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,ABSTRACT
Obser'va'tic'ms of the.Sﬁn.,. Moon; Mercury, Venus, Mars, Jupiter;
‘and Satﬁrn were made at 3.1 mm and 8.6 mm wavelengths with the 16
foot ‘radi;) telescopé at the Miliimeter Wave Oi)servatory between March
. and August, 1971. i'I.‘he mg_asdréa absolute Brighﬁneslé temperatures are
fabﬁiate_& below,

 SUMMARY OF RESULTS

- . Wavelength - T—emperature Accuracy, ,
Source o (mm). . (°K) . 1g(°K) Notes
© Sun 3.1 - 6573 218 Disk average
.Sun - 8.6 - R 7280 | 245 ~ Disk average V
“Moon - 3',1 L | 215 | . 6 Center of Mooh,
' T ' averaged over
‘ _} a lunation
" Mercury . 3.1 . 313+ 35
‘ - ’ 169 cos (p+18°) .
Venus 2.14. -564 100 Preliminary mea-
T S N _ surement
Venus ' 3.1 386 ' 33 ¢ = 300°
Venus 8.6 503 - 102 - ¢ =300°
Mars 3.1 217 16
Mars 8.6 224 38
Jupiter 3.1 185 13
Jupiter 8.6 174 _ 20
"Saturn 3.1 151 11
Saturn 8.6 102 ' 24

All errors are one standard deviation and include uncertainties in antenna
gain calibration. The solar and lunar temperatures are in excellent agree-

ment with published observatiéns; The planetary measurements at 3.1 mm

ii



are consiéteﬁtly higher than previoﬁs ..results. . The implications of higher
terﬁperatu‘res with respéct to existing atmdspheric and surface models
‘ are discussed.

Although we have only observed a.portion of the phase variation of the
brightness temi)erature of Mercury, the per cent phase variation and phase
lag we derive are éonSisteht with prev.ious results at similar wavelengths.
The higher m-ean temperature of about 375°K, 'howevef, jndicates that» the
spectrx;m is flat b_etweeﬁ 3.fnm and 6 cm Wavelength. Thus the thermal con-:'_
ductivity of the Mercurian épilith appeé.rs t6 be iriciépend'ent of temperature.

Our mea.suremeﬁ_ts of Venus, whicijx also indicate higher temperatures
than 'éxpécted, re§ea1 thaf ppblishéd model calculations of the spectfum

of Venus have not treated the induéed absorption of CO correctly, énd ‘

2

that perhaps more laboratory measurements of CO, absorption are needed

2
in the millimeter region. With this correction our results are only mar-
ginally consistent with assumed constant mixing ratios of CO,. and argue

weakly for there being little H O and O, at the 300°K to 400°K level in -

2 2

the Venusian atmosphere where the 3 mm emission originates.

AThe spgctruﬂmqu Mars waé con.fuse'd because of inaccurate é.bsolﬁte
méasurements of Mars and Jupitgr at miliimeter»wavelengths_. Our fnore
accuré;te measurements of Jupiter have removed muc'h the scatter in the
spectrum of Mars since more than half the Mars millimeter observation;
were made relative to Jupiter. : The spectrum does turn up at shorter

- wavelengths, and, within _the accuracy of the measurements, is fit by

1ii



' the homogeneous theri'na-ll.model. with maferial prbperties similar to.
‘thds'e of the Moon. The p.resence of a thin layer of liquid water is highly
ﬁnlikely.

A ‘Our. value of 185&13‘;K for the brightness temperature of Jup-iter
at 3.1 mm wavel_engfh indicates a more transparent window between the
ammonia and hydrogen abs‘orptién '1in'es than e:?pectéd. The measurements
are not in >good agreemenf W1th pﬁblished models, which are based on a -
lower eff-e;_c'tive temperatﬁre than that measuréd by Aumann_e_tﬂ. (1969).
Until further fnodéi calculatib_’ns are made, no conclusi@ns can be drawn
,regardj{ng the distribution of NH3 in the a.trhospher_e. -

Our observations of Saturn afe consistent wifh thermal emission from

a deep atmosphefe with ‘a.l_arge tempefatux_'e gradient and an opacity which
depends on wavélen‘g’th. The brightness vtemperalvtur-e at millimeter wave-

lengths is about 150°K.

iv
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1. INTRODﬁCTION

The purpose of this report is fo de‘scribe in some detail the-tec_hniqﬁes'
and pro‘cedu.res in eqrrent_ use in the program of ptlanetar‘y obsex;vatiehs,
and to report the,_result_s of these observations to the present time. In
Section II we describe the maj.br equipment used in the program. ‘The
antenne. has'bee‘n dealt with in three previous reports (Cogdell, 1969a,
: Davie and Co‘gdell,‘ 1969, and Davie ,. 19_70)' and 1s not treated in depth here.
More emphasis is placed raf:her en fecei‘}er operation and ealibration, as
well es on de.ta recording and handling procedures. In Secfion IIT we des-
cribe fhe way 1n which the plarietary ebse'rvations are n':la'de_. .This_include's
details of how the oBserving ephemeris is I:Zor‘epared as well as a de'scr.iption
éf t_h.e observing routine by whieh ’ehe datva are generated. In Section IV
the results of the measurements are ‘pre‘sented. The program is ongoing
s o this secfion serves as a status report as of }the time of writing. In Section
V the results are discgs_sed in-relaﬁon to other 4measurements and planetary
‘models. In the Appendix data analysis is discussed. There we show how
the atmospheric attenuation is determi;iea.‘ The major part of the section
presents the pro'ceduresthrough which the raw data generated during the
obser-vation are converted to en esfimate of the disk temperature of tﬁe
planet for that day. The appendix also contains the error analysis of the
' measurements. We discgss the biasing errors of calibatio‘n as well as

various effects introduced in the data analysis procedures.



I, EQUIPMENT
| A. Aﬁtenna

The antenné used in the 'méasurements is a paraboloid 4. 88 meters
(16 feet) in diameter'. . The antenna was originally located at The .Uhiversity
of Texaé _Baicones Research .Centver, Aﬁstin, Texas in 1963. Ifs perfor-.
mance was repofted by .T;vlb'e?t f_i:__a;l_. .(1965) and it wa§ used at this site for
planetary measurements (TolBe_rt and Stra.ito‘n,. 1964, and Tolbert, 1966)
‘é_s well as for mgasﬁremenf;s of the Sun (Tal;:ahash'i, 1967), Moon (Clardy
and ‘Straiton, 1968) and-_gallactic objects (Tollbert,' 1965, and Tol.beth and
St_raj.ton, 1965), |

In 1967 the antenna was refurbished and moved to Mt. Locke, Texas,
450 miles west of Austin., -The purpose of tﬁié move was té benefit from thé
sﬂperiér climafe resulting frOm.th'e..lfligh.ele;ration (2070 meters) and general
dryness of the area. |

The move of:the antgnna necessitated a complete recalibration.
This work is described in detail by Cogdell’ (1969a), Davis and Cogdéll (1969),
and Davis (1970). A sufﬁmary of the antenna {')ropértiesvis given by Co_gdell
Effi" (1970).  The techniques relating to fhe gain measurement were developed
by Davis and Cogdell (1971). Somg of' the work pertaining to the pointing céli-
bration appears in Davis and Cogdell (1970). . Some astronomical me;.surement'».
are reported in Ulich (1972) and Cogdell (1972).
| For the present work the bnly relevant antenna properties are the.
patterns and peak gains at £ = 97.1 GHz (A = 3.1 mm) and f = 35.0 GHz

(A= 8.6 mm). These properties are summarized in Table I.



TABLE 1

MILLIMETER WAVE OBSERVATORY
16 FOOT ANTENNA PARAMETERS

Frequency Wévelength Efficiency 3 dB Beamwidth Sidelobe Level
(GHz) _ (mm) (%) ' () (dB)
35.0 8.6 67.2+0. 9(10) J1io0 -24
97.1 3.1 53.7x2.8(lo) .. 042 -2l

B. R‘eceivevr.s

Tiie re'c.eivAers"u.se.dk in the planetary program are superheterodyne
Dic;ke radiorr;eters.- .'Ifhe receiver c.onsist4s gf a balanced mixer followed by
IF améliﬁers 1.1avi.ngva passband from 100-200 MHz and approximately 90 dB
'galir.ll. _ Square law de'tect_ion' is accomplished‘in'a semicénciuctpr didde and
" lock-in amplification in a commercial amplifier- detector. -Thve receiver is
switched synchronou;;l'y between the antenna feed horn andA a reference sky
horn by ;a. switchable four-port fer_r'ite circulator. The calibration signal
is derived from a neon discharge.noise tube and i.s injected into the re-
__ference_ port by m_eans‘ 6f 20 dB directional coupler. Hence the calibration
signal appears as a negafi\}e deflection at the output. An attenuator is
placed between the _npise tube a.nd .the directibnal coupler for the p-ur}.)ose
of re'duc‘ing the calibration signal should that be required. In the case of
-the' 8.6 mm ;adiometer, an isoiator is used between the four-port swiAtchaHe
circulator and thé mixer fé reduc'e. the effect of kiystron noise. A blocic '

ciia.gram of the receiver is shown in Fig. 1. The performance of the
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receivers depeﬁds on the -systern temperature (Ts), bandwidth (B), and

integration time (t) according to the formula

S s
A"I‘rms‘ JBt ' -_( )

where ATrms is the standard deviation of the oufput' data in equivalent

thermal units at the iriput, and Ks = 2.22 for the modulation-vdetection
‘scheme ﬁsed in the receiver's . In the éourse of the observatiorié, the
sensitivity (ATrms for t = 1 sec) is automatically monitored through the
calibravtion procedure. Typical values are 2°K for the 8.6 mm system
and 3 to 5°K for the 3mm system. The latter varies according to the
health of the local oscillator klystron, since the noise éenerated in thé

- klystron and self-‘mixed into the IF bandpass makes a;'significant contri-
bution to the systérﬁ temperature. The performance of the fe;eivers is
the limiting factor in the accuracy and scope of the plahetary measure-
ments program at the present time, and our efforts are currently being
concentrated toward improving their sensitivity.

Or_le purpose of the“planetary measurements program is to make
absolute measﬁrements of the ﬂu# from thpse planets -which we can detect.
Most rﬁodels of planetary atmospheres and surfaces require such absolute
(as Qpposed to relativei measurements. In addition, some plangts, 'prin-
éip_ally Jupiter, are used aé primary calibration sources for millimeter
radio teléscopes which cannot be calibrated by other means, and hence

the flux scale for many millimeter observations depends on an accurate



knqwledgé.o.f the températures of these plaﬁets. For these reasons, ‘the
célibration of the receiveré is éf great importance to the program. The
calibratioﬁ signals _origix;ate in neon noise tubes and are coupled into t.hAe
' referencé port of the ferrité modulator by a directional coupler. When
the noise tubes are fired, the effect is to indicate a decrease in the an-
tenna temperature by a cohsfant amount. This caliBration signal is
evaluated in‘thermal units (°K) of antenna témperaturé and referred to
the receiver input _ﬂénge by direct comparis‘on with a well-matched. term-
ination immersed in boﬂiné water and ice sluéh. Corrections are made
for the estimétéd.VSW‘R of the termination and loss between the termi-
'nation and the receiver inpﬁt flahge. Since the gain of the antenna is also
referred to the receiver input flange, our referencing of the calibration
gignal to the same point in the system allows direct inference of a;'r_ltenna
| temperatt_ire'without further corrections.

The same c‘a.li'bration signal has been used at 3.1 mm since the
beginning of the program. This signal has been thermally calibrateci a
number of times with reasoﬁably consistent .results in spite of the fac;c
that the Qaveguide 'as.sembly-r was disassembled several times during this
period. The various evaluations of the 3.1 mm calibration are tabulated
in Table II. Clearly there are too few samples to‘giVe firm meaning to
the quoted standard aeviation,‘ bﬁt the impr.ession given is one of good

repeatability.



TABLE II

3.1 MM NOISE TUBE CALIBRATIONS

Date Calibration Signal (°K)
Decembe;r 8, 1-969 , | 81.. 7

April 18, 1971 o 84.3

June 1, 1971 o . 178.6

August 12, 1971 | 79.3

August 17, 1971 83.4

Average ) 81. 41, 3°K(Lo)

At 8.6 mm two different 'ca_libratioh‘ signé,ls ,weré used during
different periods of observations. Multiple t_hérmal calibrations of
these signals were not attempted, so no estimate of internal accuracy
can be made. Our experiénce, howevAer, indicates that the 8.6 mm
.eqﬁipmeht is generally better behave.d than thé 3.1 mm equipment, so
we would "expe.c.t equiva.lent or Bet'ter repeatability at the longer wave-
length than at thé shortér. Tﬁe 8.6 mm calibrations are given in Table
M. o |

~ TABLE III

8.6 MM NOISE TUBE CALIBRATIONS

Period | Calibration Signal (°K)

Prior to August 12, 1971 436

After August 12, 1971 "~ 39.0



The cierived_calibra_tion s‘ig-nal value is put into theldata; reductiog prograr,
where the da‘._té are é,utoma:tically éorrect'ed for receiver gain variation
during an observing run and calibrated iﬁ termé of antenna temperafure.
C.. Datal.R-ecorvdin‘g and Handling
As 'detailed in the next section, during an obsefving period the
radiq telescope is sequenced through a number of operations, namely,
_soiar scans, baseline, source, énd calibrations. 'Each of these "scans''
is composed of a sequence of data groups. These groups are of two kinds:
the first and la.."s't‘ contain information such a._é timne, antenn'a'_t position, -
fﬁnction being perfqr_n'ie'd,' integrétioﬁ fifne. per point, and the like;. in
between arie .a sequehce of data points which are the re'(.:eivei‘» output inte-
‘grat‘éd over éonsecutive periods of Atinie.
| Letvus follow the receiver oufput s.ignal through the data ha.ﬁdling‘
process. The output of the sécond (square law) detector is amplified and
sy.nc‘»h._ronously detected in the lock-in amplifier and smoothed witlfl a single
pole RC’'low pa;ss filter. The output of the loék-in amplifier is then applied
to aﬁ' integra'tin”g voltmeter, which integrates .f'or a presef period of time .
(usually 2, 4, or 10 seconds) and tﬁen .delivers the data to a serializer
in BCD form. The serializer converts to ASC III, 8 level code aﬁd feeds
| -the data to a teletype for a'pu_nched‘ paper tap.e énd hard copy. A;ny known
errors in the data, such as an incorrect antéhna position, are recorded
in a 1og book. |
At the end of the observing r:un, .the tape, hard copy, and er:or

log are sent to Austin. The tapes are translated and recorded on magnetic



-‘tape: The data are then rerun: oﬁ a CDC 6600 computér-énd translated

to Hollerit.h' code, groupea i-nto records corresponding' to the teletype

}hard copy lines, and punched on cards. '_Affér the cards are interpréted
and knov{r‘n 'errors"are' edited, the data are ready for analysis in our various

radio asfronomy data reduction programs.

II1. .OB'SE:RVATIONS
A. 'Ej.)hemefides
‘E‘phem.erides were prepared on é. digital computer prior'to _act_ual
ob'servationS.‘ Gvéocentfic positions ‘at epoch 1950. O. wéré o:btained fro:rn.Jet.
Propulsionl Laboratory magfxétic»ta..pe DE69. These poéitions Wer'e.'chrected
for pre'ces‘vsionk, nutatién, ai)erfétion, and to'po.centricity. Corrections for
mount .eccen.tricit‘ies ’(Dév_is and Cogdell, ‘l 969), encode‘r offséts, sag, anci
' refractipn (Dva.vis and CogdAell,' 1970) wer>e then Aapplied to pfoduce Servo
readings for solar systefm o'bje.ct.s as a function of local time.
B. O‘ps,erving Pfocedure‘
1. Sun-

Solar observations were made to calculate the attenuation of
the earth's atmosphere. Drift scans were taken through the center of the
disk over a wide raﬁge of zenith angle. Figui‘e 2 shows a typ.ical drift
sc.an taken at 3.1 mm. Data were taken for several hours after sunrise,
for about an hour at noon, and again for several hours before sunset.

2. Moon
The 3.1 rﬁm bi‘ightness temperatures of several regions

near the Moon's mean center were monitored during an entire lunation.
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'The results will be reported elseWhefe. Th_e average va}ue obs‘er‘ved ‘
can serve as a' chgck of the thermal calibfatioﬂ, as this valué is _almost
"independent of wavelength according to Krotikov and Troitskii (1964). In
these observations the standard ON- OFF m‘eth.od of observation was used.
3. Planets

- Planetary obse_rvvati‘.(_)An‘s were made ﬁsing a modified OFFQON-
OFF technique. Blanit sky wals obéerved_before and after the planet wa.é
ob_sefved. bﬁriﬁg fhese blank sky baseiine scans the antenna was driven
across the sky ;long the sanﬁé patﬁ as the planet took. Thus stra;y bacic-
lobe pickup and atmospheric émiséion were effectively cancelled. Iﬁ
additio_n'the uncertainfy of the measurement was minimized by spending
half of thé baseline integration time on each side of the source integration.

vJupiter and Venus were. observed at the predicted planetary

poéitions and also at the f'o;ir cardinai pointé ‘one-half the HPBW away.
Begéuse éf their felatively weak signals, Mercury, Mars, and Saturn
we;'e only observed at thé predicted ephemeris position. Ih this manner
. stifficie_nt integration time for a rea_so"nable measurement was accﬁmulated
during a single observing period. Since the point source feSponse of ‘the
anter-ma is known from battern rar;ge measﬁ;el"r;ents, knowledge of the ‘
.pointih_g error .relative to the ephemeris enables one to correct the ob-
served signal strengths to the values one would measure with perfe;:t
pointing. All planetary observations were made within four hours of

transit to minimize atmospheric extinction losses.
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Calibration of the receiver was accomplished by'pefiodiéally ‘
injectirig a ;ignal of known equivalent femperatp.re from a gas disché.rgé
'tu‘be-. This allows dne to correct for cilanges in receiver ‘gain,a_,_nd' to
calibrat'e the o”ut'putvd.eﬂéctivbh in terms of anterin’an temperature.
1V, RESﬁLTS .

"A. ~ Sun and l:lfl}itinction Data
Drift scan's. wére taken of the Sun on 62 days at 3.1 mm and on 9

days at 8.6 mm. ,Pléfs'of the average brightnes; temperat'ure.a.ci'o'sé the
center of the .diskl.vell'sus zen1th 'attenﬁation are sh_own‘ in F1g 3 and 4. >The
| thermal 'calib.ration‘ul.ser:d Qas the same as in tl.qe: planetary measurements.
The video ampiifier 'géiﬁ was .re_duc.:e'd to keep thle signal on skcale, thus
_a.ddihg 1% uﬁc’e.r-te‘arint.yv in ﬁese vaslu,es, The lack of 4slope. éf é lé:la.st- squares
fit 6_f a .straight. lil;lé to the lda;ta‘ indicatés ~thé.t the Sun's apparent terrip'eré.ture
is uncorrélafed with 1.:he vmeasﬁred a.,tmoépherict extinction. Average sola_r
témper_atures we;efoun’d to b.e_ 6.440‘12'23°K a;t: 3.1 mm and 72‘80:&245‘?K at
8.6 rnm 'A'more accﬁrafe .esfimafe_ of the solar tempé:rature va't 3 I mm
wa.s obtained by selecting data on the‘ basis of a good linear fit of the'ex-
tiﬁction plot. Scatter dﬁe to temporal variations 1n the attenuatiqn and

the solar flux was considefably reduced. Figure 5 shows that the 3.1 mm

4 selecfed dat; yields an esti"mate:d solar disk temp}‘erature of 6573+218°K,

in excellent agreement with the 3. 3: mm teméerature of 6567+152°K re-
ported by Reber (1970). This value is cor-lsistent with the Van de Hulst

model fit to existing measurements by Shimabukuro and Stacey (1968).
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PSychrometriC data -fake_n during some ‘of the solar observations

» weré used to calculate the surface absoiute hﬁmidity. Figure 6 is a plot
of zenith aftenuation versus absolute humidity at 3.1 mm. It is evident tha't
‘ there is éonsiderablé corr‘ela,'tion. The scatter in the data is probably due
to the féct tia’at the aftenuaﬁion z;né-asu-rements represent ah average over

a period of several hours, ‘while the surface absolute humidity was only
measured once during the observing périod. The line fit to the data is

represented by the equation

&=;16+.09p | o S (2)
where - | | o

o = _Zenith étténﬁatio’n (dB)

p = S_ufface absoiuté humidir’cy .(g/m'3)‘ E

Thié metﬁod allows one f_o ;;uickly estimate the extinction at any time by
measuring the absoiute humidity at the observing site.

B. Mo.on

Th‘eA mean brighthess tempe'rattire of the center of the moon

average'c'l over a lﬁnation can be used as a c’élibration source. As. shown
1n Fig. 7A the value Vobtainedl at 3.1 mm is,215'ﬂ:6°l'(. This result is con-
sistgnt with the: y#lue of 213&24-°K derived by Low. and Davidson (1965) af :
1 mm and the value of .210’7:.i:.2°-K a.t' centimeter wavelengths és determined
by Troitskii (1967). | |

C. Planets

I.n this section we tabulate th.e planetary measurements on a daily

basis. In the tables wé_giye ‘the wavelength, date, measured brightness
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temperature,’ rec.e.iv.er noise, zenith é.t:tenuation,v and method of observation
(one poiht or five: points). The ac‘curacAy' of the daily values is ‘éstimated oh
th.e basis of integr'ation timé and receiver sensitivity as indicated .by the
‘calibrations, és. explgined earlier in this report.

In the case of Mercury, the data é;r‘e fit té the expected phase‘
curvve. For thé othér' planet_s, where no phase effects are expectéd, the
data are averagéd 'together', wei".ghvte.d inversely with vériancé. The. éccurzacy
of fhe averége is estimated By two methods. The bfirst comes from the
daily accuracies and the wei’ghting’féctoré.f ~ The second is a statistic of '
| the data.. We pondpute the cérrect'ed staﬁd.ar'd- error as

N N

R 2

T © ' TD
2 Qr
i=1 i=1

| 14/2_' o

MR YA NZ(N_1)> B e
where o = Gorreétéd standard err(_)r»'(°i()
' Ti = Daily temperature values (°K)
N = Number of daily v-alués used
3 FN = Small sample correction factor

- The factor 'FN‘is the 68% _con.fidepce value for a ‘st'udent:'s t distri‘butioﬁ for
N-1 degrées of freedom divided by tHe 68% confiden_ce value for a Gaussian
distrib‘ution;'thically F-N ~ 1.1, .Hence l'our llc errors are to} be interpreted
as 68% confidence‘ levels. In quoting;err()rs, we- conservati{rely chose the
large-r of the two estimat'es.

l. Mercury

"Mercury was observed on 9 separate days, but in some cases
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several days were averaged together because of the weak signal level.
The data are given below in Table IV.
TABLE IV

MERCURY- OBSERVATIONS

Wavelength Date : TB(OK) O (°K) 5(°) «(dB) Method
(mm)  (1971) . _ B
3.1 8/24 203 45 168  .855 1
3.1 8/26 224 52 192 .711 1
3.1 1/1,8/30 246 .38 200 .272,.992 1
3.1 5/1,5/2 - 278 38 220 . 300 ]
3.1 5/13,5/14, 368 40 250 .370,.482, 1
: -5/15 - o | 367

Because of the relatively.poor receiver sensitivity, it was
possible to make meaningful'.observat_iAons ;)nly near' inferior éonjunction,
_when the signal-to-noise ratio is greatest. ' Fitting a phase curve to data
over a limited ‘range in phase angl'e' can lead to large errors. However,

- for disgussion purposes, a least-squares fit of an equation of the form
T0 + T1 cos (¢ + 6) was made to the data. The resulting fit of TB =
373 + 169 cos (¢ + 18°) is superimposed on the data in Fig. 8. It is felt
that the apparently good fit to the observed values must be somewhat
fortuitous in view of the probable measurement errors.
2. Venus

The data on Venus were taken during a short period in later

March and early April. Data taken during midsummer were taken through
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“nigh, thii‘; ’n""Tf; but the résults were erratic and are not tabulated

below in Table V.

TABLE V

VENUS OBSER VATIONS

Wavele‘ngth Date TB("K) SO (°K) _a(dB) M'ethod;
(mm) oty P B o
3.1 3/21 356 43 1575
ER 3/22 389 | 60 188 5
3.1 3/23 411 58 " 226 5
3.1 41 21w 324 5
3.1 i/5 . 456 59 285 5

28 S, a6 29 5T - 209 .. 3
8.6 6/15 503 102 209 1

At 3.1 mm the weighted average is 386°K126°K. Data were

taken over too short a period of time to indicate the presence or absence

of phase effects. The one observation at 8.6 mm is of poor accuracy but

is included for the sake of completness. Taking into account the systematic

errors, we obtain 3864£33°K at 3.1 mm and 503+102°K at 8. 6 mm for the

3.

“disk brightness temjﬁera.ture of Venus.
Mars

Mars was observed on 5 days at 8.6 mm and on 6 days near

opposition at 3.1 mm. | The data are given below in Table VI.



TABLE VI

MARS OBSERVATIONS
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Wavelength Date TB("K) ‘ Or (°K) «(dB) Method
(mm) (1971) B '
3.1 '7/27- 201 15 1215 5
3 '8/24 218 12 1.233 1
3.1 8/25 236 - 11 1.740 1
31 8/26 198 11 1.285 )
3.1 8/27 '258 ' 12 1.609 1
L83 ves ] 1,438 L
8.6 6/8 307 70 118 1
8.6 6/9 142 44 . 200 1
8.6 | 6/15 281 47 .209 1
8.6 6/16 172 a2 . 165 1
8.6 617 260 21 228 1

The weighted average temperature at 3.1 mm is 217+11°K,

© and at 86 mm it is 224+38°K. Taking into account the gain and calibration

vuncerta:inties, the temperatures are 217+16°K at 3.1 mm and 224+38°K at

8.6 mm. .

4. Jupiter

Measurements at 3.1 mm were conducted on nine days and at

8.6 mm on 4 days. The data from the individual days are given below in

Table VII.




TABLE VII

JUPITER OBSERVATIONS
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Wavelength  Date T (K) or K)  a(dB)  Moethod
_(mm) (1971) S B
3.1 ~ 3/21 198 6 . 157 5
3.1 322 209 5 188 5
31 3/23 210 6 226 5.
3.1 4/5 181 4 .285 5
3.1 4/6 186 4 1269 5
’3.1‘ 7/27 ' 130' 6 | 844 5
3.1 8/24 157 - 6 855 . 1
3.1 . 8/25 163 9 194 1
A8l 169 LDl 1 .
8.6 | 6/4 138 6 246 1
8.6 6/17 186 11 118 1.
8.6 6/8 186 10 118 1
8.6 6./8 L212 7 .118 B
The averages are 185+13°K at 3.1 mn{ and 174+20°K at
8.6 mm. | |
5. Sai:urn

" The data on Saturn are given below in Table VIII.
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TABLE VIII

'SATURN OBSERVATIONS

(°K) o(dB) ‘Method

Wa\}eleﬁgth . Date TB(°‘K)_ ' c,i,
- {mm) (19_71) : - . B
3.1  ‘; 3/20 158 . 28 .219 1
RN 3/21 149 19 152 1
3.1 322 144 26 . 187 1
ER 323 w19 327 o
3.1 ©3/30 149 2T | . 385 o
3.1 " 4/5 157 26 3441
3.1 ’4/6', 153 20 | 97
3.1 4/23 144 T .284 B
_____ 3.1 6/ 173 30 .26l - 5
8.6 6/10 101 42 175 1
8.6 6/16 91 41 | 182 1
8.6 6/17 113 40 228 1

The vaverage temperature at 3.1 mm is '151;t11°K. At 8.6 mm the weighted
average is 102424°K. In the latter case the sample is too small to esti-
mate the error from the data, so -the statistical model combines the

'erro_rs'from the three days 'to estimate the overall error.
V. DISCUSSION OF RESULTS
. A.I General Considerations

Before we can discuss the implications of our measurements, .
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we must »first_ discﬁss some general cbn-sidérations which influence the -
inter;pretations of plan?tar.y'spectra‘.'

The first of these c.‘on'sAiderations is that the specfra of the planefs
may nof be considere.d sepafateiy as jf the va.rioﬁs measurements were
independent. The spéctra of the p]..:anet's are coupled th_rdilgh two effects.

- The'filx'st of these is diJ;e -to the fact that fhe brighter planets, mainly
Jupitér, are useci as-calibratiAon..sources‘ for observations of fhe Qveakef
_ohes. ‘ .Iupiter-_.is' p.>a'.r'ticu1ar'1y favored for this purpose since its brightness
is théught to be"reasvc-mabiy constanf throughout the millimeter regio_ri.

This a'ss.umptlic'm‘is not well found.ed‘ in oﬁr view as the measurements are
ﬁdt thoroughly _c'onsi.s"tent,v as will be discus sed later, nor is there an esté;b—.
lished model of the Jovian atmosphere from which one might judgé this

. assumption to be a priori Valid. Even 1f one g>rant-s the assumption, the
vall_.le one as.spmes for the Jovian temperature must be d.e.cided, pres‘ﬁmably
.by referring to measured 'va.lu'e‘s. If one dqes a simple average of reported
rﬁeé,surerhents of Jupiter in the region ]l mm < A <1 cm, where the bright-
nes.s .tempera.'ture is presuimed tobev constant, one obtains the value 148+9°K
(stahdafa erfor)‘based 'upon 14 réported values including those in this re-
port. Iflor'lve considers only recent measurements, say later than 1967,

the a\'/erage is higher, 164:i:8°K, based upon 8 reported values. However
the temperature usually assumed fof Jupit‘er is in the range, 140-14'4°K.

It is not oux% purpose to discuss' the historical reasons'fér this here. O r
point is that»t.he use of JupiteAr for a calibration source and the assumption

of a low value for Jupiter's temperature have combined to influence the
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spectra of all the p'lar‘xets;‘ We will discuss these matters in detail in
the following oections.

The second way the planetary spectra are coupledvis through the
systemotic error of t.ho observeré. There arel only a few radio telescopes
which are used in' the millimetor region for measurements of the planets,
and, as Idis'cussed io the Appendix, the measorement errors of all sources for
each facility would Be corrolated through the errors in antenna gain and
thermal calibration scale. A clear example of this effect is revealed
thrOugh a comp-é,“risonq of our planetary measurements at 3.1 mm and those-
made on the Aero.spaco Corporation 15! antenna at 3.3 mm. Table IX"
shows such a comparison and one sees that the Aerospace 'rxf)easurements
are oonsistently lower than ou_rS by about 19%.

TABLE IX
COM?ARISON OF THE 3 MM PLANETARY BRIGHTNESS

TEMPERATURES REPORTED HERE WITH THOSE OF
EPSTEIN et al. |

Planet | Mean Temperature.(°K) Ratio Reference
This Paper Epstein -911-:-3—1'
M_eicury 373£35 296430 ~ 0.79+.11 Epstein et al. (1-970a)
Venus 1386£33 307430 0.79+.11 Epstein et al. (1968)%
Mars 217416 178418 0.82+.10 Epstein et al. (1970b)
Jﬁpiter ©185+13 '1’53;15 | 0. 83, 10 Epsteinggil_} (1970b)
Saturn 151211 . 125%13 0.83+.10 Epstein et al. (1970b
| Average - 0.81+.02 .

A .
~This is the value reported at inferior conjunction.
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Thus one has 1.:o.bear in mind the'poséibilify of correlated errors in
' cbnsidefing all the Planétaryﬁxeasuremehts maae with.-a giveﬁ radio
telescope. | |

The secona général considération which we wish to discuss is
that of phase effects, '.which have been reported in connection wit'hl\"/enué.
and Mercury. First, the measurement of a phase effect is extremely
challenging _frbm' an cl)b-servational point of view. One problem is main-
taining a ‘co-nsistent -calibra.t.i‘on scale over an gxtended period Qf time.
.S_eéond‘, ahd more imp:ortafnt,f‘i_s the p_roblerh.of "synchronous rioi_sé. "o
Just about every conceivable source of error (seasonal ch'a.nge's; solar
heating .of the antenna, solar i’nte.rference," diurnal effects,‘,.elevation
ai;gle effects, s.ignal-etb_'-noise. rafiq) are ;::orljelatéd with the phase qf
the objeét being observed. Thus eveﬁ when the obéei‘vers are extremely
careful there is'a téndehcy to see systematic effects with chaﬁges in phase.
This is what Sé,gan l('1971) ;a:lled "false positives' in conr}e;:tioh' .with the
phase effect of VeﬁuS; Al- second point we wish to discuss in connection
Wifh phase. éffects concei;ns the manner in which the dafa are taken and
" ‘analyzed. The inner planets are closest to thé earth at inferior con- .
junction, and it is hence at this t1me that the signal-to-noise ratio is
. best. There is é tendehcy‘to takg too much of this "goqd ciata." and to
givé it too great a weight in the analysis ;)f.fhe dat-a.. Spéciﬁcally the
prac'tice of weighting the data invef.sely to its relative variance allows

" the precise data near inferior conjuncfion to control the fit to the extert
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of over.';'iding tho:; ;i;ta near supgrior conjunction. .Cléarly the éhase-
varying fe:m should be determined ‘by the aifference between the values
near the conjunctions (mé)‘cilmum‘ and minimurvn.terhpera»’tures), but the

' practices'we ha.ive cited above allow th’e inferiorvconjun_ctiorvl dé.ta to
bverly inﬂuénc¢ this term és well, With the result that éftéh the fit_'is'

- ppoij, near superior conjﬁnction. Thi; phenomenon also influences the
average value for: fhe planet. .The way the déta are taken and anal.lyzed
causes a strong cor'rglatigp between the éverage _va1u¢ and the amplitude
of the phaseiter"m. That is; consider a phase equation of the form

+ T, cos (¢ +5) T

Tie) =T 4T,
Where
T(cp) = The predicted phase curve (°K)
TO = The averé,_ge plaﬁgtary temperature (°K)
.T1 = The amplitude of the phase effect (°K)
| 0] | = Synodic.phase (o = 6° at 'superior conjpnction)b
= Pha.sé shift, usually small, < 20° |

d
'_Thé "good data' near inferior conjunction establishes T(180°) very well, i.e.,

T, - T, ~ T (180°), well established.

Then T, is established by variations in the data versus phase, again with the
inferior conjunction data heavily weighted. Thus the average temperature

is w T(180°)+ T

1 and is highly correlated with the phase term. Another way

to. s_tatei this is that the average temperature of the planet one derives from

the data in this way is model dependent. If one choses to disbelieve in the
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phase effect, say in the case of Venus, then the best estimate of the pianetary
'térﬁperature 1s the Vaiue déte;rﬁ_iped neavr inferior conjunction. The con-
siderationé ciiscxis.s'ed-a’.bove. will be faci:ors- in the discussion of planetary
épectré which foilowé.
B. » Planetary Spect;a
1. Jupit!er
| We wiil aiscusé fhe si)ectrum of Ju_.piter fir.st because of its‘.-

impoftance as a calibré,tion source. In ‘Fig.. 9 we show the specltrur_n_ of
Jupiter at wavelengths Ash'Orter_ than 2 cm. The data are from Dickel et al.
'_ ( 1 970), Newburn and (..?rulkis“_tl")?l)j,. and some orié.inal'SOur_ées, pl!ﬁs t_he
d‘ata' .o_f. this féport. | R | |

At wavelengths longer than 2 cm, the nonthermal com.por;ént
is thought‘ to be apprbxifnately 12°K and decreasing as )\l' 7; hence, the
.radila.tion is largely thermal in the region shown. Some of the values given
near 2'cm hav;e been corrected tob remove the nonthermal "con-lponent. Th.e
_-s.p‘ectfu.m shows 'al dip at appx{oxinr.la.t‘ely A =1.4 cm with TB = 1.50 - 180°K
.at short r'nill'imeter wa.velength-s.- The general features of this spectrum
';.g.rée ..vvithjthe modeis."pres"erited by Weiqhg_tﬂ. (1966), Law and Staelin
(1?68), and Wrixon et al. (197_1.), which predict the dip in brigh£ness tem-
}Se;ature at 1.4 cm due to ammonia absbrption in the higher, cooler re-
gion of the }owér atmosphére.

‘Th‘e tefnperature of the Jovian a:tfnosphere is not well estal -

lished. Recent occulation results (Hubbard et al., 1971) lead to a minimum

value of 130°K in the upper atmosphere. Sagan and Pollack (quoted in -
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.. Kellerl.*.na.n.é.'nd Paﬁli;xy-Toth, 1-966)-a.nticipa‘1t.e that the éhief source of
Opa.city and he;ice r_a.diatioii in thlcle pianet's Oufél; atmosphere would be
;saturated é,mmoni_a. ’I_‘h_e a.trhosphei'ic level where the opfical depth is>
- on the order of unity correspo.hds to a tefnpe_raturé .1_'1eai'vthe. fréeziné
| poi;it of a.mfnohi_a., wh1ch is quoted to be 1955K. Our values are in agree-
" ment with ‘thi‘s p-red'_igtio'n. | H;)'wev_e'vr, the ‘dat_a pdinfs added bir t}llis report.
are generallyfh’i'gh‘er' than pfévicéus measﬁrements at neéfby wavelengths;
althoiJ.gh. our values are .rrl.ar'ginally. corﬁpétible Witil them at the one to .tvyo
s-ig:nda_ level. .W.e afé.'hot 'em_b:arra;sse‘d' by this difference but feei that our
rhe_a.éuretrierits are .v'alid. -
.. Three methods are uséd in making planetary measurements
" at the wa&elehgth:s of concera. ' 'I‘_h_é Russian r'n_.ethod (Kislyakov et al., 1962),
. usé.d in a modified form by Law a_ﬁd Staeliﬁ' (1968_)’,' depends on pattern méa_
surements derived from vs‘.:)lva,r lirhb é:éésihgs ‘and therma'l scaling based
.upjon the moon. '_While this méthodyields results which strike us as réa;
sonable, the precision is not very great. |
A s_econd method is to calibrate the antenna gain and réceiver
gain.sim'ultaneously-' through measﬁrements of st_a.ndafd radio slources.
Sox_netirhes only one or two‘séurces are used, sometimes more. Cofrectionr_;
- are rﬁade for source size. 'Flux values for the standard sources must be
extrapolated frorn"the spectra m-easu.red at longer wavelengths. Some
_authdrs seem to prefer this type of‘ caliBration_because relative values 7.re
more consistent than bethen "'absolute" measurements. Ti‘lere are, ,‘!..mw-

eve_rl,_ several objectional features to this source of calibration in the short .
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cm and mm region. Foi{ one, extrapoléting spectr.a into this rggion could .
yield trouble because of the poésibility that tine spect‘:ral index of t.hé source
might change in this region, és a.number of sources do. ‘Second, thé standard
sources beéoﬁe qlilite weé.k ih‘.thev millimeter region and cannof currently be
‘used at wavelengths less than 8 mm due fo ti'i.e smaller antennas and .noisier
receivers. Finally, .spectra of fhe standard sources were determined by
absolute measurern.entsl. It‘.i.s héljd to see why gh_ese older measﬁrements ‘
are.to be preferred oQér recent absolute measurements of the planets. Of
course, in dgfining the spectfa of the standard sources, one takes account
of many measurements made with different antennas at different ffequenéies;
ne\'/e’rthelles‘s' it is not _uncofnmon to see the.spéctra révised significantly in
the iight ofvmore recépt. measurements.

'Finé,lly,, “many measurements, such as those reported here, are
absolute. The basic ing'r.edients'. of such a measurement 'are»the det.ermination
of the  peak g‘ain.o_r efficiency of '-the éntepna and the establishment of a thermal
calibration scale, the latter cofnponent Being the»sufef of the two. Some
probl_em's of gain calibr;tiqn are described in Cogdell (1969a) and Davis
(1970). Since the gain calibration measuremeﬁts' are difficult to make,
radio telescopes are ca.lji::ra.ted inﬁequeﬁtly. Alsq, experimenters fall
prey to the very ‘,n'atu-r_al temptation to OVérs£ate their accuracy. For these
reason;s; and no doubt otheré, absolute meésurements- have tended to dis-
agree er_nbarrass'ihgly'. Nevertheless, it is our. view that absolute measure-

rrien_ts can be made quite accurately, and we have sought to explain in our
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.various reports and publicati.c}ns the téc’:hniques and as:sumptions which
' underlie the presenf series of plénetafy measurements. Unfortunately,
ofher authors have not reporfed simila.r details, so it 1s difficult to judge
the foundations of their measure.ments. |
The fact that the temperatures which we measure for the

éianets are higher than expected léads one to suspect that either our
temperatufe scale is to.ob_vhigh .or else our assumed antenna efficiency

1s tob_ lvow. The temperature scale is cppfirmed'to better than.3%‘ by the
meaéurements on the Sun and Mooh, as discuseed earlier in this report.
In the‘pre_sent section, we discuss the possibility that the antenna efficiency
is underestimated in our _ey'aluation. The efficiencies quoted, 53. 7% at |
3.1 mm and 67.2% at 8.6 mm, are based upon a measured efficiency ..a.t
2. 2 .mm, | a calculafé'd -iow frequency limit, a'n& a £heory‘ of interpolation
from Davis and Cogdeil (1971). Itis diffic_ult to sée how these values;
particulafly the 8.6 mm one, could be 20-25% low, as they are already
rather high compared(with the efficiencies claimed for other radio telé-
'scoibes, paA.z".ti’cular'ly teles’cépe'é operating 1n the millimeter region. There
is, jn fact, a tendency to measure iow. Most sources of error,. e. g.,
pointing difficulties and .telescope. sag deterioration, tend to reduce the
valug one infers-for the planetary teAmperva.ture. ‘In this connection, it is
ipteresting to note that the values ‘re.p‘orte.d by a new facility are usually

lower than their later, more carefully done measurements.

In the case of our own antenna, we have further reasons fo:

assurance that the antenna efficiency is not understated, based upon
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c'onsideratioﬁ of the main lobe efficiency. In any reflector antenna, the.
phase errors tend to fall into two _c:lasées: the small scale ”rarAldom”.
errors caﬁéed by impérfections in the microstructure of the antenna
surface and the large scale ”sysfematié" errors caused by imperfections
in the macrbstructure of thg antenna. The effect of the fandom errors,
sa;ﬂ in trapsmitting.vvith the Aant'en‘na,, is fo séatter energy over a broad
pattern de‘peridi’ng on the éharlact-eristic scale of the errors. This effec£
is described by the Ruz'é (1.966')‘ tolerance theory. The effect of the sys-
tematic error is to scattér ené'rg'y into and néar the main lobe of .the
antenna, thus broadenihg the beam and smoothing out and raiéing the
side lobe structure -a.s ‘described in Cogdell and Davis (1972)'. . The relative
effects'pf the two types of..erro'r's can be estimated ‘by plotting the logé.rithm
of the peak and main lob:e e‘ffi;:ieAn.c'ies .agaiﬂst the square of the frequency.
As argued in Davis and Co'gdell (1971) and Cogdéll and Davis (.1 972), such
a plot shéuld-. Yieid Straighf l.ines. Figure 10 shows such a plot for our
16 foot antenna. In -'construct.ing th;é‘fi’gure we have approximated the -

_ m:ain lobe effici‘gncy ‘by using rﬁeasured 3dB beamvﬁdths fo estimate beam
broadening. | The in.tc‘erpnd:‘a;tion of Fig. 10 is straightforward. The beam
efficiency tolerance loss inc_:réases with frequéncy; this is due to the small
sqé.le .phaée errors 6n1y. 'i’he slope of this} curve is indicative of the rms
surface tolerance of the éntenna and agreement is perfeét between thé slope

Avcalculated fr_,o'm.the mechanically measured tolefance and the slope of
the figure:. The peak efficiehéy loss With fi;equency is due to all errors,

random and systematic. The slope of this curve is indicative of the total
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tolefanéé of .thé antenn; figure as defined by Spe?lcer v(1949) and indicates

a tolerance twi?:e that due to the random error alone. If the slope of the -
peak efficiency cufve is raised (to give lower terﬁperat.ures for the planets)
thé sioi)e of thevv rﬁain beam 4evf_ficiency curve r_nusf be ir.lc'r'eased by the same
amount. But this is impossible because fhe slope of this curve already
‘accou.rv1ts for the measured mechanical ;c;)lerance of the an.tebnna. To

r;ise the slope wquld. imply that the antenna ﬁgure is improving with

time, which is unexpecte'd to sé.y the least. To raise the efficiency by

- 20% at 97 GHz would force the main beam efficiency to increase with
frequency, which deuid, .ofvc_ourse,‘ be impossible. Thus our concliusion
ié thaf. th;a'péak efﬁciency Qalue_s ﬁSed'in thi.s report cannot be grossly
underestimatgd. .‘vWe' ‘acc.ordiﬁgly assume that our planetary tempefatures
"are correct and ‘expidre thé implicaﬁons of these higher values in inter-
preting planétary épectfa in.the millimeter region.

The stfuctu_.re and constitueﬁts of the Jovian atmosphere are
not well determined.' The most complete models of the 'atmosphere seem
to be.those of Trafton (1967). | Ihe Trafton model is described in Wrixon
_qé. (1971) and used in a calcula_tion »of the microwave emission in the
frequency range between 20 GHz and 40 GHz, the vicinity of the ammonia
coi'nplex; The calcula.ted spectra agree in the main with the mea.s_urement-s
reported in the same paper, although certain unknowns in the model, mairiy
associated with the effects of pressure on the ammonia absorption, are rot
distinguishable due t".Q the uncertainf}i'in the measured spectrum. The

Trafton model.is based upon an upper a.tfnosphere in radiative equilibrium
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at some .effe'_(':tive ‘t-em‘pera,tur_e w.ith a lower atmosphere in convective
equiiibrium. Thié results 1n a .constant temperature region upwar'ds

from z 25>km above -t};e clouids with a temperature ~ 90°K and va‘.n abiabatic

' -l.a,p,se rate of ~ 3. 5°K/km on fd'ow'n to the clouds and below. 'i‘he main opac-
.ity in the millinﬁefer and long .inf;'ared rég’ioh is due to émrﬁonia aﬁd hydro-
gen moleculesﬁ. At frequencies _’below 1 mm oniy the ammonia is important,
éccording to Wrikon_‘gﬁa_l. (1971).

The spectrum calculated by _Wrixon_e__t__a_l.' (1971) shows the
vexp.ected terﬁperatufe.at 35 GHz to ‘.b'e'about 150°K and gré.dualiy increasing
y;/ith frequeﬁcy.’ Their own measurefnenf é.t 35; 5 GHz is 157+8(20)°K. Un-
fortunately the calcuiated si)ec’_trum is no't extended beyond 46 GHz, .althbugh
it i's. proba.ble that the éaiculate.cillcui.'lv-e would not rise to 185°K at 100 GHz,
“as our r'neasurendenf of 185:!:13_(1&)°K'fequires. Thé agreément of the mea-
sufements by'W'r-ixon_c_e_tz_ﬂ.A (l§;71) with their calculated spectrum is better
' be'low. 30 GHz than above, where they measure a steeply increasing tempera-
ture (One must beé.r in mind that their error bars are at the 20 or 95% con-
fidence ievel. ). It.is not surprising the agreément is not perfect ip view
of the many assumptions underlying the calcullationS. In particular the
temperiature of the atmosphere in radiative equilibrium is assumed to be
120°K 'instgad of the 134°K rﬁeasured by Aumann et al. (1969). ' Thg higher
effective temperatufe would have two effe;:ts on the calculations: temper-
atufes would generally be higher in the atmc.)sphere,' thué raising the
calculated emission teméer;ture at millirnéter wavelengths, and thg

-9/2
in

ammonia opacity would decrease, the absorption varying as T
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the upper tail of the absqrptiori line. This '\XIO\;I'ld cause the atfnopshere
to be\_mofe .transparen_t: a‘ﬁd hotter emission temperatures would be' ex-
pected. |
We suggest t'hatlthell.:nodel calculations (Trafton, 1972) be
repeated for ;I‘e = 134°K.' Also the .aA.mmt.)r.lia.. absorption_in simulated
Jovian atrhospheres should be measured, _much in the manner that Ho
'_é:__ét_l. (1966) éimuiated Venusian atmospherbesA. ' Finally we plan to mea-
éure Ju.pi‘terA'.srbrig‘htn'e'ss temperature at 2 mm wav:elgn'gth.b, since th1s
would support or contradicf"the upward trend which we measure at 3 mm
Waveler;gth.- ‘
2. _Mercury
| Passive micfow_a'.ve observations are capable of pfoviding
: infé’rrﬁa;fioh as tbA fhe thérmal‘ anci‘-electrical properfies of the Mercurian
epilifh. Thé absolute_value of the rﬁear{ tefnperature, the a.mp.litude of
t-he'pha.'se varying term, and the phase lag of insolation behind temperature
are determined by the theri'nophysical nature of the surface material. A
knowledge of thiesé qﬁantiﬁes, pafticularly at several different wavelengths,
allows bpe-to test the 'va;lidity of existing theoretical models. |
The beét bfit cu?ve to our 3.1 mm observations, illustrated
in F1g 8,is given by
T, = 373 +169 éoé (@ +18°) °K - (5)
Since the data cover only a limi-ted range of phase aﬁgle, it is difficult .o

‘meaningfully estimate the true errors. Note, however, that data weie
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taken at the phase é.n_gles_ where the minimum and mean temperatures
are expected to occur. Thus the errors are approximately the error
of one observation, or about 35°K. Epstein et al. (1970a) reported the

-best three parameter fit to their extensive observations at 3.3 mm as

T, =296+ 130 cos (2 + 18°) °K | (6)
47 £9 +5

The percent phasé variation and phas;e lag réported here are in excellent
agregment -with th1s earlier result. | However., their absolufce températures
‘are about 19% léwer than the values repofteci here. Thg value of 6>/’v)\ implied
by our results may be determined by.thé procedure summarized by Klein
(1968). Here G/X is the ratio of electrical to thermal skin depthg normalized
by fhe waveieng;h of dbservation. As in E'pstein"s casne, our value f;)r the
ratiq of fhe mean températufé to the amplitude of the phase term is con-
sistent with a 6/\ of about 1.3 cm’ |
| "A larger magnitude of the absolute mean temperature vnear

3 mm leads to a revisibn of the rl;licrowave spectrum given in Morrison

-aﬂd Klein (1970). Table X, adapted from ‘MOrrison and Klein (1970), lists

the mean observéd. temperatures at longer wavelengths. The dafa of
Golovkov 'and.LOSOvski.i (1§68) is so much higher than all other measure-
‘ fnents that we éhoose to‘e.axclﬁde it. Simila;ly, the result of Kaftan-Kassim
and K;ailermann (1967) at 1.95 cm will not-be considefed here since it is
inconsistent with the more recent observations of Morrison and Klein (}970)
at the same wavelengfh on the same instrument. Figure 11 is a plot of the

observed absolute mean disk bright_ness-température as a function of
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REPORTED MEAN TEMPERATURES OF MERCURY -

Wavelength Mean Temper_aturea Reference
(cm) (°K)
0.31 373+35 This paper
0.33 296430 Epstein et al.(1970a)
0.80 5304159 Golovkov and Losovskii
(1968)
1.95 28830 Kaftan-Kassim and
‘ Kellermann (1967)
1.95 350+30 Morrison and Klein.
. (1970)
2.82 375£40 Medd (1968)°
3.75 ' 380+20 Klein (1970)
6 Morrison and Klein

.00

385420

(1970)

®The uncertainty is the 1-o total system uncertainty including all calibration

errors.

This measurément was quoted by Morrison and Klein (1970). |

wavelength. The solid curves are spect.ra predicted by the model of Morrison

(1969a). The curve for R = 0 is the predicted spectrum assuming a tempera-

ture independent thermal conductivity: 'The curve for R = 1 is produced by a

conductivity in Which the radiative term is equal to the c‘ontact conductive

-term. Our measurement indicates a mean brightness temperature of

373+35°K at 3.1 mm. This seems inconsistent with the earlier result at .

3.3 mm of 293230°K by Epstein et al. (1970a). The conclusion by Morrison

‘and..--'Kleip (1970) that the mean temperature increases with depth, and thus
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that radiati\;_e‘ con_c'lucti.ori 1s important, hinges cfitically oﬁ the 3 mm
_ voAbserVati‘ons ‘ofr Epstein et al. »(1970a); Note, however, if our result is |
s'ub.st_ituted., the sbéqtrum.appéars vf'lat fr_om 3 mm to 6 cm. The_ dashed
line in .Fig. 11 repr-esents a cor-lst.an't meaﬁ temperaf_ﬁré of 375°K. It is
'c_léa.rly consistent with all the included data except |t.hapt.of Epsteinﬁ;a'_l_.
(1970a).
The 'ﬂ;at plla.ne.ta.vry‘spectrum is consistent with a thermal

| éondUctivibt}'r in which the éo_ﬁtact terrﬁ dominates the radiative term.
Thus the thermal conduétivitj app:&_ears to be independent of témperatu'r'e.
I“hd.‘e'éd, El:pstein__el_al. (1970a) have note.d‘that their-':ex_ter_ls_ive observatidns,
were'i)eét fit by Mor‘risori's‘ (1969a) model ,With a temperature independent
éonducti\)ity. The constant mean te;nperéturé of 375°K, however, is higﬁer
than that pfedicted by Moffison;s model for a temperature independent
thermai conducfivity‘. Values of -the albedo, microwave emissivity, or
midﬁight equat'.orial'ktervn}.)gratu.re different from those a;ssumed by Moi'risén
(1 96§a) could prdduée a uhifbrmly gréé.ter mean temperatufe. In particular,
the’ midnight irifréred surface éemperature is poorly knc)wh. Murray (1967)
'has ob‘seryed' an upper lim'itv of .150°K while Soter (196\6) reportéd ;al lowér
limit bf 180°K. A value g.rléat'er than that assumed by Morrison (1969a)
.would increase ti’xe mean bfightngss temperature. In view of the large
uncertainties of the assumed quantities, it seemns possible to fit the re-
vised spe'c't,rum with Mérrisdn‘s rn-ode,l using plausible material properties.

| Takiﬁg into account_c;ur 1;ecent determination of thel absolute

mean temp'erature of Mercury, the spectrum appears flat with a constant
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mean brightnesévtémp'eirature ne;f 375°K Betwéen 3 rﬁm and 6 cm. Thus
the thermal condﬁctivit?\of ‘t‘he.épilit'h is e.s‘sentivally.r temperature inde-
peﬁdent. The ratio of electfical té therfnai skin'de‘pths is near 1.3 at |
5 1, cm.wayeléngth.
3. Venus

The 'rﬁicrbwave emission spécffum'of'Venus depends upon
the'thermal and electri'{:al properties of itsl surface and atmosbheré. Tﬁe
passive'i'a'.dio measuremenﬁs, ;:ombined with radé.r,a.nd interferometric
_ 'dé.ta, vind.ica-te the following picture. At 'lohg\w_a'vel.engths; say A >> 3 cm,
the at'mos"ph.‘ere is opfically t-hinvarid ongléeeé' the hot (§ 700°K) sﬁrfacé of
the ﬁléne_t. -V At\ = 3.8 cm, the atmosphere'.s optical thickne’s'svis' app‘eri_-
:mately unif:y (Muhleman, 1969)..- In the region 2 cm < )\ < 3 c¢cm the atmo-
sphére becérhe’s opticlally thick and the emiési'on spectrum cirops to a' cobler
tempera.ture (300é400°~K). There seems £o be a part.icularvl-'y sharp drop
" in the temperafure between 3 cm and 1.5 cm, which is ihterpreted by
Pollack énd Morri'sbn .(1-970)“1:0 .in'dic..ate fhé éresence of HZO in the atmosphere.

The microwa_ve spectrum of Venus is pictured in Fig. 12. The
basic data are adapt'gd fromi Pollack énd Morrison (1970) with severall
changes. Thé phase effects have bee-x_l disICOunted and hence the values
‘near inferior ‘conjunction were used.- The absence of a strong phase effect
seems now well established, as 'discusse>d by Sagan (1971). This change
affected the points of Epstein et al. (lééé) at 3.4 mrh and Kalaghan et al.
(1968) at 8.6 mm.  We also cofrectea the measurements of Efanov'e_ta_l.

(1969) at 2:25 mm and 8 mm in accordance with the Jovian measurements
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in this paper, as their Venus measurements were made relative to Jupiter.
In corre&ting the 2.25 mfn measurement of Efanov et al. (1969) we used
185°K for Jupiter instead of 150°K which they use. Interestingly, this
correction brings théir measurement relative to Jupitexf into agreement
~with their measurement relative to the Sun.

The-solici lines on Fig. 12 are model specfra from Pollack
and Morrisonv (1970) computed for 90% COZ’ the remaindér NZ and HZ_O
as indicated on the figure. Température and pressure profiles used in
_the' caléulation are derived.f‘rom the Venera probes ;and Mariner 5 data.
"'I;he basic concern of Pollack and Morrison was to fit the spectrum in the
1-3 cm region and to é.ccouht if possible for the reported falling c;ff'of the
spéctrum at-longer .wavelengt}‘ls. Little attention Wa.é paid to the ;pectruﬁl’
at wavelengfhs less than 1 cm. |

It is, of course, the millimeter region which co_nce‘rns us in
this report. In Fig. 12 it is clearly seen‘fhat all the points near 8 6 mm fall
above the Spe'ctrum Which Pollack and Morrison {1970) predict (b. 5% HZ)’ al-
thdugh the disa.gr}e'e,ment is not serious. The point added by this report is
higiler than the nearby i)ointslam.i indica;tes the trend more strongly.

Our point at 3.1 mm is substaﬂtially above the predicted
spectrum. The point of Epstein et al. (1968) agrees with the predicted
spectrum, but we feel that this pc')int is about 19% low, as indicated by
Table IX. The 2.25 mm point of Efanov et al. (1969) is higher than the
predicted spectrum, although c§mpatib1e with it,‘ after correction for a

higher.reference temperature of Jupiter. In view of the possible increase
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in Jup.iter"s témperatﬁre between 8.6 mm and 3.1 mm (174°K to 185;’K)
1t migﬁt be ‘réasonable to assign a; higher témperature'to Jupiter at 2. 25 mm,
which w_o_uild raise the Ve?ms measurement even higher. f‘urthermore we
have made a‘te.ntative measufemeﬁt‘ of. Venus.at. A =2.14 mm .and obtain
465&100;’K; Thus bu.r‘cohclusion is 1l:hat the measured values at 2-3 mm
é.f'e higher than fhe. VVah'les prediéted by Poilack and Morrison's best model’
bf 20%.

| Thebcal'cula;tvioz__lbs of the emission spectrum of Venus in Pollack
‘vandu Morfisoﬁ (1‘?70),: a;S» .v've-li as.-other pépers on fhig 's'ubject utiliéi-n’g a
model for rr;ic:owave abso‘rvpi-:vion in Venb.sian-type"af:mos.p'l'lere‘s, are based
ﬁp;)n th.erlaboratdry measurements of Ho et al. (1966). These measurements
wer.e made at _wa’veleng't'h..of 3. 24 cm and extrapolated to other Wévelengths by
assﬁming that losses vary as thle square of the frequency. To support this
scaling, they argue that the.frequenéiés of interest aLr‘e'erll below resonance
effects and cite meaéurements to suppor.t' this.scaling law. However, the
cited meésurements of Frenkel and Woods (1966) of COZ é.t 1 mm and 2 mm
_ (upper limit only) fall ~ 50% below the values extrapolated from Ho EE'_é:.]:.'
‘(1'966). 4 'i‘he abo've comments éppl}‘r stricfiy to a 190% CO2 atmosphere but
presurhably apply to mixed atmospheres aé well. Hence, one Qould expect
‘that émissiori températures caléﬁlated f_rom Ho‘e_t _a_l,v (1966) model’ would
give values which are too low in. the region A < 1 cm, which we see to be
the case. We have made a rough calculationA of the effect t"o be expected
in the Pollack and Morrison (1970) model if the opacity is reduced 50% at

3.1 mm - and find a'ﬁ increase of about 30°K.. Thus thié effect only marginally



48

accounts for the highe'r measured valuiesin the 2-3 mm range. | This would
argue weé{kly fo'f the a.b"se'r.lée‘ of much HZO and O-2 in thé r,égion where the 2-3 mm
radiat’ion originates. |
4. Mars
Aé pointéd oﬁt by Morrison EEE‘E‘ (1969) and by Troitskii (1§70),
‘the microwave sperctrum of Mafs may be used to determine some éf the
thermal and elécfrical properties"of 1ts surface material, However, co‘n-
;siderable g:o_nfusion hé.s arisen as to the interpretation of published brightness
terhperé.tur_es{ pa?ticﬁlaj'rly in the mi_liiméter region.. The solution of the one-
dirﬁensional equation of heat coﬁduction p”r-edicts that observed brightness
'.tempex.'aturesi should increaSe as the wavelengfh decreases. Epstein (1 97l~)
has sﬁmfnarized the available data and concludes that the spectrum appears
flat or slighfly éo'nvex.l Wé measured the disk brightness temperﬁtures of
Mé.rs at 3. 1 mm and 8.6 mm wavelengths aﬁd obtaiﬁed 217+16°K and iZ4:i:38°K,
irespet:»tivély. As a res;xlt'of_these and other data, we conclude that the
spéctrum of Mars is of the form sug'ge‘:st.ed by simple thermal models and
tha.vt- thé confusion in interpreting thé spectrum résulted from poox; quality
dat?. and incorrect as'sx_lrnptions as to the millimeter. brightness t_emperature
of Jﬁpiter.
Table XI, adapted from E‘Jpsteir'x'(197l), lists the radio obser-

vations of Mars. We h#vé included the .r-ecent results of Efanov et al. (171)
. a"t42. 3Am‘m and 8.15 mm, Kala'g'han and Tellfo'r.d (1971) at 8.57 mm, and the

observations reported in this paper. In addition we have revised me: sure-
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S(Vir A)

A {cm) TBCmenceftaintyc(°K) Calibration Standard(s) Reference
0.12 171 +31 T_ (Moon) = 213224°K  Low and Davidson
B .
‘ (1965)
0.14 234 +66 T __(Jupiter) = 185+20°K Kostenko et al.
, A _ B et al
. | (1970)
0.23 314 +35 TB(Jupiter) = 185+20°K Efanov e_t_é.l. (1971)
0.31 217 +16 Antenna parameters + = This paper
' * receiver calibration
0.33 178 +18 " T_(Sun) = 6600+200°K + Epstein et al.
> : "B , . ==
: (1970b)
-antenna parameters
0.815 252 134 TB(Jupitef) = 174+20°K Efanov et al. (1971)
0.822 209 +25 " T]'3'(Jupi_ter)'=_ 174420°K Kuzmin et al. (1971)
0.857 214 +25 TB(Jupiter) = 174+20°K Kalaghan and
Telford (1971)
10.86 224 +38 Antenna parameters + This paper
receiver calibration
0.95 215 +26 T, (Jupiter) = 174£20°K Pauliny-Toth and
: S : Kellermann (1970)
S{Vir A) =18.5 f.u.
S(3C 123) = 3.0 f.u.
. : S(DR 21) = 10.0 f.u.
0. 95 211 +1 :
- | 4 S(NGC7027) = 6.1 fou. (19713 *" 0 KPaPP
'S(W49) = 54.0 f.u.
S(W51) = 74.0 £. u.
1.55 165 +33 TB(Jupiter) = 140+14°K Hobbs _giil.. (1768)
L. 65 197 +16 S(Vir A) = 26 f.u. Mayer and
McCullough (.971)
1R |87 N ) = 2R t'.u.l :

Klein (1971)
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A{cm) TBCb(%Unceitaintyc(°K). 'Ca.,libra.tion Standard(s) Reference.

1.95 186 +20 TB(Jupiter) = 182+£17°K Pauliny-Toth and.
- ‘ o Kellermann (1970)
2.7 186 S22 - S(Vir A) = 38.5f.u. .= Mayer and ,
- : ‘ McCullough (1971)
3.14 211 +28 ~ Antenna parameters + Giordmaine et al.
. S | - . (1959)
3.75 206 +12 . S(Vir A) = 50 f.u. Dent et al. (1965)
3.75 210 £11 S(Vir A) = 50 f.u. Klein (1971)

6.0 196 427  S(Hydra A) = 13.0 f.u. Kellermann (1965)

. S(3C123) = 16, 32 f.u. _- .
6.0 188 +60 S(Vir A) = 72.1 f.u. . Hughes (1966)
o - S(3C348) = 11.89 f. u.

10.0 184 18 S(3Cl123)=24.7f.u.  Drake (1962)
11.1 201 +18 S(Hydra A) = 24.3 f.u.  Stankevich (1970)
11.3 170 £19 S(Hydra A) = 24.7 f.u.- Kellermann (1965)

S(3C33) = 8.6 f.u,
'S(3C245) = 2.22 f.u.

t2.3 - 240 +42 S(3C267) = 1.42 f.ou. ?f‘é}é?fimn and Sato
S(3C295) = 13. 3 f.u.
21.2 233 +65 S(Hydra A) = 36.3 f.u. Davies and Williams
. , : . . . (1966) '
21.3 163 +35 " S(Hydra A) = 36.3 f.u. Kellermann (1965)

®Adapted from Epstein (1971).

bC is the factor used to correct-the brightness tempe'r'a_ture to a heliocentric
distance of 1.524 a.u. (=ro). For observations at A < 1 cm, C = (r/ro)llz;
for lcm <A <10 cm, C= (r/ro)1/4; and for A > 10 cm, C =1,

_CThis uncertainty is the 1-o total system uncertainty 'inchid_ing all calibration
errors. All uncertainties in this papér are one standard deviation.
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fnents made relative to Jupiter. The quoted lfc errérs inclgde uncertainties
in antenna gain and calibration source strength.

As discusséd previo_ﬁsly, the spectra of the plé.néts are not
independent. For ihstange, more than half the millimeter Mars obser-
vations listed in 'fable XI were made relative to Jupiter. Incorrect assumé-
tvi.ons as to the brightness 'fémperature of Jupiter will lead to errors. in the
calculaﬁed absolute Mars temperatures. Acco;dingly, we ila.v;e' revised the
millime;_ter relétivé 'me}a.sure_bments_using the more accurate Jﬁpit_er .temp;era.-
tures' reported in this paper. We_measured the disk brightness temperatures
oflilipiter to be 185£13°K at>3. 1 mm and .174:t20°K.at 8. 6 mm. All the 8 mm

.anci 9 mm relétive measurements listed in Tablé XI have been revised assuming
1'74'i20°K_ for.Jﬁpiter,' The 1.4 mm and 2.3 mm relative measurements were
revised assum_ing Jupitér to .be. 185+20°K. Note that a more c’ons‘ervative
statistical error has-been adOptéd since we rheasured Jupiter at a different
wavelengfh. “The 1.95 cm 'observatiOr; by Pauliny-Toth and Kellermann (1970)
has been revised assufning«the total thermal and non-thermal brightness
. temperature of Jupiter to be 182+17°K (Dickel et al., 1970); Figure 13

' ~is a plot of the révised _rAadio spéctrum of Mérs tising the data from Table XI.

~ We now turn to the problem of interpreting the spectrum in
terms of the homogeneous t.he‘rmal model. -AThis model predicts that the
obsefved brightness terﬁperaturé should incréa;se as the wavelength de-
crea.sés, since the radio emission at shorter wavelengths originates

‘nearer the éurface. We assume that the disk-averaged surface temj)era-ture
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. is given 'l;y the infr‘é.red 'value.TIR = 235°K (Petit and Nicholson, 1924,
Menzel_c_e_t__?.l. ,. 192v6, Sintor;, 1964, and Moroz, etal, 1969). The effective
tempefature between 1'.}5p;, and 350u wé.s measured to be 234+7°K by Aumann
et al. (196‘?).- The temperature observed at long wavelengths should be a
cpnstant' value unaffected By diurnal variations in insdlation. As suggés‘ted
by Epétein (1971), we‘a‘dopt .the. value Tm = 189°K, which 1s the weighted
averagé'of the values in Table XI _fér A > 6 cm. According to Tr.oitskii
(1970) the Martian brightness téemperature at oppOSifion at a Qévelength A

is given by.

1 +86 -5 tan g
: : 5

TB()\): T_+ (TIR - "__rw) cos § (7))

1426 +26
where § = ld°, the_'rﬁaxirﬁum phase shift of tile radio emiséion With ré.spect
to the'rhé,ximurﬁ vins-o.lva'tic‘m. :Here 8, the ratio of _elect'r‘ical' to t‘hern'vlalﬂ skin
depths, is assﬁmed to be equal'-'tovm)\, \-:.vhere m is a consfar;t (T roitskii,
'19675. |

| We use.d. thé’ revised radio spectrufn of Mars to infer probable
vé.lues of m = §/Ax. From this rahge in m we éaiculated values for the
physical parameters of the surface material. Superimposed on the
sr;ectrum of Fig. 13‘are' the theoretical curves prédicted by Ith-elhomo-

geneous thermal model for several values of m.. Values of the parameter

+1.0 -1

which result in a reasonably good fit to the data are m = 1.0 0 5 €™M

However, several of the millimeter temperatures are inconsistent with fae

theoretical spectra. The data of Efanov et al. (1971) at 2. 3 mm are hizher
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than oth‘er méasuremen’ts at similar wavelengths. The data of Low and
Davidson (1965) a.t. 1.2 mm and of Epstein et al. (1.970b) at 3. 3}rnm are be-

| low the température reported h.ere at 3.1 mm. As suggested earlier in this
paper, tf_xe discrepancy between our 3 mm observations a.n'd those of Epstein |
‘ af)pears due t;). ;a difference in calibrﬁtion, since the planetary temperatures
differ by a constant amount (g 19%). Epstein (1971) assumes as a primary

. calibration sta.ndar.d the femperature o'f' the Sun to be 66700:1:20.0°K at 3. 3 mm,
In th'is. pape.r We.report; ourAmeasur'ed value of 6573+218°K at 3.1 mm. The
exc-:vellbent agreément of these two values rules out any 'significavnt differenceé
1n the thermél scale used to calibrate the receiver oﬁtput in terms of antenna
| vté.mi)eratﬁ-re. ‘ Lo;;v'.and Davidson (1965) assume the mean brightness temper-
atux;e of the center of thg. Moo.n to be 2133:24°K é,s their céli‘br’ation standard
at 1.2-mm. We have obsérved a point near the Moon's mean éenﬁér'during
a lunation and integfa._ted thé resulting curve in Fig. 7 to obtain the meah
temperature at 3.1 mm. Our value of 215+6°K is in excellent agieemeht
with that assumed by Lo§v and Davidson (1965) since this qué.ntity is ex-
pected to be essentially independent éf wavelength_. Here also the thermal
scales. ap.péa.r to be cor.xsis'teht.l The diAscrepancy, then, must be ascribéd

to errors in déterfhining the peak aﬁtenna gain. Note that Obsel"ving an
extended‘.sou.rce such a;s the Sun or'Moo'n prO\-/ides no direct information

as t‘.o the f)eak é.nten_na gain. Our mefhod.of measﬁring fhe antenna gain
relative to a standard gain hk-)rn (Davis and Cogdell, 1971) results in

more precise absolute measurements.
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If the net témperat'ure gradient in the subsﬁrface Martian
material ié negligible, if the ma-l.crowave‘emissivit}-i is independent of
waveleng£h, _‘an'd ilf,the influences of the Martian atmospher'e‘ are negligible,
then § = m)\” cén be‘ determi'ned frofn the shape of #he radio spectrum. The

revised spectrum of Fig. 13 is best fit by the theoretical curve for

- o+1.0 -1 . o . -
-m—ll.O 0.5cm : (8)

The quantity 6 is the ratio of electrical to thermal skin depths. As is
" known, the electrical skin depth is given by: -
L = A

= T —
? 2m e.‘/z tan A

(9)

where A is the wa&eleng’th, e is the dielectric ,const,a.n_t., and tan A is the

loss tangent of the surface material; the thermal skin dépth is

=[kp]l/»2 I | 0

mpC

Lt
where k is the thermal copdl;lctivity, o is the density, and c is the specific
heat capacity of the Martian soil, and P is the diurnal period. Thus m =
6/)\ is aiso giv'en by‘ |

m = cy - : . (11)
Zb'(GT\'P)I/Z

. -1/2 -
where v = (kpc) / is the inverse thermal inertia and b = tan Alp is the

specific loss tahgent. According to Neugebauer et al. (1971) for Mars a

2 . 1/2
c

. -1
‘mean value of ya 170 cal = cm” se °K is consistent with infrared
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: Mér_iner observations. The density p ~ 1.2 gm cm-3 has been suggeste'd
for the topsoil of Mars b'y'Pollack and Sagan (1970). For most rocks ¢ ~

, -1 ,..-1 , ‘ -4
0.17 cal gm =~ °K , and thus the thermal conductivity k~ 1.7 x 10 = cal

cm_-l sec-1 °K-1.'.' Laboiato_ry rrieaéurements. By Fountain and West (1970)
have shown that k ~ coﬁstaﬁt indepehaent of temperature for. the Martian
epilifh. The first harm_o'rﬁc; of fhe thermal wave penetrates to depths

;{?’t ~ 5 cm for-the diurngl variatioh and {,’t ~ 120 cm for the seasonal vari‘ation.
ilThe é_lectrémagnetic wa’ye penetrates to a. depth Le = Ltm)\ ~ 5\x. The di-
electric const;mt'é’ =-'2.'6:l;0. 8 has Been given by Evans and Hagfors (1968)
fror‘n‘radaf feflectivity me_a_suferhe_nts. Our determination of m from fhe

'shape of the radio spectrum leads to values for the specific loss .t'an'gent of

b= (1. 71 :'f’g)_x,.lo’z cm’ g"m'1 | ‘ | (12)
Thus the AMartian 's'ur.fac'e appears to be a good dielectric. .‘Si'nce the lunar
value'is b = 0. 008 _(Troi_tskii, 1967), the Martian epilith appeé.rs to have
ele‘ctric_ai properties similar to those of the lunar soil. |

We conciu_de that fhé microwave spectrum of Mars Was con-
fuée,d bécaﬁse of inacc_:vura.te‘ rab’solute measurements of Mai-s and Jupiter
at millimeter wavelengths. The spectrum doeg turn up at shorter wave-
léngt-ils and, within the éccurécy of the measurements, is fit by the homo-
geneous thermal model with material properties similar to those of the

Moon. The presence of a thin layer of‘li'quid water suggested by Sagan

and Veverka (1971) isj‘thus h'ighly' unlikely, although, as demonstrated
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by Ingerébll (1971), Coﬁcentrated solutions of strongly deliquescent salts
could pos.s‘ibly occur. | |
5, Satu;'ri

The di'.sk temperaturé of Saturn haé been measured at 'w.ave-
1ehgfhs between 1.5y and 73.5 cm. The .published observations are tabu-
lated in T.a.blé XII Iand plétfed in Fig.' 14. :(')ur Vaiﬁes lof 15.1i11°K at 3.1 mm
gﬂd 1(52:&:24"_1( at '8>. 6 mm are seen to be in -r_easonable agreement with other
~results at sirﬁilar \&aveléngths. |

The‘obser:vved microwﬁve spectrum of Saturn is consistent
"with' tﬁermal -emission from a deep atmosphere with é l.arge temperature
gradient é.ﬁd an 'o;")acit}'r‘ which depends on waveléngih. No significant
xjadiation has beén observed exéept frc.n."n the visible disk (Berg_e' and Read,
1 968), and the radia.tion _ap_pear’s: to Ab‘e ﬁurely fhérmal'in Origiﬁ (Davies et al.,
1964, a‘nd Kellermann, 1966). At microwave frequencies the"r'in'vgs should
not radiate sig-nifica.ntl;}' (Wriy.co'n ana Welch, .1 970) and their effect has b.eben
neglected.

Prdbabie main constituents‘ of the. étrﬁosphere of Satu‘rn are

H 4 NH3, and possibly He. Gulkis _'egg_._l.. (1969) conclude that a

2?
c'osmic abundance of amm-onia is consistent with the longer wavelength

ra.dio observations. . MéAdam (1 969) fxas reported a disk 'temperature of

- 1690+430°K at 73.5 cm. I‘fk one assux;heS'an adiabatic lapse rate of 1. 62°K/&£n
1n the 10we'r. atmosphel;e (Guikjs‘ﬁ a_l , 1969), this terﬁperatﬁrg impliés an

. . . . i . - . . -4 . .
ammonia mixing ratio of about (3+1) x 10 .7, in excellent agreement with

the radio observations at 21 c¢cm and the cosmic abundance ratio of 3.7 x 10
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TABLE XII

RADIO OBSER VATIONS OF SATURN

A(cm) _TB(°K) ' Uncertain_tya(°K) Reference
.12 140 + 15 " Low and Dav1dson (1965)
.31 . 151 + 11 This paper
32  97- + 52 Tolbert (1966)
. - 42 :
.33 125 + 13 Epstein (1970b)
: + 70 '
-43 103 - 64 Tolbert (1966)
. 80 132 + 9 Salomonovich (1965)
. 85 151 + 7 ~ Wrixon and Welch (1970)
.86 96 + 20 Braun and Yen (1968)
.86 116 + 30 Tolbert (1966)
.86 102 + 24 This paper
955 126 + 6  Hobbs and Knapp (1971)
.98 138 £ 6 " Wrixon and Welch (1970)
1.18 131 - r 5 Wrixon and Welch (1970)
1.27 o127 + 6 . . Wrixon and Welch (1970)
- 1.46 133 + 8 Wrixon’ and Welch (1970)
1.53 141 + 15 Welch et al (1966)
1.9 140 + 15 Kellerman (1970)
.12 137 + 12 Berge (1968) N
- 3.45 ' 144 + 30 Cook et al. (1960)
3,75 168 + 11 Seling (1970)
6.0 190 + 45 Hughes (1966)
6.0 179 '+ 19 - Kellermann (1966)
9.0 165 + 25 Berge and Read (1968)
9.4 177 4 30 Rose et al. (1963)
10.0 - 196 + 55  Drake (1962)
10.7 172 + 20 - Berge and Read (1968)
I1.3 182 + 18 Davies et al. (1964)
11.3 196 + 20 Kellermann (1966)
21.2 286 + 37 Davies and Williams (1966)
21.3 303 + 50 Kellermann (1966)
- 49.5 385 + 65 Yerbury et al. (1971)
70.0 <1250 _ Gulkis et al. (1969)
73.5 1690 +430 McAdam (1969)

®This uncerta1nty is the 1-0 total system uncertalnty including all cali-
bration errors. All uncertainties in this paper are one standard devi- tion.
. This measurement has been rev1sed by Seling (1970).
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- for a..hy,drogén-rich atmoSpheré (f‘ield., l959_)». AW,rixo‘n and Welch (1970)
have concluded that‘ammonia Should‘ provide thé chief source for atmo-
spheric opacity at moderate pressure near 1 cm wavelength. . The exact
form of thé microwave spectrum.'is. determined By the dependence df
é.mmdnié. absorption on the variations of temperature and pressure
with depth i'n. the atmosphere and on the presence of other atr'nOSpheric'
constituents. Wrixon and Welch (1970) have detected é. dist.inct. minimum
‘in the spectrurh near the 1. 3 cm invérsion band of émmonia. 'fheir re-
sﬁlts are con.si‘stentl:'w_ith a cbsmic abundaﬁce of ammonia and an effe‘ctiye
temperature of ldObK. |

| -The'eff.ec'fiveA disk temperature of a ra.pidly r'dtatin-g planet
with a Bond albedo A at 'a distancé a frc')m'the Sun in astrdnomical ﬁnits '

is givén ap>prox'1'mabte1y by

/ /2,

T =394 (1 - A% et/ ek | (13)

eff
If we assume A = 0.45 for Saturn, by analogy with Jupiter (Taylor, 1966),
we find thaf the e:fféctive eqﬁilibrium tv,empe'ravture is. 77°K. Aumann et al.
(1969) measured S;turn's e_ffective temperature in the wavelength range
from 1, 5@ to 350u.-to be 97+4°K. This higher value indicates an internal
heat source with a total planetary ou£put about (—;;)4 = 2.5 times the power
received from the Sun. The probable energy source is gravitational con-
traction (Hubbard, 1969). Low (1964) measured 93+3°K at 10, and 95£3°<

at 20p (Low, 1966). Thus all the recent observations indicate an effect.ve

temperature near 100°K.
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The re$u1t§~qf McAdam (1969) indicaté a temperature near
l.'700°K déep in the atmosphere or at fhe suffa;e of Saf;tirn. S.ulch high
temperatures are pbssible because éf the large internal heat source and
great optical depf;hlof'the ati'no’sphere. If we assﬁme' the adiabatic lapse
' ‘rate of' 1.62°K/km uvsed-by_vGulki-s et al, (196‘9") and a éloud top tern‘pera— '
tu.fe ‘of ‘1'50°K_, ?his ifhpllie.s an afmosphere that extends neérly 1000 km
- below the cloud Itops! An even greater dep.th is implied by the ldpse rate
'. uséa by Wfixon and Welch (1970) in their model atmosphére. Larger

vvaiues of the temperature gradient will yiélc‘i more reasonable atmo-=
h sphe‘i'ic thickr_xesSes,* but if a greater lapse rate is éssume'd, then a
correspondingly greater fraction o_f animonié'muét be present in order 3

" to.match the high temperature observed at 73.5 cm.
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APPENDIX
lA. Data Analysis - |
1. Data Recording
The receiver output was integrated, digitized, and punched
on paper tapes. The antenna servo position readings, local time, and
‘aux'iliary information Wére also punched on the paper tape at the be-
_ginniﬁg and end of each data set. A paper tape, representing one ob-
serving period on one 'sop.rce_, was then converted to punched cards for
a.na‘iysis on a digital com.puter:.'
2. Extinctidn Data
A convenient model fér atmospheric extinction in clear
skies is given by the follio(aving equation

-.23aX -

ToBserveED ™ To © (Al)

where |
Tosservep ” Meraymed brighiness emperatuse of oo
To = True .b.r.ightne.ss temperature of the SOur.ce (°K)
o = Zenifh a.ttenuation. of the earth's atfnos_phere (dB)
X = Ai;- m;sses:along the ray pafk; of observation »

Taking the logarithm to base 10 of both sides of the equation yields

10 log T

= -axX 41 |
oBsErRvED ~ OX T 101ee T, - a2

Note that a plot of 10 log T versus X is a straight line with a

‘OBSERVED

1 f- int t of 10 log T . i
s ope.f) o and an intercept of 10 log o Thus by measuring TOBSERVED
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fof séve_ra.l élévation angles, one can fit a straight line to the data and
obtain the. zénith; :é.ttenuatipn a and t'rue source -'te‘mperature To' Figure
Al shows fypical solar da‘ta taken at 3.1 mm.
| The atmospheric model discussed above has two inherent
_weaknesses“when a.pplie& t>o solar drift scans.. The first involves_ the
‘assumption fﬁat time extraterrestrial so'u:rce is at a constant tempera- -
ture. Rapidvarid sometimes dramatic enhancements of the s.ola.r flux
may occur at mill_irrieter‘ wavelengths. Figure A2 shows data taken at ‘
3 mm Qhen the aﬁpa_renf__ solar terﬁperé.ture \};aried during the period of
obser.va.tion.. ‘The seco'nd assumption is that d is constant during fhe
peripd of db_'se'rvé.tion. In éenéfal; oz exhibits annual and diurnal variations
becau‘se'o'f the variability of the mean atmospheri‘cvtemperaturé and the
absolute humidity. It can be shown that a linear variation of & with time
\%;*ill produce a parabolic rather than a linear extinction plot (Shiirria‘bukuro,v
1966j.' The dé.ta '6f Fig. A3 exhibif this paraboii_c shépé.v Note that the two
lines fit to the pré-transit*and to the post-’lcransitAdata do not have the same
~ intercept. Thué for lineé,ri;r varying extinction the model fails to prédict
the t_rﬁe soﬁfce temperature. Tempofal variations in o and iﬁ‘solar flux
may produce er'rone';::us, _extihction and source .terhperature measurements.
"3, Lunar Data

'Lun:.a.tion data were analyze.d in the same fashion as the solar

: égtinction daté..' However, on those days wheﬁ reliable solar extinction

data wereé taken nearly 'simultaneou,s_'ly with the lunar observations, the
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‘atmospheric corrections were made using the extinction derived from:

the solar data.

4. Planevt.ary‘v Data

Deflections of'At'he outpuf record due to planetary sources

_ were determined by fitting lines to the baseline OFF observations and’

to the source ON observation. Constraining the lines to have equal slopes

removes the effect of linear receiver drift. The v'erAtical distance betweén

the two lines is thus the deflection due to the source. Taking OFF-ON-OFF

data symmetricé,lly_wi'th equal integration time on and off the source mini-

mizes the standard deviation of the estimate of the source deflection. Since

-the signal injected periodically by the noise tube has a known equivalent

temperature, the source deflection can be converted to antenna tempera-

ture. Here the receiver drift was assumed.to be linear with time, and

the p.roper‘ scale factor for a given time was found by linearly interpolating

between noise tube calibrations. The correction for atmospheric extinction .

is

where

T,'=T

.23aX
A A€ (A3)

'I‘A' Antenna temperature for a transparent atmosphere (°K)

TA = Measured antenna temperature (°K)

For a source small compared to the half power beamwidth

the disk: brightness temperature is given by
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T = -———)\2 A | | (A4)
B QAgT\' : . -

“where

TB ;'Brightness temperatur.e (°.K)

A = Wavelength (m)

Q = Source solid ang.le (st.era;dian)

Ag = Anfenna :geornetr_ical_ area (mz)

.T] ~='Antenna efficiency

The wavelength and antenna effective a;rea are known, and the souvrce solid
angle is galcqla;ted in the ephemeris program. The antenna tem’perafure TA
used here is the‘ave_ra.ge ovf the values obtéined ffom eé.ch O‘FF- ON-OFF ob-
servation corrected for 'extincfion. Thus one can ca.lc.ulate. the ef_fective
bla.ckbody 'temperatui.-é.TB'. -
| Data were t#ken on Mercury, Mars, and Saturn at t_hg calcu- _

“lated position only. K.r.xowledg:e'of'the pointing error and of the shape of

the main beam allows oh¢ to calculate the antenna effective area as a

function of pointing error. Since Venus and Jupiter were observed over -

a grid of five poifxts, these daté were used to caLlculate the res.idual pointing

error. A least squar.e's fit of a tw'o-dil;nensional Gau,ssiar; function repre-

senting the antenna point source response to the data was expecfed to

y‘i‘eld not only the'tr'ue source position but- also the peak temperature.

The pointing bias error was found to'be 0.005° in hour angl.e and 0.008°

in declination. Observations of seven planets in the optical guide tele-

scope showed that the pointing error was constant for different sources

’
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and inA different :egidns of the sky. Later corrections in the pointing
parafneters reduced the residual pointing Bids_ error to 0.001° in hour
angle and 0,002° 1n declination. Data taken on Jupitel; showed the ﬁointing
‘error to be constant within the accuracy of measdremeht over periodé of
several months.

rAI‘lhe least 4squ'a.res fit procedure' produced consistent pointing
data, but the peak responses wére higher thar_x expected. Artificial daté' |
of kﬁown statistics were produced on a' digital cérhputer and subject‘ed to
this méthod Qf data avna.lysis. It was found that the source position was
cor.rectly predicted but that the 5-point Gaussian method was a biased
estimator of the,péék t‘empératufe. "As tﬁe‘ signal-to -noise ratio of the
data decxjease_d, thc_-: .bias was fbund to inc'réa.se rapidly. This waé also
co_nﬁrfned in analyzing actual plé.nefary_data; Figure Av4 shows the bias
" as a function of signal-to-noise ratio for several different offset ratios.
In the figure the offset ra.:tio_ 8 is defined as the ratio of the angular 6ffset
to the antenna half power half width. The signal-to-noise x;atio is the peak
signhal power divided by the standard deviation of the noise.. It is apparent,
then, that the method described above couid be used to ‘determine source
position, but not peak temperature unlevss ;che bias were accurately known.

A lihgér regres:'éion‘ technique was developed to calculate the

peak temperature if the pointipig errors were known. The estimate of the

peak temperature is given by
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N N
oo\ T ' _ . A (AFE
TEST Z Wi i - o o (AS)
‘ i=1 '
where
= Estimate of peak te (°
TEST Flstlmate of pea .emperature (°K)
"Wi = Weighting factor
' ' o .th | o
Ti = Measured temperature of i . point (°K)
N = Number of data points

»Two constraints mus"; be applied. First, the estimate must be unbiased.

Thﬁs :

E[TES_T]: T, (56) o

ST must be minimized. The weighting factors,

Second, the variance of '_I‘E

found by utilizing the Lagrénéién multipiier te.chnique,. are |

i
: V(Ti) S : , .
W, = : : O (AT)
1 N g 2 ( ) :
Yo
LovTy
=t 7
where |
-g,_ ' = Pointing correction factor = A——A——- (<1.0)
e - PEAK |
V(T)) = Variance of Ti(°K) '
i

Note that g is just the 'ac't.uall response normalized to the peak response.

Also
CTEST TN 2 . (A8)
. - gj .
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If the poiﬁfing correction faé.tors and statistical properties of the data
aré know‘n,_' thls _metho_d 6_f linéaf re‘gres-s‘iorll.may be uiséd fo e'sltima.te'the
- peak _SOur_ée'brigthess #emperature.‘
Brightness terﬁfératures for Ma.rs; lJup.iter', an_ci Saturn

‘were corrected for varying heliocen’&ic distance By the‘ factor (R/Ro)l./z.
R i’vs‘;he distance of .the pll'anetl_in A. U fr'dm the Sun on the dayAdf (;bser- |
vation, an_d'Ro is the mean di';s,tan'ée of th'e ﬁlanef from the Sun. Vé.lués
of R_ adopted for Mars, Jupiter, gnd Saturn are 1.524, 5.203, and 9. 540

A.U., respectively'. |

:bThe Ameriéan Epheiﬁérié and Nautical Almanac valués of
3. 347, 8, 4'1-"._,"and 4. 68" were adopted for t:h:e unit semidiameters of
“Mercury, Venus, and Maf_s.‘_ respectively. | However, more recent values
were used for Jupiter an“deaturn'.‘ _ Jupitgiﬂs polar and équatoﬁal unit
sefnidiarhetérs were assumed to b'e._9lv'. 731"'.,‘ and- 97. 687", a.'n& Satu;n_'s o
73.832" and 82.728". These values a‘re'féké_nv from Newburn and Gulkis

B. Errbr Ana..llysisz
1. General Co_l"lsid.erations

_One desired result of a radi(-) ;stfqnomical measurement of
-tb‘c sort'we are présenting 1n this paper is to infer the equivalent temperé-
tu‘reibf the SOLIITC'e. In 0;1r case, this is an a;/_erage temperature over the
disk of a planet and is thdught--to be _relatéd to the physical temperAé.ture

of the matter within which the radi_é.tion originates. To b‘e scientifically =



73

meaﬁingful, 4su’ch a "meaéured value, " (fhat is, the pianetary temperaf_ﬁre)
must be ;ssigned some 'quar}tit'ative accurac;y, .i. e., error 'baré must be
vquoted.. Such error bars indicate, at the very least, the opinion of the
responsible party as to fhe' accuracy of the. measurement, but modern
_practice requires thé.t the error boundé ‘-ha'\‘rve a statisticéﬁl meaning. ATl"x»at
is,'v from the view'point‘ofstatis',ti'c‘s, a rheaéu‘rement is but é.n eétimate of a

well defined but unknowable quantity. The estimate is apt to be somewhat

different if the measurement is repeated. We model such an estimate as
a random variable 'defined on sp'me pr;)bvabi'li.s‘tic experiment which could in
principile be repeated a large numbér of’ times. The object of the measure-
ment is to insure .tha:t th'é. éétir’natg is ‘u.nbiae.‘.'ed é.nd of known' varianqe, in
the sbt'atis'ticalv's.ensev. 1f this were true, we would hévé a 'écientifically |
‘meaningful measur'.ement‘v in the strictest sense.

In order to satisfy this criterion, cne must either pérform a
‘number of "'independen‘t”'fneasurements','- 6r else set forth beyond dispute
a valid statistical modei for each proceé’s which contributed to the final
rpsult. For example, il;l the present study many fac:tors-, such as antenna
gain, thermal calibrations, and atmo:sphericﬁloss corrections,- go into the
final calculation of the'planeta;ry témperature. Errofs in thestve‘ quanﬁties
_c;bntribute uﬁcertainty to.the‘ fi-n:al result just as much as receiver noise or
‘_ante-nna traicking error. Th‘er-e is, however, -no,obvious way to design re-
peat.ab-lé experiments to determine the s-tait_istics-of these quantities: thes
fall .Qutsi_de the r.ealm'of strict probability. About all one can do is re-

‘.pcate_dly evaluate these factors td_observe the seif-consistency of the
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" results“arld t}reu eubjectively estirna‘tte'an overall accuracy based upon
a 'rnixture of the re.ndem. and the nonrandom errors. The err'or, so de-
:riued, has no s"trictsta.tistica'l' meaning. It is uet‘a standerd deviation
or ‘a peak error or auYt}ring else; 1t i's-.rxv)e_rely a subjective ‘estimate of
~ the overall atccuracy'of‘the 'Qu_ant'ity 1n questieu.
In the follo'wjng we shall estimate errors and classify _them'
" v ae stetiettcal in the strict sense or merely :;s' a .subjective estimate. The
.ferrn_er we denote‘ by G'.and the letter_b;r e,. In summary, we 'diétinguish :
two t'ypeé of errors: . the t_ruly'iraudo‘m (o) aud t}re_systemattc ‘(e). We shall
give the, statistics of the former and estimate our Qverall rms aceuracyro-f
the latter.- Thue we'cv'a.h deriye an- esti‘mated accurady for a 'giQen_pIauetary
‘measurement, ‘as ‘would be required for .compar‘isen with theory. One shou1d>
bear i_n"_mind, .hoWever', that the € er'ro'r.s are correlated for all ru'eeeurements '
_wherea.‘s.tl.le o} errors:e;re n'ot. a

From these prelimina,lry’ideas we turn now to the diecussion' of |
the sourees of erro_'r'iu the measureruentS. The estirr)e.tion of the ple.neta.ry
temperature is a three step procedure. First we estimate the antenna tem--
perature either with the. antenna boi.r;ted nominally'at the planet or nearby,
as required b)t the ﬁve;point observi'.ng procedure deecribed earlier; second,
we take all the data from a day's ol:;SerQatious and-estimate‘ from it what we
- Qould have measured had we pointed exactly at the planet (thus correcting
for pioiuting .errort-tnd z.w.erag:'tng all the data together); and thirdly, the
planetary terriperature i.s derived frorﬁ .the estimated peak antenna tem- .

perature. We shall discuss the er,rer's.; associated with each of these steps.".
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order to monitor récéive;‘ gain fluctuations and to calibrate the planétary
signal in thermal units. The calibration scale for the observirig period
is. détermined by é. 1if1eér ir}t_erpo_lation Between the indiVidu'al' calibrations.
Sources _Qf error are hi.gh-er or(der reCei{/ef gain variat’io.ns“ and-receiver
noisé‘. The calibrations thrOugh_ogt an obs’érvatipn are self-consistent to
. aboﬁ‘th4'% pgak-to-peaic, and we .a>cc'ordixA1g’1y estin'.x.ate any single cg_lib_ration
| (Dé) to be accurafe_to ‘10'/0_ (lo).
d. The zenith atmospheric extinction - o

The atfnospheric extinctiqﬁ is estimated thfdugh pbsei;-
.va:-tioAns of sunrise or sunéet, ;:LS’ éxplaine& eérlier. . The values of ¢ at the
time.o_f observation are“uncértaibn dué to changés with time. There see'r'ns_'
- to be' a diurnal variativon in @ in éddition to the changes dué to wenati'i'er and
seasbn’s.

Eor conve'nie_nce iri.the vfoll'owing'v diécussion; let 1 = .230.
Now‘.'r is the zénith opAt.ic:al 'dgpth in néper_‘s. If we model 7 as '; Gaussiar;
" random variable having a meéan 1 and standard deviation o, we. find that

the factor e’rX has the followi‘ng‘ properties

:  ox?
- . S 1+Erf<—+ox>
'E(eT-XJ = ™% [e 2 } (Al1)

1+Erf —/

- and

E[( X TX\ZJ _IOA(X) A' | -. (AIII-Z) .
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2. Antenna Tempera'ture
"The antenna t'emperature'du'rihg an observation of some point

.en the sky (relative to fhe planet) is estimated by the formula

T D
' , c i .23eX
T (X = ——
c
where
T.(X.) = Antenna temperature at position X relative to
b= the planet
D, = Receiver output deflection due to planet -
Tc = Equivalent temperé.ture of calibration signal (°K)
Dc ' - = Receiver outpﬁt deflection due to calibration sigrial
o = Zemth atmospher1c extinction in dB at the time of
0bservat1on
X = Air masses along the ray path of observation

a.; Receiver oﬁ.tput deflectioh due to planetary signal - Di_

In a sens’itivity.limited rrieasuremen't the receiver noise
is the limitiﬁg factor. This SilOWS up in the uncertainty of the output de-
fleAction_ due to the planet. fhe statistics of Di are well behaved and well
understood, andvdepend on the reeeiverl ‘sensitivity and the integration time

on the source. In thermal units

/2‘ =2 | . (Al0
T . . _ ( ' )
wher,e
o = Standard deviation of T due to uncertainty in

Lol

D(K)
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t = Integration time in seconds

AT = Receiver ‘'sensitivity with t = 1 ‘sec
" rms ‘

In the 'ob.servati'o'ns. ATr-mS is evgluated by 4examining th§ statistics of the
b‘aé_eline. Th,‘e indiyidual ci'.s a;'é computed and retained for weiéhting in
the next o‘p.e'raftion.'
b. T'hel" .calibr.étion’ signal equivalent tempefature - TC
The_évalua'tiOn of the calibration signal is _discusged’
ea_riier in this paper. Sources of sysfematic error are termination VSWR
corrections, incomplete thermal cvoupling between the water ba;th and termi-
ﬁation, thermometer ina;_curé.cy, drift during cé.iibraﬁon, and changes 1n
noise tube proper.ties witlll-.'t'ime. 'Randdm ._érrors enter fhfoilgh the r'e;
ceiver nois.e_.
. The calibration data at 3.1 mm are presented in Table II.

: Wg note no change in tirrié and the scatter is'larger than:expjectecAl-from re-
ceiver r.mi.se alc')rAxe.‘ We attribute this to a comb'iriati'ori_ of the errors cited
abdQe, and from the in.ternal scatter of thg data wé calculate a_. 1. 6% randofn
ei'ror. To correct for te'rmina_ﬁon VSWR and wav.eguide loss, we reduce
the ‘average'.By 1. d% and add 1.0% uncertainty. Hence at 9'} GHz the cali-
,b'r»atién signal is_80. 6°K£1. 6% (1o)x1.0% (le). In the absence of fepeé.ted'
c'alibrations at 35 GHz, we wiil assume the same relative accuracies as
"a ‘coriservative measure.
c. Receiver oufpﬁt deflection due 'to calibration signal - -,DC

During the couréé' of observations the calibration signal

- is injected into the receiver at intervals of approximately 20 minutes in
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where

o =/V(1), the standard deviation of the estimate of
the zenith optical depth.

Thus there is some possibility of bias due to uncertainty of T, but the
corrections are quilte small for re‘asonaBle values of T and 0. For 6 =
.10 dB,_ a conservative estimate in the uncertainty of opacify, the re-
lative uncerta'.intyzin the atmoépheric correction is néminally 2% at 3.1 mm
and 1% at 8.6 mm. These errors are consisfeﬁt with the ipternal scatter
'  0£ the solar data in Fig. 3 and 4.
3. Peak An.tenna Tefnperature
Onceé thé indivi'dual an-te'nhéi temperatures of the planet are
»deterrhined, the peak antenna temper'atﬁre Ta_,'e is given by the linear

estimator

2
pil
>
=

-
©
1
N
-

p—
NI

(A13) -

o
ol

(D .
D 2|

[
N
—
Q
e

.w}vlere gQ(i) is the expected response at 2(1 9f the planet normalized to

the peak response (essentially the poiﬁt source responsc of the antenna).
Wel consider the effecté of pointing errors on the averaging

by appfoximating the beam as Gaussian and létting pointing errors contain

Bia;s and random errors. Assuming the pointing errors are uncorrelated

in the 1, 2 directions (hour angle, declination) with standard deviations
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-and ez,fland biased by angles 6, and §_, respectively, we find, apprOXi-

“1 1 2

mating a sum by an intevgral,

in 2

"E[Ta ] ~Ta = — — (Al4)
e / - /,6.1\2 €2 _.ZA
[rene D rne(2 ]

and

(Al5)

: N
E[(Ta_ - - Ta)’] = z

i=1

e

where 6 = 1/2 the half power beamwidth.

"Thus we see that random and bias pointing errors introduce a bias in deter-

mining Ta . For the 3.1 mm observations, we estimate 61 = 62 = To and
. 6 o :
el = 0, €2 --1-0- as a worst case. In this case the bias is about 1.5% low.

Since.fchis bias is down and the bias in extinction corrections is up and‘ of
appré%imately the same value, we shall make no correction fo”f‘ the two

biases, buf increase the overali unceftainty slightly to account for their

"combined effects.

In Section IV the receiver noige is tabulated seAparately fo.r
each measuremeﬁt since it ié the majér noise cornponer.:lt-.l These errors
are'c-type errors.

| 4, Bx;ightness Tempé_ré.tpre .

The 'fina.l step ;1n the data reduction is the inference (-)f the

planetary tempefatufe from the antenha temperature. This is done _through

the expression
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~ A"aTa Fy
T = ' Alb :
B AT (Al6)
g -
where
TB = Disk brightness temperature of the planet (°K)
Y = Wavelength of observation (m)
Ag = Antenna geometrical area (m )
il = Antenna efficiency
- Q = Solid angle subtended by the planetary disk (steradian)
Tae = Peak antenna temperature co_rrecfed for extinction (°K)
FB = A beam broadening factor to account for the finite

size of source with respect to the beam (Cogdell,

1969b) '
In thg above equation we immediately disfniss A, Q, and FB as soufc’es of
significant ﬁncértainty. Ta.e has been discussgd in the brevious seétio.n.

' The major source of error in absolut'e measurements is usually
in the ;ntenpa gain or efficiency. Iﬁ the prnesl‘ent case the gain valt‘leslare
scaled between a measured value at a higher frequency and a cé.lculated
theoretical efficiency. This théory has b.een developed by Davis.'arilc.l Cogdell
(1971) aﬁd will not be ciiscussed here. |

| The measured value of the gain is based upoﬁ the caléulafed
gain oan éoni’cal hofn, a diffe-renc.:e in gain measdred by Jan IF (cutto-f.f mode)
f;Lttcn'uaior, and some rou.tirie waveguide loss measurements which were
made using radiometric te'chni-qu‘e. The calculated gain is based upon
well established diffraction theory, corroborated by comparing mea-

" sured patterns of the antenna with theoretical patterns calculated on the
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basis of the same theofy. The measured patterns are more sensitive to
error and approximation than the .ga'i'n calculations. Sources of errors 1n 5
e.a.lc‘h co'l.'nponent have been carefully estimated. The scaling thedry offers
some reduction of the error bounds. The relative accuracies are 5. 3%
at 97.1 GHz apd 1.4% at 35.0 GHz. These errors are of the systematic
lor e;type. |

5. Summary

We .n'ow will consider th‘els}a.rious errors, except for the re-

éeiver‘noiée, 'which varies from measuremeﬁt to me’asuremeinf. ‘The re-
' mainde; are estimated errors and are the same 'fqr all measurements.
They are sﬁmmarized in Table AI. The overall'ex;rors are Pythagorean

' shms_, ‘as is customary thought not indisputably justifiable,

TABLE Al

ERROR SUMMARY

'Estimateci bias (%) Estimated €(%) Estimated o(%) ‘

Source 35 GHz 97 GHz - 35 GHz - 97 GHz 35 GHz. 97 GHz
D'i. ' 0 0 0 o - e
T, -1.0 -1.0 - 10 1.0 2.4 2.4

T 1.0 1.0 0 0 2.0 1.0
Pointing - .7 = - .3 o . 0 T 3
Tracking - .7 - .3 0 0 .7 .3

1 0 0 5.3 1.4 0 0
Overall -1.4% - .6% 5.4%  1.7% 3. 3% 2.7%
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