140 3.40 1 
A s  i s  seen i n  t h i s  t a b l e  the radio cross sect ion of a  shpere 

with a  radius of 0.9 mm is  23s of i t s  geometrical cross sec-tion 

f o r  the  3.2 mlm vtave, which ind ica tes  tha-t the  wave undergoes 

h i &  random sca t t e r ing  by the element v,ri-th a  radius of 0.9 mm. 

Should the depolar izat ion e f f ec t  of the 3.2 tm wave be due t o  

such elements perfu-sed a l l  over the lunar surface, they must 

have a  vety high conductivity since the calculat ion of Kerr w a s  

made f o r  a  cpherc with i n f i n i t e  conciuctivity. Hence, i t  may be 

infer red  Ghat such elements a s  ayfecct tile s ca t t e r ing  of the 3.2 

- 46 - 



n?m wa,xre shod.& composed of some rnetalic substance. ! 
! 

Bastin [ G I  has fotmd 45% polnrizatj.on a t  a  \ara~relength of 1-5 

mm, The 21-5 r n l  nave i s  efficient1.y re f lec ted  o r  eraitted by the 

assmecl roug1;lllless with a  s i ze  di.stribution around 0-9 nun since 

the ha l f  wavelength of the wave 5s shor te r  than t l ~ e  average 

roughness scale  of 0-9 mm. i 

I 
These small sca le  rou.@mess with a  s i z e  d i s t r i bu t ion  aro-aid t 

0-9 m i s  perfused on the la rger  scale  roizghness ranging from 

several  mil l imeters  up t o  meters, The frequency distribv-tion 

of the roughness sca le  mey becorde la rger  a s  the roughness s i ze  

becomes smaller. 

This model surface s t ruc tu re  a s  deduced from the mil l imetr ic  ob- 

servat ions thus f a r  introduced i s  i l l u s t r a t e d  i n  Fig,9 below. 

Fig.9. Surface s t ruc ture  a,s decluced from the m i l l i -  
I metric observations. 

I 
,, Radarmetric explora-Lion of the moon has supplied a good 
I 

$eal  of information or, the propert ies  of the  lvllar surface, [e.g, 

73. Tielative echo power vs. delay &t various wavelengths i s  shoim 

i n  Fig.10. B.s i s  readi ly  seen i n  t h i s  f igure ,  there i s  a die- 

t i n c t  wavelength dependence i n  r e l a t i v e  echo povrer, t h a t  is ,  

the decrease of the r e l a t i v e  echo povrer with increasing delay 



becomes l e s s  a s  the  sounding 0 I---~KT- 

wavelength beccrnes shcmzr.  

This f a c t  may be accounted f o r  

by considering the niannar of 

roughness s ca l e  d i s t r i bu t ion  

and the  previously assumed su -  

face  struc-ture i n  which the  ef - -- -28 - 
-b- 

f e e t  of t he  s ide  of undulations 2 
-32 - 

fzvorably t i l t e d  toward the  ob- CC 

server  makes the apparent lunar  -+O - 
shape deviate  from a sphere t o  

a somevrhat f l a t t e r  shape whose Delay (msec) 
c ross  sec t ion  may be describ- Okg. 10. RcLativc echo powon- 

vs. delay a t  various wavo- 
able  by a cuxve something l i k e  leagbhs. 

an e l l i p s e  with i t s  minor ax i s  
n 

point ing a t  t h e  observer. T h e  

e l l i p t i c i t y  depencls on wave- 

length due t o  the s i z e  d i s t r i b -  0 

u-tion of surface roughnes9 and 

a l so  on the  xverage  lope of X I 
udula'cions, " c h t  is., the  dis-  / I / \ I  
t r i b u t i o n  of roughness an& .the I I I ' h  
average slope of undulations I I I I \  

-1 I 
become g rea t e r  a s  the  sca le  of C2 EVER c',?.~$,z ---- x----~ ~ r q l  GCL 

LARFEu- T,iS"J:::<eC3 C,:~L~.+C[<*ALI. * 4 . "  

roughness reduces. This sit-u- +Q.lLL+- C C U ~ I - : ; ~ ~ Z S  ILQ;.E+LAT;",~ 

a"con i s  i l l u s t r a t e d  i n  Fig.11. H-g,LI. Va~aI~~..gdch depand- 
enco of 01-2ipJ~ici+y of ap- 

Should the  m g l e  between %he p a r s ~ l ;  radio ~ 4 ~ 5 y c ~  ~t' 'i;h:, 
n0013.. 

nornal a t  the  point of observ- 

a-tion nnd the d i r ec t ioa  of 



I 
Cn 'go, LII'?O, 'S * .  be re3.a-bed vi-ih the refl-ec-Led power Prep=: ! 
cos 0 ,  %be r e f l e c  Livi'by becoiiios la rger  as ihe e l l i p i i c i t y  i n -  

c r e a ~ e s  o r  a.s 8 redvces Lo @ \  @ \  ),'", and ao on. Accordingly, 

a t  dis tance R from the diek center  the r e f l ec t ed  2orn~r would 

become large?? (aside from %he ~ e d u c  t ion of wave re f1ez '~ i .o~  due 

t o  the  readom sca-t;i;el-ing by snal1- sca le  roughness) as -bhe el- 

I f  p-l;:ici-tj beconlea l a rge r  o r  wavelcngLh redu-c es . This may bc 

%he accoxmt f o r  the v?a-elengkh deporldence of "cne r e l a t i v e  echo 

power VS. delay. 

Due t o  f h e  presen"ceckn%cal difficul-kie~rc, radarmeLric 

obsema'cion of %he moon a'& waveleszg-ths shor te r  khan 8 rn has 

not y e w e e n  ~r-ndertalrela a s  far 8,s this anther  knows. Therefore, 

there  90 no  lolnvci'rzg about -the beh8.viur o f  r a d a ~  re%vxns a% 

&or-2 uillirn;? 3sr -.-~avc3leng%hs. Hornever, from the  resuJ_f s of the  

obaerva.tions a t  lixillfrdo'ker wwelci~gbr;bs so f8.s ii%%rodu~ed, it 

nay b@ saf& -tl.a'& r a d a ~  re-turns Z L . ~  3.2 mm va-crelengdh wodd oh07 

%he Leaa-k i n t ens i ty  coljlparea w.I-"62a 'choue at longer and ohortsr  

wavelsagbhs. 

4- Discussion tind couc2.v.sion 

En %he mcneurenazlts of the  l i n e a r  pola.rriz:r-&:ion of %he 9.19~- 

ax -i;be'r'1ml. on i sdon ,  iXi.ie pu% emphasis 0x1 %he &eAcoc"a;on a:? -me 

polarlzoi. compo?acnt a% 3 - 2  lorn rrzveleng-3~, r.ad %hoce sb %he 8.6 

esd  4P 3 mm vravolcag-6h~ wore 1 ~ 8 . e  as ~ n b f i i d i ~ ~ y  me~ms. tioaco9 

aus& 4.3 mm x~avelengkhu would nocosaarily be ovordoiage Ac~oY-&- 

in@, only =bingo we coirl s6a-be here are "cha'c -kho pokasieo8 con- 



 ewe of %ha 3.2 mm wavelengkh r e c e i v e r  a t  t h c  . t h e  of %he ob- 

se rva t ion .  

The r a d i u s  d i s t r i b u t i o n  of g r a i n s  around 0.9 mn a s  deauced 

f r o u  t h e  r e s u l t s  obta ined by J ~ h e  obsc lva t ions  a t  t h e  mi l l imete r  

wavelengths so f a r  in t rodaced  call^ f o r  a very  h i @  conductiv- 

i-ky of such e lenen t s  s i n c e  t h e  calc.tLla.tion of ICeri* was m d e  by 

assvning a n  i n f i n i t e  eonctuctivity of t h e  sphere. It seems hard 

t o  b e l i e v e  t h a t  such v c ~ y  h igh ly  conduc"cive g r a i n s  should be 

%he composent of t h e  lunar smface mate r ia l s .  However, i f  t h e  

depolar iaatLon of Phe B3.2 nun wave sllould be coming froru 3he 

i n t r i n s i c a l  na tu re  ausocia-ked wi th  t h e  s u r f a c e  stxw.cture, t h e  

s i z e  of %he s e t t t t e r e r  of t h e  a3.2 mnl vrave n u s t  come i n  the 

range 4/2> a>J/4, and hence t h e  ha l f  s i z e  of t h e  smal l  s c a l e  

roughzrcss would no% be far from t h e  assumed va lue  of 0.9 m. 

The me.%lzod of neas~wements l.vhich was LLmia6ed hy t h e  avail- 

a b l e  fuac%loi3.s o f  %he radiometer  w a s  %he source of dlffricul.:;ios. 

Bs m i 3  sta.'ied alread.y, %ha p o l a r i z  eci co~aponeil-l; bTp gas obtained 

by -&-king %he difference b e t m e n  t h e  v e r t i c a l  a d  h o r i ~ o i ~ f a l  

a:cz"&ma polar izat iozls  ob"t.i~.ed i n  d i f  f eren-k scans. !Chin rae.khod 

is r;rrl>ject t o  t h e  waria-tions i n  meteorol~ogi;ical condikions. 

G~naequen t ly ,  a t  t h e  4.3 ,and 3,2 mm vm~eleng t l - .~  even -the w c r -  

age of 1 0  scans  obtained m d e r  a favorable  wenfner cond i t ion  

gave a f1uc"i.an-t curve. Ke:ilce, Yne de:;ec-tion of the  vc:i-y rved~;1 

po1ariza"cion a t  t h e  3.2 m wwrelengkh by t h e  me-tho& adopted was 

qu i t e  discouraging.  Hov:ever, .there wJ .11  be a fa i - r  chance 09 

d e t e c t i n g  t h e  weak p o l a r i z a t i o n  if one enlploys a high speed 

pol-ariza-kion swi.l;ch i n  t h e  feed  ushi,.ch enables ona "c oI?zeo.surc 

t h e  d T p  d i r e e l l y .  Snch a device as t h i s  w i l l  a in imize  ";he of- 

f e c t s  of me-l-eorological v a r i a t i o n s ,  a i ~ d  then %he d.e.tec-table dTp 

w i l l  be c l o s e  t o  t h e  min - imun  cIe-i;cc.l-t?ble 1;empsi-atme of %he rzdi- 



omc-Ler . 
The deJce-minnti on of the avcl-age slope of surface irregp1a.r.- 

l e s  by ir'eans of the ou"cv,srd displacerient of the max-im~m ATp pos- 

i t i o n  a s  found i n  'the 18.6 mm measurements depends c r i i i c a l l y  on 

the  accuracy of msasurement. fIence, every possible source of er- 

r o r  should be completely known before observations a r e  made. 

I n  t he  corroboratory meas-~wcnlen"c of the instrumental pol- 

a r i za t ion  a displaceinent of the antenna beam di rec t ion  was fowtid 

when the feed horxl was sotated by 90' t o  change -bhe antenna pol- 

arizaJ6ion. The e f f e c t  vras due -to the eccen-tric aliggment of the 

feed horn ccnLer by 0,5 mm from the t rue  center ,  which 5.n-troduced 

rzbou-bl1, displacement of the beam d i r ec t ion  every %line the pol- 

arlza.tlon was changed. This beam displacement ifas allowed f o r  

when the (la-ka were processed. However, even a s l i g h t  posi-kion 

e r ro r  introduced by the  d i f f e r en t  antenna b e ~ m  di rec t ions  seems 

t o  have effec-Led %he accuracy considerab3.y dzen %he two cvs-res 

f o r  the  i.ndividua1 polariza-bions were comnpared -to obtain the ATp. 

Hence, Lhe es-timated average slope of 8'2 2Ofrom the  r e s u l t  ob- 

tained at the  8,6 mm wavelength necessar i ly  includes conaider- 

able  uncerte.inty. Theref ore, me raay only suggest t h a t t h e  aver-- 

age slope may be determ5.ned by the ou-tward displacemen% of the 

rflaximm dTp pos i t ion  away from the t'neoret3.cally eqec-ked posi- 

t i o n  i f  t he  h i &  accuracy cou-Zd be secured. The hi& accu_racy 
1 

may be a t t a inab le  by the use of a high speed polar iza t ion  sv~i tch  
I 

i n  the  feed t o  obtain the A T p  direc.Gly and instantaneously as 

sdgeested i n  the case of the 4.3 and 3.2 uun mavelength measure- 

ments. 
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