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I. Introduction
This progress report covers the work perio-nmed under NGL: 44-
012-006 for the period 1 OCtobef:1f969 to 31 December 1969, This:period
was very significant in tﬁe overall program of radio astronomﬁ at the
Millimeter Wave Observatory, Mt.» Locke, Texas, in that it markecvlﬁ thg
dividing line between the ba.sically engineering program of antenna |
evaluation and the bélsic ast;'qnorﬁiéal observingﬁprogram to which the
facility is comi’nitfed. |
In this repor‘t we dlscuss the work under the usual headings of
engineering and astronoin_y. The engineering section is concerned mainly
with work on the receivers 1n use on'the radio telescope. The astronomy
portion describes analyticval.workforn‘ the 11 September 1969 sola.‘r;@clipse

measurements as well as the béginnings of a planetary observing program.

II. Engineering Work

Thé{inajor vevent in the antenna evaluation program was the reshimming
of the antenna structure in the summér of 1969. This work increased the
antenna efficiency from 34% at a frequency of 95,0 GHz with 12 dB side-
lobes to 43% at 134,0 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’io 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 at Mount Locke. This equipment digitizes, formats, and serializes
the data and punches it on paper tape. The system had a few malfunctions
in its first weeks of use but these were repaired and it has proven on the
whole well conceived for its role.

The final step in readying the receiver systemswas calibrating them
in thermal units. During observations, the receivers are calibrated by
firing a noise tube into a referende port. The thermal equivalent of the
resulting signal was determined by reference to a temperature controlled
"'black-body' (actually, a well-matched waveguide termination), which re-
placed the feed for this test, Thus all astronomical measurements are in
effect calibrated with respect to a thermal reference. Repeated calibrations
indicated a 5% random error for this method. Systematic errors are more
difficult to judge. A 7% accuracy will be assumed in data analysis,

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

The results are shown in Table I below.




T =1
v(GHz) AT (T sec)
35 1°K
97 7°K
140 20°K

Table I Receiver Sensitivity

These figures show that the receivers are 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 Technical Memorandum
No. NGL-006-69-3 entitled "Pointing of the 16 Foot Antenna.' Our approach
to the pointing problem is basically to evaluate and correct for all the errors
in the production of an observing ephemeris, Corrections for sag, r.f.
refraction, axis tilts, and encoder errors are used. Data are 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.

III. 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 millimeter observatories in the country. The
basic experiment was suggested by Dr. Michal Simon of The University of
New York at Stony Brook, and was designed to measure the solar limb
distribution through occultation by the lunar limb,

Most of the models proposed for the quiet sun radiation at millimeter
wavelengths predict some amount of limb brightening, Measurements in
search of this effect have been inconclusive: our own data taken by the drift
scan method, for example, appear to indicate a flat distribution near the
limb.

In this experiment, we tracked the solar limb at the first and fourth
contact points and allowed the moon to move across the beam,; thus extin-
guishing the solar limb radiation in a predictable manner. The advantage
of this method is that anomalies, e.g,, a ring of excess radiation at the
limb, would show up in the extinguishing curve,

The weather for thé ealipse was excellent, but the data were very noisy.
The noise was traced to seeing effects rather than to receiver noise,
Figure 1 and figure 2 shows the data for both contacts, The flat portions
are the tracks of the limbs, and the decreasing portions are caused by the
motion of the moon across the antenna beam.

The data were analyzed by fitting a straight line to the limb track
portion, fitting an error function to the extinguishing portion, and extra-
polating these curves to the point of contact, The fitted lines are shown
on Figures 1 and 2. Several features of these data deserve mention..

Notice that the data are more noisy during the limb tracking portion of



the data, This is due to a seeing phenomena; these data indicate a seeing
motion of the solar image of approximately 12 arc sec, rms., (This is a
different seeing parameter than is used in astronomy.) Another interesting
feature of the data is the slope of the curves in the limb track portions,
This is an indication of a loss of signal as the moon obscures the lower
corona, and hence indicates some millimeter radiation in this region,

A discontinuity between the two curves in Figures 1 and 2 would
indicate an excess of radiation at the limb. Our results indicate, however,
that no such discontinuity exists and we conclude that the distribution is
flat to the optical limb, where it drops abruptly to a value near the sky
value, We might mention in conclusion that we are currently preparing
to repeat the experiment during the 7 March eclipse so as tc improve the
signal-to-noise ratio.

In 1967-1968, Dr, Takashi Yamashita of The Research Ingtitute of
Astrophysics, Nagoya University, was resident at the Millimeter Wave
Observatory. Although Dr. Yamashita's chief interest was solar radio
astronomy, he did work in other areas 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
material is included kerein as Appendix B,

The other major activity under this heading was the establishing of
an observing program, This required essentially defining priorities and
designing an observing procedure compatible with the ephemerids and

data recording facilities available,




The planets available for observation in December were Jupiter and
Saturn. Although Jupiter offered a larger signal, Saturn was getting farther
away and Jupiter was coming nearer., For this reason we decided to begin
with Saturn and to observe Jupiter second. On1y a few obse‘rving days were
left in December but some ten days observations have been made at the
i time of writing.

The observing procedure is basically a drift scan approach, with
calibrations and extinction scans of the sun included t:o allow accurate data

reduction. The details of this procedure are of-little interest here.
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APPENDIX A
Astronomical Refraction at Millimeter Wavelengths
John H. Davis, Dept. of Electrical Engineering

John R. Cogdell, Electrical Engineering Research Laboratory
The University of Texas at Aus tin

1. Introduction

This paper reports measurements of astronomical refraction at
wavelengths of 8.6 mm (35 GHz), 4.3 mm (70 GHz), 3.1 mm (97 GHz),
and 2. 17 mm (134 GHz). Taking the viewpoint that knowledge of optical
astronomical refraction is well established in theory and practice, we
have made measurements of differential refraction between optical and
radio frequency (r.f.) waves as they pass through the atmosphere. These
measurements are a small part of a larger calibration program at the
Millimeter Wave Observatory, Mt. Locke, Texas.*

These measurements have practical importance for the use of high
resolution anténnas in and through the atmosphere in that refractive pointing
corrections can be comparable to beamwidths at 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. )

The first measurements of astronomical refraction of microwaves

(2)

were reported by Aarons, Barron, and Castelli. 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 University
of Texas at Austin under NASA Grant NGL 44-012-006.



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

(3)

Bahn made differential refraét{on measurements at 4. 3 mm. Their re-

sults were of low resolution but generally showed the expected refraction

(5)

curve. Anway made extensive total refraction measurements and derive_d
a semiempirical relation to fit the data.

In the following section we describe our measurement techniﬁue 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

wavelengths, in that our data exhibit the expected geometrical and meteoro-

logical dependences.

II. Measurement Techniques

The measurements were made with the 16' radio telescope at the
Millimeter Wave Observatory, Mt. Locke, Texas. The patterns of the
antenna at 134 GHz are shown in Figure 1 and indicate near-theoretical
performance at and below that frequency. The‘ radio telescope is equipp‘ed
with standard Dicke radiometer receivers at 35 GHz, 70 GHz, 97 GHz, and
134 GHz, and operates with the feed at the prime chus. The 3 dB beam-
width at 134 GHz is 0.033° and allows particularly high resolution mea-
‘surements.

The differential refraction measurements were made by observing the
transit of the solar limbs through the antenna beam. The optical limbs of
the sun are observed through collimated optical telescopes and marked on

the chart along with the receiver response. Both limb crossings are observed



in a drift scan and the optic.al and radio limb crossing times are averaged.
The radio limb is identified as the point at which the response haé risen 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 it is high in the sky, ideally until meridian transit
or after, in order to estimate and remove sag effects.

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

a data point

where di is the difference time between r.f. transit and optical transit of the
sun in seconds. As the sun moves across the sky, di changes due to differ-
ential refraction, antenna sag, and geometric factors. The various factors

(6)

are related through the equation

Kd cosé6={Scos (E))-rR (E,)} sinp, + C
i i o i i

where
K = golar rate (deg. /sec.)
) = golar declination
S = antenna sag, zenith to horizon (deg.)
. .th .
Ei = antenna elevation angle for i  data point
T = differential refraction



(7)

Garfinkel optical refraction function

R _(E)

1

of]

C

angle between sun's path and horizontal line

constant of no importance in this work.

For each day's data, r, S, and C are regressed to the data according
to the equatior; given. Typical data, with the besf fit curves, are 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 thé
antenna feed structure, the sag coefficient in the equation varied greatly
while the refraction coefficient was unchanged. Figure 2 displays data
where the sag term is large. Figure 3 shows a data set where sag is small.
In either event, the sag term does not naturally couple the refraction term.

The errors in the data are due to radiometric noise, differential
seeing effects, and operator inaccuracy in marking the optical limbs. The
effect of these errors on the accuracy of the estimate of r was determined
by generating data sets 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

are significant.

III. Results

A large number of data sets were obtained during the antenna cali-
bration program to measure sag and opacity, but only a few of these were
carried to elevation angles which were low enough to allow accurate evaluation

of differential refraction. Table 1 gives selected data with meteorological



Date Mmm) [T | RH | P i"‘ia;:red fhe”etic.al
23 July 1969 | 8.6 61° 56% 23.5 | 0.13+.02 0.200
31 July 1969 | 8.6 61° 43% 23.5 | 0.16+.02 0.150
4 Dec 1969 8.6 41, 3° 95% 23.5 | 0.16+.01 0.180
July 1968 | 4.3 -- -- - 0.20+. 04 --
I Dec 1969 3.1 40° 82% 23.5 | 0.17+.01 0. 140
27 Aug 1969 | 2.2 57° 100% 23.5 | 0.25+.02 0.334
5 Oct 1969 2.2 68° 47% 23.6 | 0.16%,02 0.222
6 Oct 1969 2v2 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 are probably not highly accurate. The data
accuracies, o, are standard deviations.

The simple formula for radio refractive index is

N-ILEE[ 40 (o))

where T, P, and e, are the temperature (°K), pressure (mb), and partial
pressure (mb) due to water vapor. (5 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

only upon the surface refractive index(s) 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 meteorological measurements, our data are 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 is an ex-
pected result since the polarization experiences a downward break somewh ere

(9)

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

100 GHz window and the 140 GHz window.
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TINE-DEPENDENT VARIATIONS IN SKY EMISSION TEMPERATURES
AT MILLIMETER WAVELENGTHS

Abstfact——uln +this paper time-dependent variations in sky emis—
slon temperatures at millimeter wavelengths are reported. In the
courge of the observation of the Crab nebula, a constant increase
in sky background emission was noticed. Measurements of zenith

_ emipsion &t wavelengths of 8.6 and 3.2 mm indicated that the sky
emission temperature increased gradually through the early morn-
ing hours wntil it attained a maximum at around an hour before
grovnd sunrise., After this maximum the sky emission decreased
rapidly. The arrival of the maximum is likely +to have a wavelength
dependence. Possible mechanisms for the phenomena are suggested
and the diurnal and seasonal variations in thevsky emission temp-
eratures inferred from the analyses of the phenomena are also pre-

sented.
1. Introduction

Millimeter wave attenuation and emission are primarily con-
troltad by the atmospheric temperature, molecular oxygen, and
water vapor. The well-known Van Vleck-¥eisskopf equation [1, 2,
and‘jj gives approximate values of attenuation and emission by
the %id of an appropriate atmospheric model. In practice the
atte%uation is measured through room experiments, propagation
meas&rements along the line-of-sight path [e.g. 4] 6r by extinc~
tion measurements of extraterrestrial sources such as the sun,
[e.g. 5, 6, and 7]' Theoretical calculation and empirical determ~
ination of the millimeter wave emission of the atmosphere have
been published by various workers. [8, 9, and 10]

Barrett et al. [8] have measured the atmospheric emission a%t

-] -



+60, and 200 Miz) centered on the N=9+ resonance line of molecl-—
ar oxygen at 61.151 Gllz by their balloon flights, in which they
found that for the 60~ and 200-lHz channels the line widths as
observed in thoge flights showed disagreement with the theoretic—
ally predicted values, which they attributed to the use of small-
er line~width parameter 4v in the Van Vleck-Weisskopf theory.
They inferred that the discrepancy might be due to the asgumption
of Van Vleck and VWeisskopf that the absorption coefficient due to
many overlapping lines is merely the sum of the absorption coef-
ficients of the individuval lines. While at their 20-MHz channel
even a. larger line-width parameter than that actually used would
not predict the observed values. In their theory they included
two assumptions: first, +the 5¥mm wavelength radiation incident on
the top of the atmosphere was assumed to be zero; second, the use
ofrthe Rayleigh~Jeans approximatidn to the Plank radiation law.
Howevér, the errors introduced due to the assumptions being

small as conmpared with other uncertainties, they excluded the
effect from the explenation of the discrepancy.

Meeks and Lilley [8] have calculated the opacity and the
thermal emission of oxygen molecule in the earth's atmosphere.
They suggested that the_information about the vertical thermal
structure of the atmosphere would be attainable from the satel-
lite observation of the microwave brightness temperature as
a function of the frequency around 60GHz, and that the relation-

" ship between the emission spectrum and the temperature as

a function of height demonstrates that the emission at a given
freguency repressents the average temperature in a layer of
air roughly 10km deep.

Meeks {10} has calculated the emission and opacity of

-2~



the earth’s atmosthere in the wavelenﬁfh resion from 7.5 ‘%o
3.7 mm. His resuvlt shows an excellent agreement with measured
values of opacity at 6 and 4.3 mm wavelengths.

Barrett and Chung [111 have shown that from their theoret-
ical analysis of the water vapor‘resonance line at 13.5 nnm
wavelength the data on the vhysicel structure of the atmosphere
would be obtained by the ground-based microwave observations.

¥hile Croom [12] has calculated the atnospheric temper-
ature at 13.5 and 1.64 mm water vapor resonance lines as
observed from an earth sctellite and obtained the result showing
that the enhancement of the temperature at the resonance center
of the 13.5 mm line would be 59K even over the most favorable
earth's surface (water), which is hard to be observed by the
cround-based Teceiver.

The theoretical and empirical treatments of the atmos-
vheric oracity and emigsion thus far cited haove been wverformed
in nost cases by using the ARDC model atmosphere. [13] The
model being such that its use would not deal with time-dependent
phenomena such as diurnal and seasonal variations of the
atmbspheric opacity or emission.

Behaviors of water vapor distribution in the troposphere
‘and the solar control of the atmospheric constituents variable
in correspondence with solar zenith distaence may give rise to
profound effects in some cases on astronomical observations,

In this paper diurnal variation in sky emission temperat-
ures 2t millimeter wavelengths in marallel with the measurements
of the zenith emission at wavelengths of 8.6 and 3.2 mm are

presented.

2. Observation

-3 -



For the purpose of measuring the linear polarization of
the Crab nebuwla at millimeter wavelengths, observations of
the nebula were eonducted during the period August-September
1968 using The University of Texas 16-foot diameter radio

telescope at wavelengths of 8.6 and 3.2 mn, This telescope

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

receiver is shown in Fig, 1.

The deflections in the record due to the nebula were seen
over the tilting background. The backgrouhd was fouﬁd agcend-"’
ing for sevefal pre*dawn hours and reaching a flat maximum at
about an hour before sunrise, and thereafter descending rather
rapidly.than before. These variations in the backgrouhd
radiation were used to be found in every clear morning but
barely found when humidity was very high. No drastic change
in the ‘background fadiafion‘due to ground sunrise was found.

For the purpose of confirming the characteristic varia-
tions of the‘background radiatioh, emission temperature at
the zenith was measured at 8;6 and 3.2 mm wavélengfhs for
geveral pre-sun-rise hours and,approximately one post-sunrise
hour.for a period of about two weeks in late September and
early October, » .

In the observations of the Crab nebula an integration
time of approximately 200 seconds was applied in order %o
inprove the effective noise figure of the Teceiver and smooth
out the effect of short period non—stationary'atmoépheric
fluctuations since the antenna temperature due to the nebula
was expected to be less than one degree Xelvin. Thus the
minimum detectable temperature of the receivers uged in the
obgervations was approximately 0.5° K for the 3.2 mm wavelength
- radiometer and approximately 0.05% for the 8.6 mm wavelength

-4 _
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radiometer, This setup of the receivers enabled us to detect
even slightest variations in antenna temperature.
After corroborative observations of the sky emission vari-
'/;tions at the two wavelengths it was found that the emission
temperature at the.zenith showed, as was expected, regular vari-
ations with regard to the solar zenith distance at both wave-
lengthe, that is, the sky emission temperature increased grad-
ually and almost monotonously throughout early morning hours
until it attained a short period (say, for 10 minutes or so)
flat maximum at around an hour before ground sunrise and the
temperature decreased rapidly thenceforth which kept up for hours.
Quantitatively describing these variations, on a clearest
day the increase in antemna temperature at the 8.6 mm wavelength
was very roughly O.5°K per hour and the rate of decrease after
the peak was approximately 2% pexr hour. While at the 3.2 mm
wavelength the temperature increase was found to be somewhat
‘more gradual than in'the case at the 8.6 mm wavelength, and its
fate was estimated %o ﬁe glightly less than 0.5% an houf.
' The rate of decrease
7 at the 3.2 mm wave-—
length wag found some-
what higher than at 1;
the 8.6 mm wavelength

‘and was estimated %o

be 2 to 3bK an hour.
(vid. Pig.2). The

| 1
onset of the decreas- ~!R - "R SUNRISE +
Fig.2, Observed antenna temperature
variations with time.

RE]
i

ing phase was likely

"to have wavelength



dependence, that is, the 3.2 rm wave set in to decrease a little
earlier than the 8.6 nm wave.
' Calibration of the receiver was carried out by means of

a matched termination at various temperatures., In the 8.6 mm
radiometer a precision attenuator and an argon tube noise
source were availlable. The precision attenuator readingé
~were calibrated through the above procedure to enable Lo read
approximately 2°C temperature difference. While,bin the 3.2
mm wavelength radiometer, in which no precision attenuator
was available, the calibration was performed directly with the
metched termination, which was a very painstaking procedure

to ﬁerform ffequently. Hence, the evaluation of the antenna
temperature due to the varying emission temperature was

liable to be uncertain due to the delicate and awkward proce-
dures in calibration.

The appearance of the maximum antenna temperature was
clearly time-dependent with regard to the loeal ground sunrise,
and hence the regular vériations in antenna temperature was
believed unguestionadbly to be due to some unknown source inA
skyi '

. However, for fear of possibilities of mistaking spurious
énténna temperature variations due to instrumental and meteor—
oloéical fluctuations for the intrinsic sky enission variations,

'due;considerations were paid to discriminate what's ﬁhat.

3. Possible mechanisms for the emission variations

At the first stage of this section the environments of
the measurements at the time 0f the observations are intro-

duced,




The possibility that the atmos-heric bemverature and
hunidity variations atAthe observing site might be the cause
of the variations in the antenna temperature was feared at
first. In order to. investigate the possibility, the amdbient
temperature and the relative humidity near the antenna were
monitored throughout respective observations, which remained
on most days almost unchanged until about half an hour after
sunrise. Accordingly, the variations in +the antenna tempera-
ture were wnmistakably not due to the variations in meteoro- .
logical conditions at the ground level. Atmospheric pressure’
was not monitored but it may be inferable Lo have been stable -
at around 800 mb since the measured temﬁerature and hunidity
remained almost constant.

Throughout observations the antenna was keﬁt steady
towards fhe zenith, and hence possible variation in ground
radiation picked up by the antenna due to its varying posture
wag avoided. This warranted to eiiminate the variations in
the stray radiation of the ground as a possible source of the‘
antenna temperafure variations.

The recei&er front end just 5ehind the prime focus of the
antenna consists of a cylinder in which all the waveguide
components, a local oscillafor, and an I.¥. preamplifier are
installed. Temperature inside fhe cylinder would come to
séturétion due to heat radiated by the local oscillator
and the I.F. preamplifier after an hour's warming vp. Thus,
the thermally saturated front end would not exert any effect
upon the output 6f the receiver, | -

The qtmospheric and instrumental situations as stated.
thus far aé well as‘the fact that the phenomena in the present

discussion were clearly time-dependent with regard to the
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golar zenith distance naturally led us to believe that the
emission variations should be intrinsic variations possibly
related with thermal and/or chemical proverties of the
atmosphere.

At the time‘of the observations the antenna beam was
traversed by the Galaxy between right ascensions of around
4.5 and 6 hrs, however, the contribution of the galactic
emission t§ the sky emission temperature at the wavelengths
uséd should be essentially negligible except the constant
3%K cosmic background radiainn.omnipresent in space, and no
distinct correspondence between the transit of the Galaxy
and the timevarying sky emission was seen. Hence the contri-
bution of the galactic‘radiation to the sky emissioh varia-
tions can be reasonably neglected.

Now it has become clear that the regulérly varying sky
emission is originated at some height in the earth's atmos-
rhere between the F ionosphérié layer and the troposphere.

Thermal and chemical properties of the earth's atnos-
phere are principally’controlled,by solar radiation and galac—~
tic cosmic rays through various nrocesses such as heating,
ionization, and dissociation of the atmospherib constituents.
These,processes occurring in various height ranges will be
discussed iﬁ the follo&ing in relation to the time-dependent
variations in the millimeter wave sky emission.

At first the contribution of the Fo-region to the sky
enission variations is considered.

The Fo-region seperated the shadowed poréion and the
sunlit portion of the atmosphere at about an hour before
ground—-sunrise. The sunlit vortion of the ionosnhere changes
its conditions greatly, thet is, electron concentration and
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its temperature there set out Yo restore the daytime condition
due to heating, ionization, dissociation, &ec. of the constitu~
ent particles by solar X- and UV-radiations. “hus, the layer:
sunrise at the Fo-region distinctly separates the daytine andi

nighttime conditions in the layer sharply. Hence, the appli- ﬁ

cation of thermal radiation to the Fo-region seems to be worth%
while %o be considered in relation to the veriodic variations i
in sky emission temperature. L

In this investigation validity of the Kirchhoff's law'
and local thermodynamic equilibrium are tentativeély assumed,
Actually, in the layers above the transition layers Kirch-
hoff's law would not hold any longer and also deviation from
thermodynamic equilibrium may be great. However, since in the
present case we are dealing with only a rough estimation of
thermal emission in the Fo-region, even these assumptions
woula sufficé the present requisite in investigating whether
the Fp acts as the source for the regularly varying temperature.

With these basic assumptions several eguations aré intro-
duced for the purpose of calculating the thermal emission and
absorption in the Fo-region.

The emissivity E of the thermal emitter per unit solid

angle is expressed as follows: [16]

3242x e6 Z2
303 m3/2(kT)l/2

1n ik (1)

N
e =Tl 1.44 7 e2 W3L/3

ihe absorption coefficient ¥ is obtained with Kirchhoff's law,
E;=1B(T). In the radio frequency range the Rayleigh-Jeans |
approximation may be used with small error even at 95 GHz,

then B(T) can be written as
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B(T) = f23 (2)

where £ = ¢/1 .
Under thermodynamic equilibrium the absorntion coefficient

is
=B, 2 2(2cm)1, (3)

Combining equations 1,2, and 3, the absorption coefficient 1
is expresscsed as

6 g2 ,2
T1=NiNe AN2® e VA 2 1in kT 1/3 (4)

3x¢3 (mkr)3/2 1.44 % e? Ny

in which ¥4 and Ne represent number deénsity of ion and electron,
respectively. e and Z are electron and nuclear charge, resvect-
ively, ¢ is the velocity of light, m electron mass, K Boltzmann
constant, T kinetic temperature in %K, f wave frequency in Hz,
and 2 wavelength in cm.

As is immediately seen from Bg.4 the absorption coeffici-
ent is proportional to wavelength squared. Hence, it is
intmitively expected that the absorption énd hence the emis-
sion may take negligibly small values at millimeter wavelengths.
In order %o confirm this sitvwation by means of ¥g.4, typical
values of Nj, Ne, and T for the daytime equilibrium in the
Po-region are taken to be NiRNeR 5x10%em~3 and T = 1500°K.
Nuclear charge Z is taken to be 8 since most of ions in the F»o
consist of oxygen ions, With these values and from Equ.4 the
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brightness temperature of the Fo-region thermal emission in
the millimeter wave range was caleulated to be vanishingly
low.

Nighttime value of T at the Fo heights is lower than the
daytime value by a factor ofvone half %o one third and night—’
time N is lower by a factor of nearly two orders than the day-
time value and hence‘the brightness temperature there is again
negligibly small. Thus the Fo-region contribution to the |
millimeter wave emission may be safely ruled out from consider—
ation. | ’

In the Fi-region the situation is almost the same as in
the Pp and thus the contribution of the Fi-region to the milli-
metegQwave emigeion is excluded likewise.

At +the D-and E~region heights the time constants of lon-
ization and recombination are of the orders of hours, deys or
even mdhths according to the heights in those layers in_whiéh
these reactions take place. Therefore, the emiesion dué +o
ion~electron interaction and the emission due to molecular
oxygen would show no such relatively short period variations
as afe needed in the present investigation.

So far we have seeked for the possible source of the wre-—
gularly varying millimeter wave emissions in the Po-layer
. down to the D-layer heights in vain, though these layors thus
far investigated will reappear in the later stage as possiblé
media which refract or scatter solar radiation dowﬂwards.

From above discussions it is now inferred that the sourcs
of the regularly varying millimeter wave emission lies at pome
height in the stratosphere or the trovosphere in which mble;ul~
ar oxygen and water vapor concentrations are high.

Tonization in the lower atmosphere is caufed ohiefly by

-12-~



the galactic cosmic radiation except the lowest kilometer over
the ground in which ionization of air is chiefly due to radio-
active matter in the soil. As is known, however, the intens—
ity of the galactic cosmic radiation is low and shéw a very
small diurnal variation of 0.1 to 0.2 % with a maximum at a-
round local-noon. Hence, the weak galactic cosmic radisfion
will not lend support to the interrretation of the regularly
varying microwave emission in the present discussion.

Tet us now consider another possible mechanism that may
give rise to the phenomena, which seems to be the most effective
factor in controlling temperature, Oo and H20 concentrations
and hence millimeter wave emission at stratospheric and tropo-
spheric heights before sunrise.

4 portion of sun's radiant energy reaches stratospheric
and tropospheric heights straying away by scattering and
refraction from the direct beam toward Fo heights in theicourse
of its traveling in the atmosphere. Thus, the solar radiation
straying into the lower atmosphere from the direct beam con-
trols the atmospheric situation in the stratosphere and the
higher half of the troposphere and hence the millimeter wave
enmission at those heights.

As is knowvmn, however, solar ultraviolet radiation is
deeply absorbed in the higher atmosvhere, and hence the
radiation below 1=3200A is cut off before it arrives at the
tronosphere, While at wavelengths greater than the visibdble

range the absorntion spectrum is due chiefly to the minor

constituents in the atmosphere such as carbon dioxide and

water vapor. Thus the infrared and visible parts of solar

radiation refracted or scattered downwards can penetrate deep
into the troposphere to heat and ionize the air at those heights.
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Thus, it may be suggested thet the downward bhent solar
iation plays a leading role in controlling the situation
in the millimeter wave emitting region in the decreasing puase
of the sky emissions.

For convenience of description we will devide the day
into five phases in accordance with the sequence of the emiséion
variations.

PHASE T as we denote is the phase which starts at abput
an hour before ground sunrise and separates the nighttime and
the daytime conditions.

PHASE ITg is the phase in which the atmospheric absorption
‘and emission decrease constantly. This phase starts about an
hour after ground sunrise (observationally the change in ‘the
decreasing rate of the sky emission would show a dull turning
point at around several tens minutes after sunrise), and ends
at around 14 hours in local time. PHASE IIg is immediately
followed by PHASE 1Jg din which the sky emission increasesb
gradually due to the heat loss of thé atmosphere. PHASE IIT
follows PHASE IIy immediately. This phase is an inversion
of PHASE I and may last for an hour or so.

PHASE IV is the final phase of the day and corresponds
to the nighttime emission increasing phase which endures for
nearly 10 hrs until the gky emission attains a pre-dawn
maximum.

The sequence of the phaées ig illustrated in Fig.3 with
temperature in the ordinate.

The nature of PHASE I has been discussed so far. It is
a period in which the nighttime atmospheric condition is
rapidly destroyed. This destruction is, as has been discussed
already, due to the heating and the reduction of oxygen

—-14-
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molecule and water vapor at heights around the upper trop-

osphere due to the straying radiation fron the direct solar
beam iliuminating the higher atmosphere. The straying light
is the visible and infrared ranges of solar radiation since
UV is strongly absorbed in the top layer of the ozonosvhere
as was stated before. )

As the sun climbs the layer illuminated by the direc%
beam comes lower and lower, ionization and dissociation i
orogress, and the temperature comes higher. In parallel
with other changes due to the destruction of nighttime conai~
tions in PHASE IV, the solar control of the atmosvhere would
bring the millimeter wave emission lower and lower for a couple
of hours.

PHASE I is likely to be the most complex period of the day in
which the rise and fall of atmospvheric conditions take place
poncurrentl .

In PHASE II solar radiation heats the atmosvhere directly,
and the march of this heating keeps up until sunset. Hence
the sky emission temperature is naturally low. However, the
atmospheric temperature comes to its saturation a counle hours
after the meridian transit of the sun and thenceforth it de-
creases, and, therefore, before the time of the maximum atnog-
nheric temperature the sky emission or onacity decrease
gradually and after the atmosvheric temperature has atitained
its peak the sky enission increcses gradually as the sun goes
down. Accordingly, it seems aprnropriate to make two subdi-
visions of PHASE II, that is, #HASE IT, which is piven place
to the »eriod before the maximum atmesvheric temperature,
and FHASZ ITp  for the neriod alfter that.

At around svreet the henting of the altmosphere ccages
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rapidly, cooling starts, and thus PHASE ITI sets in. As was
stated, this phase is the inverse of PHASE I and therefore the
processes taking place in PHASE T would occur in the reverse
order in PHASE III., PHASE III may continue for some time, say
an howr or so, and is immediately followed by PHASE IV,

PHASE IV endures throughout the nighﬁ; In‘this phase
the emission temperature of sky increases continuously until
an hour before sunrise. At the peak of the emission temperature
7 PHASE IV is taken over by PHASE I at which the .day starts
again. .

The mechaﬁism of the emission ftemperature increase in
PHASE IV‘may be a concurrence of several processes taking
place in regions from the ozonosvhere down to the ground.
These processes are:

a) Heat loss of the atmosphere after sunsef.
After ceasing of solar heating of the atmosphere thé
trbposphere loses heat gradually bringing the atmosphéric
emigsivity higher,

b)  Gradval cooling of the ground.
The heat emission of the ground attenuates gradually
reducing the heating of the atmospﬁere through hight.

' This brings the atmospheric emission higher.

¢) Ozone heat loss.
The atmosgpheric ozone near the region of 50km acts as
an enormous heat reservoir absorbing solar radiation in
Hartley absorption bands (2100-3000A) in the daytime.
The stored energy by ozone released through long wave
(infrared) radiation all through night impedes the
cooling -of the atmosphere, but as the stored energy is
wasted this propping up of the aimospheric temperature
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d)

e)

gets weaker resulting in a gradual cooling of the atmosphere.

Thus, the atmospheric emission increases gradually.

Lowering of the height of
zero water vapor concentra-
. 3
10n. E
F. Shimabukuro [5] has re- o
-
ported that for the same <
value of pricipitable wa-
ter the atmospheric atten~- WATER VAPOR DENSITY
uation is higher when the Fig.4, Heizht chenge of zero
. water vapor level between day
vertical distribution of and night.

water vapor concentrates lower in the atmosphere. This situ-
ation may have occurred as the air became coocler during the
measurements. The height at which water vapor density be-
comesg practically negligible comes lower (vid., Fig.4) through-
out the night resulting in the increasing opacity or emisg-
sion in the middle troposphere,

Local atmospheric circulation. !

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

a circulation of air along mountainsides, (vid. Fig.5). This
circulation may act as a carrier of cool and humid aeir 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 bean
pointing at the zenith to increase
the antenna temperature. The mount-

ain wind sets in at around midnight

and reaches a peak sometime before Fig.5. Mountain-valley
air circulation at

night (mountain wind)
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sunrise. The atnospheric condition favorable to the occur—

rence of this air circulation is limited to only a windless

night, and when mixing of air prevails there is no such cir-
culation. The atmospheric circulation, when occurred under

a favorable meteorological condition, may have contributed .

to the time variations in the opacity and emission of the

atmosphere at the zenith over the obszrver since The Univ-
ergity of Texas 1l6-foot diameter radioc felescope used in
the observation is situated close to the top of Mt. Lockei

( For the atmospheric circulation vs. sky emission temper—

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

The preocesses a through d and vpossibly e which keep their
march throughout the night come to their termination concurrent-
ly at some time before sunrise and are taken over by the solar
qontrol of the atmosphere in PHASE I.

| The occurrences in PHASE I through THASE IV are summarized
in Table I,

It is naturally inferred that’ 'in the observations of weak
extraterrestrial radio sources in the microwave range the re-
lation between the antenna temperature due to a source and the
zgnith distance of the source would show specific traits in ac-
qﬁrdance with the respective phases,

i Let the atmospheric opacity be *3 and *o for the observa-
t%ons before and after the meridian transit of the source, re-
s%ectively. Then, Tp>>*t5 in PHASE I, T3>7: in PHASE Il«, f;
<§,2 in PHASE IIg, 1<%, in PHASE III, and %;<<fp in PHASE IV.
In PHASE I and PHASE III the atmospheric opacity and hence e-
mi;sion very irregularly, end accordingly the curve for antenna

termperature ves., zenith distance would show irregularities in

-19 -



0c-

Table I

PHASE Phenomena Cause
I¥ |Onset of decrease in sky Onset of solar conmtrol of
emiscgion at about ome hour | lower atmosphere due to
before sunrise, Transient downward scattering of sol-
period between night and ar radiation and decay of
day. nighttime atmospheric con-
ditions.
I« | Continuous decrease of Gradual heating of air by
gky emission. direct solar radiation.
IIz | Gradual increase of sky Gradual cooling of air
emission. a few hours after meridi-
an transit of sun.
IIT* | Increase of sky emission Ceasing of solar heating
at around sunset. Tran-— of lower atmosphere. Re-
sient period between day verse processes of PHASE I.
and night.
Iv Continuous increase of Heat loss of atmosphere.

sky emission.

Concurrence of several
processes.

¥ May have wavelength dependence in the onset time.




accordance with the varying opacity. In particular when an ob-

servation is made in the period extending over PHASE IV and

PHASE I, PHASE II and PHASE IIT,
PHASE IIT and PHASE IV, and pos-
8ibly PHASE Il, and PHASE I1g, the
plot of antenna temperature vs.
zenith distance would be compli~-
cated. These situations are il-
lustrated in Figs.6(a) through (e)
and Figs.?(a) through (c).

As are readily seen in these
figures, the plots of antenna tem—
perature vs. zenith distance ob-
tained in the observations made in
PHASE I, PHASE III, and the inter-—
phase periods do not show a simple
curve as appears in PHASE II and
PHASE IV, 1In these cases the ex—~
act brightness temperature of the
source may not be determined so '
simply aé in the case that the at-
mospheric attenvation is linearly
changing,

At millimeter wavelengths
at which atmospheric absorption
- is considerably high, the bright-
ness temperature of an extrater—
restrial radio source can be de—
termined by extending the plot

of the antenna temperature vs.
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sec Z curve to sec Z=0 when the PHASE [7 = |

atmospheric attenuation is not w‘mﬁsw

changing during the observation, INTe

and the intercept at secz=0 PRETRARSIT

gives the brightness tempera-

ture of the source. If the at-

tenuation changes at a constant RE-TRANSIT

rate ¢, the plot of the pre- InTe FOST-TRANST
and post~transit InTy vs. sec?
values will give a regression

. sec z
curve. Then the brightness {h

PHASE [ ~—>TV

temperature of the source is
determined by extending the in- | .. JETREAT

ner bisector of the regression FOST-TRAKRSIT

curve to secZ=0, Thisbsi'tua-—

secz
(C)

In this figure intercepts a and Fig.T7.Bxpected interphase InTy
) vs,sec? curves for pre- and
¢, which give brighitness temper- posi~transit meapurements of a

tion is illustrated in Fig.$8.

acurce.
ature for, say, pre- and post-
transit measurements, represent o BR(GH;E-*&%%RTURE
false values. The true bright- 2
ness temperature is found at b InT
which id the intercept of the a z
bisector of the plots for the
pre-~ and post-transit measure-
ments. Accordingly, if the plot M
of the measured .111’1‘-& vas, secl X
values gives a sinuous regres- o secZ ——o

. ) . . Tig.8. InT, ve, sec Z under
sion curve as appearing in Figs.  Jjinearly varying attenua-
. tion,

6 and 7, there is no way to
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find out the true brightness temperature of the source, There-
,

Fore, observation of weak sources should be made either in PHASE

IV or in PHASE II.

4, Vavelength dependence of the diurnal variations

As was stated in section 2, the onset of ¥HASY I at the
8.6 and 3.2 mm wavelengths are slightly different, that is, the
onset of PHASE I at the 3.6 mn waveiength retards slightly com-—
pared with that at the 3.2 mm wavelengbh., This may be inter—
preted by the difference in the attenuation at the two wave-
lengths., The 23,2 mm wave is more sensitive than thell.6 mm
- wave to the variations in attenuation due to varying atmospher—

ic conditions described previously. (vid. Fig.9).

From above statement, it may

00}

be inferred that in PHASE III

S

the rise of sky emission at

the 3.2 mm wavelength should

(]
T

be steeper than in the case

ATTENUATION(dB)

at the 8.6 mm wavelength and

had
T

the temperature increase at

1
|
|
. | PN 1

lo 20 40 €080IDO0 200 400
FREQUENCY (GHZ)

Fig.9. Atmospheric absorption

due to water vapor and oxygen

molecule,

the 3.2 mm wavelength in this

phase should be greater than

at the 8.6 mm wavelength.

5. Seasonal variations

The ratio of the antenna temperature to brightness temper-
ature of a source is dependent upon the season in which the ob-
servation is made. The ratios for some planets at various mil-
limeter wavelengths have been reported by Tolbert et al. DA]

for thé period July-liovember 1964. Their results are shown in
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Fig.,10. ‘‘he vari-

ations seen in the “

: . AR A, .
figure are unmis- Q® X
takably due to the bR “ o

" change in humidity + N '
. )] ." N
in the atmosphere., ;;g s N ,4‘
@l ., ‘
The minimum Tg5/Tg 58 o1 A N , -
ale, "X
ratios for all the &I L A
+lo ¢} ;
wavelengths come, gm
Slo
as are readily s
£ "
seen in the figure, %% A 8.6 mm -
001 Yo —
in midsuwmmer in + 4.3 mm Pa
c o . o 3.2
which humidity is v 3 L mm
o1 mm
the highest in the MAY JUNE JULY  NOV

eaxr. Fr the re- ’
yea o TIME (months)

sults of Tolbert et Fig.10, Variabtions in the ratio antenna

ca s . temperature/brightness temperature of
al. i% is naturally some planets during calender 1964.

inferred that Sea— . After Tolbert et al.
sonal variations
should exist in the

sky emission and opacity which are dependent upon the wavelength

used in ‘the observation.

6. Discussion and conclusion

In the latter part of September, repair work of the astro-
dome started, and -the operation hour of the telescope was limit-
ed to nighttime only., Therefore, the observation did not cover
the whole process of the sky emission variations. Accordingly,
the present discussions are based on a short time ohservation

of the daylong variations which covered only several hours
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from midnight through about an hour after sunrise. Therefore,
PHASE IX, PHASE iII, and the firsf half of PHASE IV have no ex—
perimental bases. Hence, we had o speculate aboubl the rest of
the phases from the observations made in PHASE IV and PHASE I
in order to construct the divrnal variation curve of the sky
emission as shown in Fig. 3.

However, it may be stated that the periocdic and recurrent
variations in sky emission and opacity exist besides the large
‘SOale vafiations due to non-periodic changes in meteorological
‘conditions.

These regulaxr variations may have a temperatiure smplitude
of , say, 10%t the mostas observed'at the height of as high
ag 2000 meters. This amplitude would be much smaller for an
observer near see level., Therefore, in the obéervation of
strong radio sources such as “the sun, this small amplituge
Yariations in the attennation would naturally be passed over
without being noticed., However, observations of weak radio
éources in_which the antenna temperatures dve to those sources
sre less than the amplitude of the temperature variations of
aky nmay suffer from the varying opacify and emission even
“though the weather is ideally fine and irregulsr variations
in the atmosphere should be completely negligible. Therefore,
it’may ﬁe said that in order to determine the exact value of
brightness temperature of a weak source, as was mentioned al-
ready,“observation should be made during PHASE II or PHASE IV
in which the decrease or increase of the atmospheric attenua~
tion are relatively constant aside from the effect of non-peri-
odic vgriations in meteorological conditions.

There remsain some questions about the nature of the phe-

nomena: They might be localized phenomena, may have relations
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with the solar cycle and activities, and so forth.
However, since the obgervations were carried out in a limited
periocd, there is no means to answer these questions. Solution
of these questions callsg for the observations of the phenomena
at various locations and at a variety of wavelengths coveringr
24 hours of the day and extending over a long space of time, 3
In PHASE 1lzand IIg the observations of the phenomena may be |
difficult due to solar radiation straying into the antenna :
through its sidelobes. XHven if the sidelobe level of an an~ ‘
tenna is 30 dB lower than that of its main lobe, the spurious
response due to the straying solar radiation would come up Yo |
several degreecs which is almost comparable 4o the amplitile
of the sky temperature variations in the present discussions.

The two waveleagths of 8.6 and 3.2 mm used in the observ~
stions are both in the radio windows between the molecular
oxygen and water vapor resonance lines at 13.5, 5, and 2.35 mm,
Observations of +the phenomena at or near these resonance linea
will reveal which makes more contribution to the genersfion of
‘the phenomena, water vapor or oxygen molecule; and will give
more nrecise information for the interpretation of the wave~
length dependence of the onset of PHASE I and PHASE ITI, and
posgibly about the height of the source for the phenomena. They
will elso give some information about the physical and chemical
properties of the lower atmosphere, possibly including the
stratosphere, as a supplementary means for thé calcalations
and experiments of various workers cited in section 1 in +this
paper.

In closing, need of long-—term observations of the eky
temperature is emphasized in ovrder to enable metecorologists

to acquire further knowledge about the troposphere and pos-
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8ibly the stratosphere, and to enable astronomers to ¥mow the
behavior of {the atmospheric absorption of microwaves the krow-
ledge of which is a prerequisitefor the determination of exact

brightness temperature of extraterrestrial radioc sources.
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ANCHALOUS SKY YEMPERATURE VARTIATION WITH ZENITH DISTANCE iEASURED

OF A MOUNTAIN-TOP AT A CALL NIGHT AT A WAVELENGTH OF 3.2 KM

Observations of extraterrestrial radio sources in the micro-
wave range sustain attenuation due to oxygen molecule and uncon-—
densed water vapor in the atmospﬁere. In parti¢uvlar for waves
at wavelengths shorter than about 2C mm, the atmospheric absorp-
tion is considerably high and around the resonance frequencies
of molecular oxygen and water vapor its effect is profound.
Hence a radio source moving in the sky gives a varying antemma
temperature in accordance with the zenith distance of +the source.

This is described in the form
Ta =ATg exp(- ¢ sec 2 (1)

where Tg is the antenna temperature due to the source, A a
congtant of proportionality, Tg4 brightness.temperature of the
source, r the opacity at the zenith, and Z zenith distance of
the source.

The opacity « can be determined by the aid of Van Vlieck-
Weisskopf equation [1, 2, and 3] and an appropriéte atmospher—
ic model. [e.g. 4]

Or conversely, r may be obtained by applying the relation
InTy. vs. secZ whose plot is a straight line with a slope
equal to - =,

Without emitting source the atmosphere is not an absorb-
ing matter any longer but acts as an emititer of waves itself.
Then the antenna temperature due to the atmospheric emigaion
is expresged as '

Po =Ty (1 — e~ 59¢2) (2)

in which Tgky is the average temperature of the atmosphere.
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This situation is illustrated in
Fig.l.

For the purpose of confirming
this relation by experiment, The
University of Texas 16-foot dia- Teky
meter radio telescope installed g

near ‘the top of Mt. Locke near

Fort Davis, Texas was used at a

Z-——e- {
ey o+ & - . )
wavelength of 3,2 mm. The meas Pig.l. Normal Tsky va.
urement was conducted at several zenith distance.

clear nights in Sepltember 1968. Since the wavelength used is
in the radio window between the 5- and 2.53-mm resonance lines
of molecular oxygen and since the absorption due to water vap-
or is not very high at this wavelength, the variation in sky
emission due to increasing zenith distance was expected to be
Jow. Therefore, a long integration time of approximately lOC
seconds was appiied in order %o improve the effective sensi-
tivity of the receiver. Thus, the minimum detectable temper-
ature of the radiometer atbained a value of about 2°K,

The measurement was carried out by tilting the antenna at
intexrvalg of 10 degrees from the zenith down to a zenith dis~
tance of 80 degrees. In order to
separate the effect of the ground
emission from the intrinsic sky e- T

sky
mission variation with zenith dis-
tance, a check was made by tilting

the antenna from the zenith toward

south, east, and west. Northward

2y i
tilting was not made since the ;
Fig. 2. Tsky ve. zenith

g in this direction was ob- .

sight in this di © “ distance under anomalous
. P

structed by the peak of lit., TLocke. Zgnlth opacity as observ-
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In the data thus taken an anomalous bulge of antenna temp-
erature around the direction toward the zenith was found.

A ské%ch of this abnormal temperature variation with zenith dis-
tancé ig shown in Tig.2. The feature of the temperature varia-
tion as seen in the figure is somewhat different from the curve
shown in Fig,1l. The minimun temperature was found unexpectedly
at around 30 degrees from the zenith, and this anomaly was found
at a calm night.

At calm nights in this season the anemoscope ingtalled
near the antenna site showed no definite direction which was
the indication of the existence of turbulent vertical air mo-
tions along the mountainside.

As is well known there is a constant air flow along mount-
ainsides: downward flow &t night and upward flow in the daytime.
The former is called mountain wind and the latter Valley wind,
These winds are generated through expansion or contraction of
alr as mountainsides warm wp in the daytime or cool down in the
nighttime, and they are known to be observed in swumer. [5 and 6]
Mountain wind sets in at around midnight and reaches its peak
of development before sunrise. The downslope wind changes its
direction near the bottom of the valley and blows upwards from
there; The upward flow changes its direction at a certain
height over the valley and soon changes its direction again to-
wards?the top of the mountain. Thus, the atmospheric circula-
tion %eocurs and keeps up for hours as the mountainsides cool
down.J

Tﬁe mountain~valley circulation may play a role as a car-
rier of humid and cool air from the surrounding valleys to the
over-the-mountaintop region. Thus, this circulation makes the

overhead region of the observer filled with humid and cool air.
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¥hen +the antenné bean trav-—
ne fiux of the circula-
tion the antenna temperature due
to the humid and cool air in the
overhead region of the observer

L4

viould show a higher value than

that expected from the usual

N,
s

X

Ty ve. zenith distance relation.

Mhis is illustrated in Fig.3.

)\
TS

between 2, and 71 is just in the Pig.3. Air circunlation due %o

novntain wind and antenns bean
flux of the downward air flow directions penetrating it.

As is shown in the figure, the

direction of ‘the antenna bheam

toward the observer at 0, and in this range the antenna tempere-
ature would show a slightly higher value than it should be in
the normal case, and the antenna temperature for beam direction
lower than 0Zj would obey the usual T, vs, 2 relation.

The effect of the anomalous zenith opacity upon the anten~
na temperature due to a source passing the zenith region is
showvn in Fig.4.

When wind is strong enough,
the circulation does not exist be- Ty

cause of mizing, and then the an-

tenna temperature would show no %0 51 q_ ;

anomaly any longer and would obey Fig,4. Ty va. zenith dis- :
- tance for a source passing
the usual Ta vs. Z law. zenlth with anomalous o-

. pacity due to mounbtain wind
o measurement of the samekind 3, 4he nighttinme,

was not made in the daytime since if the sun is above the horizon
its contribution to the antenna temperature would not be negli-

gible and would vary in accordance with the relative position

- 32 -



e

between the sun and the antenmo, nic faryinr contribution of
the sun would confuse the necsurenent.

Since the veriod of obgservetion was very short we could
not take enough data for making rigorous discussions for the
phenonenon. however, it nasy be‘sutaested that the enhanced
absorption or emigssion in the zenith region wonld give rise to
an anonalous Infigvs, secZ curve for a source passing through
this fegion over the mountaintop as was'sfated already and
shown in Fig.4.

Finally, emphasis is made that in selecting the antenna
site for a radio telescope in the microwave range in which the .
éffect of atmospheric absorption is considerably high, various
investigations should precede about local atmospheric condi-
tions which exert undesirable effects on astronomical obserﬁ-
ations, though the effect of the‘atmosphefic circulation re-
ported here would not be so annoying since their occurrence

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

Abstract—Measurements of the linear polarization of lunar therm-—
al radiation were carried out at wavelengths of 8.6, 4.3, and 3.2
mm weing The University of Texas 16-foot diameter millimeter
wavelength telescope in the period July-September 1568, At 8.6
ma wavelength it was found that the measured position of the ma#—
imum polarization removed towards the limb away from that expect-
ed from a smooth surface model. ‘Assuming ‘that this is due to the
effect of surface roughness, the average slope of roughness is
estimated to be 8°%£ 2% While at 4.3 mm wavelength fluctuations
brought on by atmospheric variations have madé fhe estimation of
the polarization difficult, bubt the data shows a sign of polar-
ization at this wavelength. Whereas, at 3.2 mm wavelength no
definite sign of polarization was found. TFrom the analyses of
10-0d4d clear nights' data it is inferred that the polarization
should be very weak at 3.2 mm wavelength., TFrom these results
and Bastin's measurement of the polarization at a wavelength of
1.5 mm, the scale of surface roughness is inferred. IH is indi--
cated that the small scale roughness may be distributed around

a redius size of 0.9 mm.

1. Introduction

Troiteky |[L] has suggested the possibility that information
about the surface roughness and the dielectric constant of the
Junar surface might be obtained from the measurement of the lin-
ear polarization of the lunar thermal emission,

Assuming a smooth and homogeneous surface, power reflect~
ivity R for a plane electromagnetic wave is expressed as the

square of the Fresnel coefficient as
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Ry= (1)

for linear polarization with the electric vector parallel %o

the plane of incidence, and

2
cos 8 - V% - singe
cos8 + As - sinle

for the orthogonal polarization.
Here 6 is the angle of wsve incidence and & the dielectric
constant of the surface material of the moon.

The enmissivity E(e) for the thermal radiation emitted
from a smooth surface in the direction ¢ is expressed by

the Kirchhoff's law as

Ey=1 - Ry(g) (3)

and

E_L=l .‘R*L(G) (4)

The brightness temperature distribution on the moon

measured with an infinitely narrow antenna beam is given by

Tp, = [Ejcos2(D - Do) + E,sin2(D - Do) |- (5)

and for the orthogonal polarization

T(Do+ﬁ/2)==[éﬂsin2(D - Do) + Ejcos?(D - Do)]-T (6)

in which Do is the angle between the lunar equator and the
orientation of the antenna polarization; D is the radius on
which the point of observation is situated.
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Then the polarized component 4Tp is obtained by taking

the difference between TDO and T(Do+ﬂ/2)’ i.e.,

dTp= TDO - T(Do+"/2) o (7)

After Troitsky's suggestion an appreciable amount of +the
results of measurements at various wavelengths have been ré}
vorted, ”heée measuremnents have furnished us with useful i%"
formations about the properties of the lunar surface togeth;r‘
with the resulits obtained by radarmetric means, |

Particularly, measurements of the polarization at milli- .
meter wavelengths seem to be interesting because of their short
wavelength with respect to the influeﬁce of surface roughness
upon the waves., From this view point, observations of the
polarization were conducted at wavelengbhs of 8.6, 4.3, and
3.2 mn using The University of Texas 16-foot diameter radio
telescope in the period Ju}y—September 1968, The characerist-
ics of the antenna are well desgiibed in Refs.2 and 3. The fe-
solving power of the antenna is approximately 7' for 18.6 mm,
3.5!' for 4.3 mm, and 2.8' fori3.2 mm, respectively.

In the following are presented the results obbained in

these measurements.

2. Observations and their results
As is well known, propagation of millimebter waves is sub-
ject to the influence of oxygen molecule and water vapor in
the atmosphere. Hence, even when atmospheric condition is
mogy; favorable, the effect of small scale irregularities of‘
the atmbsphere inevitably deteriorates the data obtained paf-

ticularly at the 4.3 and 3,2 mm wavelengbths, Therefore, in:

the measurements of the polarization it is moat desgirable to
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measure the 4Ty directly. MNowever, at the time when these ob-
servations were conducted the radiomelters for the three wave-~
lengths used were not egunipped with such a device as to measure
the dTp directly. Hence, in order to obtain the 4%p with those
radiometers we had to resort to a round-about method to measure
TDO and T(Do+%/2) in separate scans. TFor the purpose of secur-~
ing the symmetry of the data for the two orthogonal polarizations,
either TDO or T(Do+n/2) was nmeasured in pre-transit hours, and
the rest in post-transit hours. At around the meridian tran—
sit of the moon the feed horn was rotated by 90° +to chahge pol~
avization. The data taken in pre~ and post—transit hours were
averaged separately, and then taking the difference of the two
averaged cuxrves dTp was obtained finally.

The method adopted‘in the observafions reguired a long
span of time, during which atmospheric conditions often chang-
ed appreciably. Hence, at the 3.2 mm wavelength, as will be
seen later, the effect of atmospheric variations was so severe
that no definite sign of polarization couvld be found,
Atmospheric scintillations exert a blurring effect on +the
edge of the moon's disk when the antenna beam +transits there,
This makes the size of the lunar disk vary from time to time,
and hence makes difficult the processing of the data and the
comparizon of the curves for the respective polarizations.,

Measurements were centered in the detection of the polar-
izaticen at 3.2 mm wavelength, and the othe? two wavelengths
"were adopted as sabsidiary means.

Measurements were carried out at the 8.6 mm wavelength at
first. An example of the results of these measurements is shown
in Pig.l. The curves shown in the figure were obtained by one

scan for the respective polarization under a favorable weather
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condition. The 4T P deduced from Fig.l is shown in Fig,2 in which,
a8 is readily seen, the position of the maximum 4Ty as measured

comes slightly outside the theoretically expected position.

JULY 10, 1963
8.6 MM
-
Tg QK
—200

u-!t—m"._‘z_L_J lll,lll,llll]‘ VI SUTHE PN D ITATET T e 1]
20" T c 5 1Y i57 Y

vl LURAR BISK &

Fig.l. Measured antenna temperatures for horizontal
and vertical (————= ) polarizations at 8,6

mm wavelength.

JULY 10, 1968
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Pig.2, 4Tp obtained from Fig.l. Attention to
the difference between theoretical and meag~
ured positions of maximum 4Tp.
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Similar effect can also be found in the results obtain-
ed by Moran [A) at a wavelength of 8.6 mm.
| Theoretically it is expected that the position of the max-
imum.dTp is situated at a point satigfying the following rela-
tion:

6~ cos LtE = 1/4(s - 1) (8)

in which ¢ is the angle of wave incidence and ¢ dielectiric con-
stant. Practically, however, the temperature distributions are
meagured with an antenna with a finite resolving power, and ac-—
coréingly the angle € comes at a slightly different position.
The maximua 4Tp appearing in Fig,2 was obtained by applying
the effect of the antenna's smoothing effect on the theoretical
ATP distribntion. The outward displacement of the maximum &Tp
" position may be explained by taking into consideration the ef-
fecet of surface foughness which makes the angle of wave incid-
ence at the point of observation smaller than it should be in
the came of a smooth surface, that is, the slope of the wndwl-
ations facing to the observer makes the normal at the point of
obsgrvation tilt toward the observer. Thus, the angle between
the propagation and the actual normal becomes smaller than in
the case of a smooth surface. Thus, the lunar surfacé a4 Ob-
serv@d abpears rather flat than a sphere due to surface rough-
ness; Then, at the point where the maximum.dTp should occur
When?the surface is completely smooth the angle 6 which satis-
fiesiEq.B would not be attained. At this point the actual
angle of incidence ig & minus average slope o of undwlations.
Thug, the largest 4Lp wovld naturally dbe found at a point which
steps over the theoretically predicted position. This gitua-
tion is illustrated in Pige.3 and 4. In Fig.3 is shown the
effect of an uwndulation on the local normal.
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~surface angle &',

The normal for the smocth

surface png tilts to Pngct. Ract, No

its average tangent Ps and Oq;“\iill\\\\

average slope ¢. THen the

angle of tilt of normal

Average surface

Png to Pngey, is also ¢,

P

Hence, smooth surface an- Fig.3, Effect of an undulation on
surface normal., Average surface

gle 6 reduces to rough normal png tilts to pnge4 due to
slope ¢, . :

Pig.4 illustrates
the effect of un-
dulations somewhat

more generally than

in Pig.3. The nax-
imum 4Ty is expect-

ed to occur at dis-

tance Ry from the

disk center in the

case of a smooth Hig.4. BEffect of unduwlations Ho drive
the maximun 4Tp position outwards,

surface model., Ob-

servationally, however, it was found at Rz. At point p, which

corresponds to distance Ry, the smooth surface normal Eﬁl tilts

%o the actual normal 5ﬁp making angle @ reduce to angle 0p.
Thus, at point p the maximum dTp condition would not be satis~
fied. \Vhereas, at point g, which corresponds to disbance R2
from the disk cenver, angle 8, for smooth surface reduces to
Lozqnq or ¢ due to slope ¢ to satisfy the maximunm dTp condi-
tion in Eq.8.

The preceding assumption lends sunport not only to the
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explanation of the outward displacement of‘the maximum dTp posi-
tion but also to the investigation of the average slope of sur—-
face roughness whose method is selfexplanatory in the preceding
asgumption. Using the same symbols as appeér in Fig.4 and the

gsemidiameter R of the disk, the average slope ¢ is given by

0=0o ~06 = g ~8_= sin"l(Rg/R) - sin‘l(Rl/R) (9)

b
since @ = sin";(RL/R) and 6, ==sin"l(R2/R).

Thus, measurement of the linear polarization of the moon's
thermal radiation enables one te delermine the average slope
of surface roughness. However, of course, the position at
which the maximum ATP ocours is dependent upon the dielectric
constaﬁt of the surface material on the moon, and hence the
average slope ¢ also depends upon the dielectric constant.
Moran adopted a value of 1.6 for the dielectric constant, and
in our case computations were carried out Wifh the dielectric
constant of 1.8. Naturally, the value of the average slope
must be slightly different between that of Moran and that of
ours., However, uncertainties associated with the measurements
by means of the previously mentioned method may not be small,
so that the difference (<1o for all the possible values of
dielectric constant of the lunar surface) due to the differ-
ent dielectric constants may not matbter in the present investi-
gation since we are feeling that it should be improper to men-
tion of the exact value of the average slope by using the data
available to us now. Therefore, only a very rough estimation
of the average slope as measured at the 8.6 mm wavelength will
be given here. By the aid of ¥q.9 the average slope is esti-
mated to be 8°% 2% from the data obtained at this wavelength.
From the data obtained by Moran [4] at 8.6 mm wavelength the

glope is estimated to be nearly the same velue, though his mod-
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Fig.5., Scan curves for vertical (upper) and horizontal (low-

er) polarizations for 4.3 mm wavelength, Sept. 3, 1968,
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Fig.6. Averaged curves of Fig.5 for horizontal ( ) and
vertical (————— ) polarizations. Pay attention to the swell f
at 28' from the north limb in the curve for horizontal pol- ‘
arization, Ixcept this point vertical polarization is seen '
at around limbs.
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Pig.7. Scan curves for horizontal (upper) and vertical (low-
er) polarizations for 3.2 mm wavelength. Sept.6, 1968,
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Fig.8. Averaged curves of Fig.7 for horizontal ( ) and

vertical (—-———- } polarizations.
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el was made for the moon's semeidiameter of 15.5' while his ATP
values were obtained by the observation of the moon with semi-
dismeter of 16.4', which necessitated %o make some manipulation
in acquiring the average slope.

An observation of the mcon was conducted on the night of
September 3, 1968 using the 4.3 mm wavelength radiometer.
A% the time of this observation the radiometer was not in its
best conditioﬁ duz to the excessive noisiness of its mixer, soé

d
that 1ittle could be hoped from the observation. In consequ~

ence of the processing of the data, however, at least the ex—
istence of the polarized component was found in it, and the re-
gult of this observation is shown in Figs.5 and 6. The measuré—
ment wasgs carried out by means of»declination scanning. In Fig.5
are shown two families of scan curves for the respective polar-
izations for the purpose of best visuvalizing the effects of re-
ceiver noise and atmospheric scintillations. In the family of
curves for the horigontal polarization in Fig,5, a scabter of
curves ig seen at around 28' from the north limb, which has
given rise to a bulge at the corresponding point in Fig.6.
This scattering of the curves isg due to the increase in re-
ceiver noise or atmospheric perturvations. Ixcept the bulge
in this part of the curve, the existence of the vertically pol-
arized component may be concluded., However, the estimation of
4Tp by the two curves in this figure may be overdoing since
they are too fluctuant to do so.

Meagurements of the polarization nt 3,2 mm wevelength
were carried out at 10-0dd clear nights in the period Awgust-
September 1968. The result is shown in Figs.7 and 8. Flg.q

shows two families of declination csan curves for the respects- -

ive polarizations as in the case of 4.3 mn wavelength messure-
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nent. In Fig.8 are showm the resultant curves obtained by aver—
aging eleven curves for horizontal polarization and ten curves
for vertical polarization. As is seen in this figare it is hard
to dlscrimineie the polarized component, and hence we may con-—
clude that the polarization should be very weak to be detected
by the 3.2 mm wavelength radiometer used, i.e., dTp<<l,5°K.

If there should be the polarizized component cosiderably exceed-—
ing 1&5°K, wvhich is approximately the minimum detectable temper-—
ature of the radiometer used in the measurement (NF < 204B, IFBWﬂ
10 Mg, and integration time = 16 seconds), it would have been
debected in the L0=odd nights' observations. Hence, it ceems
not to be am excess to conclude that the polarized component

has the maximem temperature that does not exceed 1.5°K.

3. Iumar surface model

From the results of the observations so far introduced and
by the aid of the results obbained at other wavelengths and ra-
dar measurements, .8 lunar surface model willcbe.constructed.

, If the depolarization effect at the 3.2 mm wavelength should
be intrinsically related with the surface struc%ure‘of the moon,
we ﬁay be able to infer the scale of surface roughness by ihe
Jjoint use of the results obtained at other wavelengths.

In order to explain the depolarization effect of ea wave, we
will make the following assuvmptions: When the half smize g of oa
uwndulation is much smaller than the wavelength of the wave, the
efficlensy of reflection and hence emission of the wave by +the
surface covered with an aggregation of such undulations would
not decreasge o much as compared with thet of a smooth surface.
As the size a spproaches 1o a gquarter wavelength of the probing

wave, however, the efficiency becomes lower. This i& just the
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case of a parabvoloid antenna whose efficiency is a function of
surface roughness.

Vhen the half size a exceeds a half wavelength of the wave
and if the average slope of undulations be favorably oriented
for the observer, the efficency becomes higher.

The effect of ﬁndulations with a certain size in ‘the range
/2>a> 1/4 would, therefor, give rise to the lowest efficiency
in reflecting or emitting the wave. _

Thus, the depolarization effect at the 3.2 ma wavelength
may be interpreted by the random scattering due %o the surface
covered with small scale unduvlations whose half size is dis~
tributed near 1 mm which is just in the range 3/2>a>1/4 for
the 3.2 mm wave, ]

Kerr [5] has calculated the ratio of radar back-scattering
cross section to geometrical cross section as a function of ra-

dius to wavelength for a sphere with infinilte conductivity.

Some of the rzdio cross sections after his result for various

wavelengths of interest in observation for a=0.9 mm are shown

in the following table,

vavelength (mm) | 8.6 6.0 4.3 3.2 2,2 1.5
Cross section (%) 100 310 205 23 140 1.40

As is seen in this table the radio cross section of a shpere
with a radius of 0.9 mm ie 23% of its geometrical cross section
for the 3.2 mm wave, which indicates that the wave undergoes
high random scattering by the element with a radius of 0.9 mm.
Should the depolarization effect of the 3.2 mm wave be due to
such elements pérfused all over the lunar surface, they must

have a very high conductivity since the calculation of Kerr was

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

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

Bastin [6] has found 4% polarization at a wavelength of 1.5
mm. The 1.5 mm wave is efficiently reflected or emitted by the
gssumed roughness with a size distribution around 0.9 mm since
%he half wavelength of the wave is shorter than the average
foughness scale of 0.9 mm.

These small scale roughness with a size distribution around
0.9 mm is perfused on the larger scale roughness ranging from
peveral millimeters up to meters. The frequency distribution
of the roughness scale may becone larger as the roughness size
becomes smaller.

This model svrface structure as deduced from the millimetric ob-

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

i

fAEAN SURFACE

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

I
i

] Radarmetric exploration of the moon has supplied a good

&eal of information on the properties of the lﬁnar surface. [e.ge.
7]. Relative echo power vs. delay at various wavelengths is shown
iﬁ Fig.10. As is readily seen in this figure, there is a dis-

tinct wavelength dependence in relative echo power, that is
] H

the decrease of the relative echo power with increasing delay
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becomes less as the sounding
wavelength beccomes sghewter.
This fact may be accounted for
by considering the mannar of
roughness scale distribution
and the previously assumed sur-
face structure in which the ef-
fect of the side of undulations
favorably tilted toward the ob-
server makes the appareat lunar
shape deviate from a sphére to
a‘somewhat flattef shape whose
éross‘sectiqn may hWe describe-
able by a curve something like
an ellipse with its minor axis
pointing at the observer. The
ellipticity depends on wave-—
length due to the size distrib-
ution of surface roughness and
also on the average slope of
wndulations, that is, the dis-
tribution of roughness and the
average slope of undulations
become greater as the scale of
roughness reduces, This situ-
ation is illustrated in Fig.ll.
Should the sangle between the
normal at the point of observ-

ation and the direction of

wave propagation, i.e., [np0,
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g0, M0y coce..y be related with the reflected power Po,peC

cog &, the reflectivity becomes larger as the ellipticity in-
creages or as € reduces to ¢', %, 6", and so on., Accordingly,
at distance R from the disk center the reflected mower would
become larger (aside from the reduction of wave reflection due
to the random scattering by small scale roughness) as the el-
lipticity becomes larger or wavelength reduces. This may be
the account for the wavelength dependence of the relative echo
power vs. delay.

Due b0 the preseat technical difficulties, radsrmetric
observation of +the moon at wavelengths shorter than 8 mm has
not yet .been undertaken as far as thig auwther knows. Therefore,
there is no kmowing sabout the behavior of radar reburns at
‘Sh0$o nillimedzr wavelengths. However, from the results of the
obmervations at millincter wavelengths so far int troduced, it
nay be sald that redar reburns at 3.2 mm wavelength would show
the least intensity compared with chose at longer and shorter

wavelengihs,

4. Digcussion end conclusion

In the measurements of the linear polarization of the lun-

&

ér therwal emission, we put emphasis on the debtection of the
polarized component 8t 3.2 mm maveWGln hy, and those st the 8.6
end 4.3 mm wavelengbthe were mede as subsidiary mesmns. Hoeace,
guantitative discussions of the results obiained at the 8.6

end 4.3 mm wavelengths would necess&rily be overdoing. Accord-
ingly, oniy $hings we con siate here are that the polarvis cd com-
poﬁent could be found down to the wavelength of 4.3 mm ama thal

the polarization a¥ the wavelength of 3.2 ma is very weak end
P

mey be lesz %han 1.5% which wes the ninimum Qo

cable Tompome
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ature of the 3.2 mm wavelength receiver at the +time of +the ob-
- gervation.

The radius distribution of grains around 0.9 mm ag deduced
from the results‘obtained by the observations at the millimeter
wavelengths so far introduced calls for a very high conduciiv-
ity of such elements since the calculation of Kerr was made by
assuming an infini%e conductivity of the sphere. It seems hard
Yo believe that such very highly conductive graims should be
the compogent of the lunar surface materisls. However, if the
depolarization of the 43,2 nm wave should be coming from +the
intrinsical nature sssoclated with the surface structure, the
size of the scatterer of the 13.2 mm wave must come in the
range %'2>a>%/4, and hence the half size of the small scale
roughness would not be far from the assumed value of 0.9 mn,

The method of measurements which was limi%ed by the avail-
able functions of the radiometer was the source of difficulbies.
Az was siated alrealy, the polarized component 4Alp was obiained
Yy beking the difference belween the vertical and horizontal
antenna polarizations obtained in different scans. This method
ig subject to the variations in meteorological conditions,
Consequently, at the 4.3 and 3.2 mm wavelengths even the aver-
age of 10 scans obtvained under a favorable weather condition
gave a fluctuant curve, Hence, the detection of the very weak
polarization at the 3,2 mm wavelength by the method adopied was
quite disgcouraging. However, there will be a fair chance of
detecting the ﬁeak polarization if one employs a high speed
polarization switch in the feed which enables ons o measure
the 4Ty directly. Such a device as this will minimize the eof-
fects of meteorological variations, and then the detectable 4Tp

will be close to the minimun detvectable temperature of the radi-
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oneter.

The determination of the average slope of surface irregular-
iéﬁ by means of the outward displacement of the maximum ATP pos-—
ifion as found in +the 28.6 mm_measurements depends critically on
the accuracy of measurement. Hence, every possible source of er—
ror shovld be completely known before observations are made.

In the corroboratory measurements of the instrumental pol-
arization a displacemen®t of the antenna beam direction was found
when the feed horn was rotated by 900 to change the antenna pol-
arization. The effect was due to the eccentric aligmment of the
Teed horn center by 0.5 mm from the true center, which introduced
about 1l.5' displacement of the beam direction every time the pol-
arization was changed. This beam displacement was allowed for
when the data were processed. However, even & slight position
error introduced by the different antenna beam directions secems
té have affected the accuracy considerably when the two curves
for +he individval polarizations were compared to obtain the 4Ty,
Hence, the estimated average slope of 8%t 2°from the result ob-
tained at the 8.6 mm wavelength necessarily includes consider—
able uncertainty. Therefore; we may only suggest that the aver-
aée slope may be determined by the oubward displacement of the
maximum 4Ty position away from the theoretically expected posi-
tion if the high accuracy could be secured., The high accuracy
may be attainable by the use of a high speed polarization switch
1n the feed to obltain the dTp directly and inutantaneously as
suggested in the case of the 4,3 and 3.2 nn wavelength measure—
ments.,
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