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SUBMILLIMETER ASTRONOMY AT THE NASA/UNIVERSITY OF HAWAII
3-METER INFRARED TELESCOPE FACILITY

Final Report. October 1983

I. Introducticn

I wish to begin this report by expressing my appreciation o NASA for
its support of my submillimeter work at the IRTF during the last few years.
I am pleased to offer this report summarizing the fruits of that support.
I wish also to say at the beginning that the success of the work has been
due in large measure to the efforts of my students Jocelyn Keene and
Stanley Whitcomb, now both at Caltech.

In my original proposal of 1979, I said'"the NASA/University of Hawaii 3-m
Infrared Telescope Facility (IRTF) now nearing completion at MKO is not
equipped for work beyond the mid-ir (v30' um) but it is feasible to design
a submillimeter photometer which would provide for observations at 350 to
1009 um with higher sensitivities than have been previously obtained at
those wavelengths. The excellence of Mauna Kea as a site for submillimeter
cbservations has been demonstrated by our group and others, using the 2.2-m f
telescope." Accordingly, I proposed "to build a photometer for 350 um to
1000 um observations with the 3-meter telescope of the Maunz Kea Observatory
and to use the photometer for planetary studies."

Although development of the photometer will continue for some time and :

a vast opportunity for further application of the photometer toc planetary

-

studies still remains, the original goals for this grant have been achieved

and a summary is appropriate (regardless of formal requirements for a report).

L e MER ISRV 237.1.

II. The Photometer
A major problem to be solved in designing a submillimeter photometer

frr the IRTF was the large focal ratio of the telescope (£f/35) and the
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corresponding size of the Airy diffraction disk (2.44 A\f = 30 mm at 350 um;

85 mm at 1000 um). With apertures of this size, it was essential first of

all to provide spectral filters which would thoroughly exclude all wavelengths
below the desired passbands and which would not become warm enough to be signi-
ficant sources of thermal radi’tion. The filters designed to meet these
requirements have been described by Whitcomb and Keene (1980). The arrange-
ment of the filters in the photometer has been described by Whitcomb,
Hildebrand, and Keene (1930).

The filtered radiation had still to be concentrated by a very large
factor to be coupled to bolometers of reasonable size. We achieved a con-
centration of (Zf)z = 4,900 using compact heat trap field optics of the type
described by ngne, Hildebrand, Whitcomb, and Winston (1978).

The low absorptivity of bolometers for submilliméter radiation and
especially near 1 mm has heen a continuing problem to which a better solu-
tion has recently been found by my graduate student =~ & Dragovan (1983).

He has shown that a gold film with a surface resistance matching the impe-
dence of free space can produce a superior composite bolometer.

The use of the photometer for a wide variety of applications ranging
from studies of solar limb brightening and planetary emission to mapping
of dust clouds forced us to make an observational and theoretical analysis
of the throughput of diffraction limited field optics systems (Hildebrand
and Winston, 1983).

As will be seen from the above discussion, the development of the
photometer has stimulated considerable work in applied optics which should
be of value to other projects involving detection of submillimeter radiation.
I have reviewed the developmentg in some detail in a recent article (Hildebrand,
1984). The article describing the IRTF photometer (Whitcomb, Hildebrand,

and Keene, 1980) is attached to this report as an appendix.

£l
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Since the preparation of that article, we have built a 3He-cooled sub-
millimeter photometer as an addition to the IRTF photometer working in col-
laboration with T, Roellig of Ames Research Center. The next development of
the photometer will be the addition of o polarimeter.

The total cost for the design and construction of the photometer (not
including the 3He radiometer) is well represented by the sum of the budgets
for the first two years (approximately $113,000).

III. Use as a Facility Instrument

Since its first use, the photometer has been used for a series of runs
by various groups of observers, usually twice a year. Portions of
the instrument; especially the submillimeter radiometer, have been returned
to Chicago between each series for improvements. At least one member (or
former member) of my group has been present at the beginning of each series
to set up and adjust the instrument. I do not have a record of all users.
The following is a partial list of those who have observed with the photo-

meter and/or published on investigations using it.

E. Becklin ’ University of Hawaii

L. Chernig G.S.F.C.

G. Chin G.S.F.C.

J. Davidson University of Chicago (EFI)

M. Dragovan University of Chicago (EFI)

E. Epstein Aerospace Corporation

I. Gatley UKIRT

R. Genzel University of California, Berkeley
D. Gezari G.S.F.C.

D. Harper Yerkes Observatory

R. Hildebrand University of Chicago (EFI)

D. Jaffe University of California, Berkeley

(%)



M. Jura
J. Keene
R. Landau
C. Lindsey
R

. Loewenstein

&, Novak
G. Orton
R. Pernic

L. Rickhard
T. Roellig

P. Schwartz

K. Sellgren
T. Simon

H. Smith

R. Sopka

C. Telesco
M. Werner
S. Whitcomb

B. Zuckerman

-4 -

U'C. L.A.

Caltech

University of Minnesota

University of Hawaii

Yerkes Observatory

University of Chicago (EFI)

J.P.L.

Yerkes Observatory
M.I.T.

Ames Research Center
NRL

Caltech

University of Hawaii
NRL

Catonsville Collego
Marshall S.F.C.

Ames Research Center
Caltech

U.C.L.A.

Although we have prepared a fairly detailed operating manual, we expect
that the set-up of this instrument will always require the assistance of someone
thoroughly familiar with its use. To the extent possible, we will continue to
provide such assistance, but we cannot promise to be available or to have the
instrument ready at any time.

IV. Planetary Studies

Saturn's Rings

An incentive for rapid completion of the submillimeter component of

our photometer was the opportunity to observe Saturn with rings edge-on in
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late 1979 and early 1980. By comparing observations at that time with those
we had made earlier (at the 2.2-m telescope) when the rings were at an incli-
nation of 20°, we were able to establish a 400 um brightness temperature for
the rings of TR(4OO um) = 72 £ 12 K, where the error was due primarily to
uncertainty in the Mars model used for calibration. (Note that this was
before the Saturn fly-by,} This temperature lies between that (90 K) observed
for A 5 35 m and that (518 K) observed for A 2 3.3 mm. This behavior, com-
bined with the high optical depth of the rings at centimeter wavelengths,
placed severe constraints on the size and composition of the ring particles.
We concluded that ice particles with sizes of a few centimeters were the most
likely candidates.

Titan

At about the time of the Voyager encounter with Saturn we succeeded in
measuring the brightness temperature of Titan, thus providing temperature
data at an altitude (v40 km) presumably near the temperature minimum. Our
value, 68 + 6.5 K at 4.5 um, combined with Voyager and radio occultation
data, indicates thé presence of a dense, cold cloud layer at that altitude.

Giant Planets

Our most extensive observations were those of the giant planets. Com-
bined with our results from the Kuiper Airborne Observatory taken over the
same interval we have obtained brightness temperatures at ten or more pass-
bands in the range 40 um < X < 1000 um for each of the planets Jupiter, Saturn,
Uranus, and Neptune. With this broad pprtion of the spectrum we are able to
improve the determination of the total bolometric output of the planets,
especially for Uranus and Neptune, where a significant portion of the spectrum
is beyond 40 um.

In addition, since the spectra reflect the temperatures and opacities

of the planetary atmospheres down to depths of several bars, we are able to

L.“»J
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compare the results with atmospheric models extending to these depths.
A manuscript describing the current status of this work is attached.
The data are complete but the manuscripnt is still being edited by the
various authors. This work involves many hundreds of individual observa-
tions. The reduction and.analysis has proved to be a major task.
V. Other Research
The photometer has been extensively used in solar, galactic, and extra-
galactic observations. Among the most significant of “hese were the discovery
of low-luminosity star formation in the Bok Globule B335 by Keene et al. (1983)
and the determination of the far-infrared properties of dust in the reflection
nebula NGC 7023 by Whitcomb et al. (1981).
VI. Publications
The following publications of our group have been based entirely or in

part on work under this grant:

An £/35 submillimeter photometer for the NASA Infrared Telescope Facility

o w R R R

S. E. Whitcomb, R. H. Hildebrand, and J. Keene

Pub. A.S.P., 92, 863 (1980)

g

Far-infrared observation: of the globule B335

J. Keene, D. A, Harper, R. H. Hildebrand, and S. E. Whitcomb

Ap. J. (Letters), 240, L43 (1980)
Far-infrared observations of globules

J. Keene

Ap. J., 245, 115 (1981) .
Far-infrared properties of dust in the reflection nebula NGC 7023

S. E. Whitcomb, I. Gatley, R. H. Hildebrand, J. Keene, K. Sellgren,

and M. W. Werner

Ap. J., 246, 416 (1981)
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Brightness temperatures of Saturn's disk and rings at 400 and 700 micrometers

S. E. Whitcomb, R. H. Hildebrand, and J. Keene
Science, 210, 788 (1980)

Solar limb brightening at 350 um
€. Lindsey, R. Hildebrand, S. Whitcomb, and J. Keene
Ap. J., 248, 830 (1981)

415 um brightness temperature of Titan
R. F. Loewenstein and R. H. Hildebrand
A. & A,, 110, L18 (1982)

The throughput of diffraction-limited field optics systems
R. H. Hildebrand and R. Winston
Applied Optics, 21, 1844 (1982)

A high resolution submillimeter map of OMC-1
J. Keene, R. H. Hildebrand, and S. E. Whitcomb

Ap. J. (Letters), 252, L11 (1982)

The determination of cloud masses and dust characteristics from submillimeter

theTmal emiszions
R. H. Hildebrand
Q. Jl. R. astr. Soc., 24, 267 (1983)

Submillimeter observations of W3

D. T. Jaffe, R. H. Hildebrand, Jocelyn Keene, and S. E. Whitcemb

Ap. J. (Letters), 273, L89 (1983)

Far-infrared detection of low-luminosity star formation in the Bok Globule B335

Jocelyn Keene, J. A. Davidson, D. A. Harper, R. H. Hildebrand,

D. T. Jaffe, R. F. Loewenstein, F. Low, and R. Pernic

Ap. J. (Letters), 274, L43 (1983)

TR 3
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Far-IR selected star formation regions

D. T. Jaffe, R. H, Hildebrand, J. Keene, D. A. Harper, R. F. Loewenstein,
and J. M. Moran
Ap. J. In press.
Focal plane optics in far-infrared and submillimeter astronomy
R. H. Hildebrand
International Conference on Nonimaging Concentrators, M. C. Ruda, ed.
proc. SPIE, 441, 40-50 (1984)
Far-infrared and submillimeter brightness temperatures of the giant planets
R. H. Hildebrand, R. F. Loewenstein, G. Orton, D. A. Harper, J. Keene,
and S. Whitcomb |

(In preparation)
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ORIGINAL PAGE 1§
OF POOR QUALITY

WE HAVE MEASLRED THE BRIGHTNESS TEMPERATLRES OF JURITER, SaTupN, lIRanus,

ABSTRALCT

AMD MEPTUNE IM THE RAMGE 29-1000 um. THE EFFECTIVE TEMPERATIRES CERIVED FROM
THE MEASUREMEMTS, SUPPLEMENTED BY SHORTER WAVELEMETH VOYASER DATA FOR JJRPITER
AMD SATURN, ARE 126 .2 £+ 4 S K, 33.4 £ 3.3 K, T3.3 £ 2B K, ano B0 3 ¢+ 2 B K

REZPECTIVELY . lEg DIZoUsSs THE IMPLICATIONS OF THE MEASUREMEMTE FOR BOLOMETRIMC

QUTRPUT AND F2R ATHMOSPHERIL STRUCTURE AMD ZOMPROSITIOM THE TEMPERATLIRE SPECTRLM

OF JUPITER SHOWS A STRONG PEAK AT ~ 333 MM FOLLOWED BY A DEEP VALLEY AT
~ 438 - 569 JAM. A MODEL ATMOSPHERE ZONTAINIMG AMMONIA ICE PARTICLES

REPRUODUCES THESE RUJALITATIVE FEATWRES BUT DOES MOT FIT THE DATA CLOSELY.

I

T

'E 9
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ORIGINAL PACE ¥
OF POOR QUALITY
I. INTRODUCTIONM

FAR=IMFRARED AND SUBMIL..IMETER PHOTOMEYRIC OBSERVATIONS OF THE GIANT
FLAMETZ HAVE THREE PRIMCIPAL TYPES OF APPLICATIONS' FIRST, THE INVESTIGATION
OF INTERNAL SOURCES OF EMERSY! SECOND, THE INVESTIGATION OF PLANETARY
ATMOSPHERES) AMD THIRD, THE ESTABLISHMENT OF CZONVENIENT REFERENCE OBJECTS FOR
PHOTOMETRY OF OTHER SOURCES.

THE APPLICATION OF PLAMET CATA TO GEMERAL INFRARED PHOTOMETRY BECOMES
IMZREASIMGLY VALUABLE A5 MEASUREMENTS ARE ENXTENDED THROWEHOUT THE FAR-IR anD
SUBMILILIMETER SPECTRUM WITH ENOUGH RESOLUTION T FHOW THE PRIMIIPAL FEATWRES OF
THE SPECTRUM. AS WE WILL SHOW, THE ASFUMPTION OF A FEATURELESS SPECTRUM COULLD
LEAC IN SOME CASES TO CONSIDERABLE ERRORS,

THE ATMOSPHERES ©OF THE PLANETS ARE PROBED TO INZREASING DEPTHS BY
OBSERVATIONS AT INCREASING WAVELENGTHS. ATMOSPHERIC MODELS CAN BE COMPARED
WITH BRIGHTNESS TEMPERATLIRE SPECTRA BY SUMMING THE CONTRIBUTIONS FROM EACH
LAYER ©F THE MODEL ATHMOSPHERE WHERE EACH CONTRIBUTES ACCORDING TO ITS
TEMPERATURE AND ZPACITY AND THE ATTENUATION OF IT3 EMISSION BY OVERLYIMNG
LAYERS. WE SHALL DISCUSS THE IMPLIZATIONS OF OUR MEASURED SPECTRA FOR THE
CDERIVATION OF MODELS FOR EAZH OF THE PLANETS AT LAYERS DOWN TO APPROXIMATELY
THE CME-=BAR LEVEL.

QUR MEASUREMENTE PERMIT A CONSIDERABLE REDUCTION IN THE UNCERTAINTIES
ASSOZIATED WITH THE BOLOMETRIC THERMAL DUTPUTS OF THE PLANETS. For URamws amD
HEPTUNE, THE BULK OF THE THERMAL EMISSION QCCURS IN THE RANGE 48 pM To 1 mMM L
ZOVERED BY OUR DBSERVATIONS.

SPACECRAFT OBSERVATIONS HAVE PROVIDED MEASUREMENTS OF JURITER AMD SATURN
ST TD APPROXIMATELY 99 um (Hamer ex aL. 1373, HaMmEL ET 4., 13820 ArRBORME
DBEERVATIONS MAVE EXTENDED THE SPECTRA TO ~1HEB ym (LOEWEMSTEIM EI al.. 1377a,

LOEHEMSTEIM ET AL. 12377B) AND GSROUND-BASED OBSERVATIINSG HAVE SIVEN A FEW

[}
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BROADBAMD POINTE AT LOMGER WAVELEMEITHE SHORT oF | MM CLOENEMSTEIN €T aAlL. 13774,
MuiTzome BT Al 13720 THE MEASUREMEMTS PREZENTED HERE COVER THE RANZE FROM 3D
Ty 1080 a1 IN RELATIVELY MNARROW BANDS. THE AIRBORME ©3T=-330 M) AND GROUND-
BAsSED (I5Q=570 MM) OBSERVATIONS WERE MADE AT APPROXIMATELY THE SAME TIMES  In
THESE MEASUREMEMTS, WE HAVE SAMPLED ROUWEHLY S3% OF THE TOTAL FLUX EMITTED 8%
JurtTeER., B9Y% BY SATURN, AND P2% Bv UraNUS AND MEPTUNME.
IN THE FOLLOWING SECTIONS WE FRESENT THE OBSEFVATIOMS AND IMSTRUMENTATION

II2 THE DATA REDUSTION, IMCLUDING ZORRESTIONS, CALIBRATIOM, AMD PLANETARY
raDIT CIIIY) THE RESVLTS (IV)) DISCUSSION OF MODELS OF THE INDIVIDUAL PLAMETS
(VY AND A SUMMARY (VIY. CERTAIN DETAILS OF THE ANALYSIS ARE PRESENTED IN
APPENDICES.

ORIGINAL PAGE 1§
OF POOR QUALITY

-
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ORIGINAL PAGE S

I1. OBSERVATIONS AMD INSTRUMENTAvIoN  OF POOR QUALITY

THE DBSERVATIOMS WERE MADE IM TEM OR MORE WAVELENETH BANDS BETWEEN 33 yM
anp 378 ;M FOR EACH PLANET. THE OBZERVATIOMS AT N & 350 umM WERE MADE AT
rHE 3 M NASA INFRARED TeELESCOPE Fasinity CIRTF) oF THE MAUNA KEA OUBSERVATORY)
THOSE AT A ¢ 358 UM WERE MADE WITH THE KUIrER AIR3ORME DesErRvATORY (KADD  THe
UBZERVATIONS EXTEMDED OVER THE PERICD 1372 HoveMBer To 1222 SEPTEMBER. ALL THE
DESBRVATIOMS OF SATIURN WERE MADE S8ETWEEN 1279 Movemser 27, 1920 May 7 WHEM THE
RIME IMNCLIMATION T3 EARTH WAF ¢ 1?7.

Car IRTF

THe IRTF DATA WERE ODBTAINED IN APPROXIMATELY 238 INDIVIDUAL NSSERVATIOMS
CURING THE PERIOD 1579 NovemsBer To 19381 MarRcH., FLUX DENSITIES WERE OBTAINED IN
SIX WAVELENAETH B8ANDS FROM 358 10 168D uM usiNg THE UNIVERSITY 0OF LCHICASO
SUBMILLIMETER/MILLIMETER PHOTOMETER (WHITCOMB, HILDEBRAND AND KEEnE 13885, TWe

STENALS WERE DJB8TAINED 8Y REPETITIVE BEAM SWITCHING WITH A BEAM SEPARATION OF

1

BE ARz SEC,

£,

Fisurge | SHOWS THE TRANSMISSION CURVES OF THE FILTERS AS MEASURED ON A

FaJRIER TRAMSFORM SYECTROMETER. THE APERTURES WERE 58 MM FOR THE | MM FILTER

— s

(MY AMED 9 MM FOR ALL SUBMILLIMETER FILTERS. CPLATE ZCALE ~ 2"/ MMD,

THE MEASUREMENTS WITH THE VARIOUS SUBMILLIMETER FILTERS MWERE MACE IM A
FEGULAR SESENCE DESIGNEDR TO REDLCE ERRORS DIJE TO CHAMEES IM AIR MASS., THE
SEMJENCE 15 DESCRIBED IM APPENDIX 2.

(82 KAD

THE AIRBORME OBSERVATIOMS WERE MADE oW THE Pl-cM TELESZORE nF THE KAD
DURING THE PERIOD 1786 JANUARY, Tn 1322 SEPTEMBER.. THREE HELIWM ZOOLED
PHOTOMETERS WERE WSED: PHOTOMETERS 31 AmMD 51 2ACH CONTAIMED A SIMELE DETECTOR
AMD PHOTOMETER GE CONSISTED OF A CLOSE PACKED MEXAGOMNAL ARRAY OF SEVEM

DETESTORS {ONE ZEMTRAL DETESTOR SURRIUMDED BY 51x» (HARPER ET alL. 192453, The

v,



ORIGINAL PAC -,
OF POOR QUAL Iy

FILTEREZ AMD APERTURES It PHOTOMETERS G1 AnD G2 (HArRPER EI AL, 1384) 1McLUDED
EOTH BAMODPASS ANMD LOME~WAVELEMGTH PAsS FILTERS. FiuTers G1-3, G1-3, G2-3 anD
32~£ HAVE SHORT WAVELEMESTH LEAKS OF A FEW PERCENT OR LESS BETWEEM 20 pn - 36
Mr.  THESE LEAKZ REGUIRE CORRECTIONS UP TO 134 IM FLUX RATIOE WHEN COMPARING
DBJECTS F SIGMIFILZANTLY OIFFEREMT TEMPERATURES. FOR MANY OF THE OBSERVATIOMS:
WE WERE ABLE T SWITSH IM ADDITIONAL TEFLOM OR CALCIUM FLOURIDE FILTERS WHICH
FEMDERED THE LEAKS ZOMPLETEWLY MESLIGIBLE. (S6E FOOTHOTES (F) amMp (3) oF TaBLE
IV FOR SPECIFIZ MOTES oM FILTERS. )

THE TWI WATER RACICMETERS ON BoARD THE KAD ARE DESCRIBED 8% KuUHN EI AL.
{19780, For SPECIFIC NOTES ON THE WATER VAPOR MEASUREMENTS OURIMSE THE AIRBORNE
DBSERVATIONS, REFER TO FOOTNOTE CA) oF TaBLE IV. THE DEPENDENCE OF THE
ATMOSPHER IS TRANSMISSION FUNCTION UPOM THE LINE OF SIGHT WATER VAPOR WAS

SALSULATED 2v StIier (1987 =~ PRIVATE COMMUNICATION) BASED WPON THE MODEL OF

TraLB AMD STIER (13753,

. RRTT B emxT

IT1. DATA REDUCTIQM
(A2 CORRECTIONS: AMALYSIS
THE SIENALS HAVE BEEN CORRECTED FOR PARTIAL RESCLUTICN OF THE PLANETARY
CIZKS LARPPENDIX A), FOR SHADOWIME oF SATURM'S OISK BY THE RIMES (APPEMDIx B,
AMD FOR ATMOSPHERIC TRAMSMISSION AMD THE SPECTRAL RESPONSE OF THE PHOTOMETERS
CAPPEMDIXES 2. 0V, THE CORRESTION FOR PARTIAL RESOLUTION QOES NOT INCLUWDE THE
EFFECT OF LIMB DARMEMING) THE EFFECT OF THIS SIMPLIFICATION IS ESTIMATED IN

o
APPENDIX A. PBECAUSE THE RING INCLINATION WAS LESS THaM 1.77 ForR ALl

21

DBSERVATIONS, MO CORRECTION IS5 MADE FOR EMISSIOM FROM SATURM'S RINGS,

For THE IRTF oATA: ALL SIGNALS ARE CORRECTED TR THE SAME VALLEZS OF THE

LINE 2OF SISHMT HATER VARPOR, W, BEFIRE TAKIMI RATIOS OF LIMKMOWM T3 CALIBRATION

N
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ORIGINAL PAGE 1
OF POOR QUALITY

SIENALS (W = 1 MM HEO FOR SUBMILLIMETER MEAsunsnsnrﬁ; 5 MM HED FOR MILLIMETEP
MEASUREMEMTS, ZEE APPENMDIX D). For THR KAD DATA THE ATMOSPHERIC ZORRECTIONS OF
IMDIVIDUAL MEASUREMEMTS WERE MUCH LOWER. THE SPECTRA OF THE IMKMIOWHM AND
CALIBRATION SOURCES WERE ASSUMED TO BE SIMILAR IM GROSES FEATURES FOR
A 3 ZTR M. BUT THE SOURCE SPECTRA OF Z0LD AND WARM PLAMETS (g.5. MERPTUME AMD
MAR=) WERE MOT SIMILAR EVEN IM THEIR SROSS FEATURES FOR M << 188 am. It wasz
THEREFQRE MEZESSARY TO USE DIFFERENT AMALYTSIZ PROCEDURES For THE IRTF amp KAD
oATA.  2eE ApremMDIx D FoOR DESZRIPTION oF THE IRTF DATA REDUCTION AMD
LognwensTeEIM EX AL. (137742 ForR THE KAD PROCEDURE.
(s> EFFECTIVE JAVELENGTH

THE DETECTION EFFICIENCY AT FREFUENETY VW MITH LINE OF SIGHT WATER VAPOR W
DEPENDS T THE ATMOSPHERIC TRANSMISZION, T(V, W) AND ON THE MEASURED SPECTRAL
RESPONSE OF THE PHOTOMETER ACVM). FOR A SOURCE OF SPECTRUM (W), ME DEFIME A

: TH
FLUX WEIBGHTED MEAN FRERUENCY FOR THE I  FILTER TH BE

THE WAVELENSTHS SHOWN IN THE TABLES AND FIGURES ARE THOSE CDRRESPONN;NG TO THE
MEAN FREJUENIIES 50 DEFINED CI.E. M . = c/(u» I%
{2) BRIGHTNESS RaTIOS

ERIGHTMESS RATIMZ ARE TALCLLATEDR FROM THE SIGNAL RATICS LSING THE PLANET
RADII OI=ZUSSED 11! SECTIOM [IlE AFTER CORRECTIONS FOR PARTIAL RESOLUTIONM OF THE
CIEK AND THE IMILIMATIOM OF THE PLANET POLE.

(o) CaLisrATION: Mars Mopel

TEMPERATURES ARE DERIVED FROM THE BRIGHTNESS RATIOS USING NMARS AS THE
PRIMARY TALIBRATION n8JECT. THE MARS TEMPERATLIRES ARE BASED N THE MOOEL OF
Heuwsesaner T alL. 13710 AS EXTENDED BY WRIGHT (1375) AND FURTHER EXTEMDED AMD

TABULATED BY WRIgHT AMD OoENWALD C 153282, THE MoDEL @&, A DECREASIMG

CEPEMDENCE 0OF TEMPERATURE ON WAVELEMITH AZF THE WAVELENGTH IMZIREASES. g Have

T J
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ORIGINAL PAGE |5
OF POOR QUALITY
THE ERRCRS SHOWM IM THE TABLES DO NOT

AsgMED TEA > 338 Ml = T(xN = 350 umd.
[MELIUDE AMY ESTIMATE OF THE UMEZERTAINTY IM THE MODEL.
WE i MIT ATTEMET TO EVALUATE THE AZCURACY OF THE YWRIGHT/IDENWALD MODEL .
WE HAVE, HOWEVER, IZOMPARED THAT MODEL WITH THE MORE DETAILED MODEL OF SIMPSIMN
THE MARS TEMPERATURES OF THE
THE DISEREPENCZIES ARE SMALLER

Fior THE TIMES OF THE COBSERVATIOMS,

THAM THE ERRORE WE EZTIMATE

ET AL. 13315
THWO MODELS WERE YERY MEARLY ERUJAL FOR A < 328 M.
FOR THE MEASUREMEMTE. AT INCREASING WAVELENGTHS
THE TEMPERATURES OF THE SIMPSOM MODEL DECREASE LESS RAPIDLY THAN THOSE OF THE
WE HAVE ASSUMED THE

WR1GHT DOEMWALD WITH A DISCREPENZY OF ~ 7 K AT 280 um.
WRTEHT/DDENWALD MODEL BECAUSE IT I35 MORE EASILY SENERATED FOR A GIVEM EPOCH AMND
MAJOR DISCREFENCIES IM THE

USED AS A 5TANDARD.

ZETAUSE IT HAS BEENM WIDELY
MIOEL WOULD 3k APPARENT 8% THEIR EFFECT OM THE INTERMAL CONSISTENCY OF THE

CE) PLANETARY RADII

PLAMET DATA.
PUBLISHED DIRECT 9BSERVATINNS OF PLANETARY RADII HAVE BEEN MADE AT

COMPUTED FOR | BAR PREZSURE

CIFFEREMT WAVELEMITHS FOR THE DIFFERENT PLANETE AMD HEMCE CORREZPCOMD TO
THE DISZREPEMCIES ARE OF DJRDER OME
WE UZE RACQII

DIFFEREMNT DEPTHS IM THE ATMOSPHERES.
For cOMSISTEMNCY

PERIZEMT [N RAOIUE,
1541 + 4 1M avD R
PO

LEVELS MHICH SHOULD BE ARPROXIMATELY THE MEAM RARDII FOR THE FAR IR amo 2Shiit
L

EF
THEZE VALLES WERE ADJUSTED TO THE 1-BAR
THE MOMIMAL

WE IJSE THE 18@8-meAR VALUEZ R

210,

EMIZSION.
JuPITER,
13
MODELS (E.G
= RE:ra

Fre
WE UsE THE 1322.8-MBAR RADIUS.

RERSE & &4 kM oF LIMDAL ET AL.
= 45 MMJ WITH A MEAM OF THE LINDAL ET AL.
For SATURM.
A R 1

7
.
(]

LEVEL ( £
MIJDEL SIVEM 8v OrTON, 1321
oF KLIORE EI AL.

& 3,3
- -~ ~
5.8

709, 5 KM, AMD ELLIPTICITY, £

1-BAR LEVEL ¢

'

SR ) ADJUSTED TO THE

8,89,
KMJ WMITH A MODEL APPRONIMATING THE PRELIMIMARY RESLILTE
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OF POOR QUALITY
1

oF TYLER BT AlL.. (139223, For URaANUS., WE WSE THE 3 x 1B =M CARPRONIMATELY

-2

(8}

1 BAR ! VALUES Re& = 26156 + 20 kM anD £ = 0.924 & 9,593 s1vem By ELLIOTT

-

ET AL, ©1%8210 THE ADJUSTMENT TO THE l=BAR LEVEL ¢ Z = S8 kM) 12 BASEL oM THE

m

-

-
- ‘o

MODELS oF TOKUNAGA ET AL. C1283). For NeEPTUNE., WE USE THE 4 x 14 CM“Z ViLUES
6 = 25225 £ 38 kM AND £ = 0.021 £ B.604 sIveN By ELLtoT (1979), ADJUSTED TO
THE 1=~BAR LEVEL { 2 = 485 KM), AGAIN ON THE BASIS OF THE ATHMASPHERIC MADELS OF
TokuMAGA ET al. (1382Y, THESE ATMOSPHERIC MOOELS FOR URANUS AMD MEPTUME., WHILE

COMSTRAINED BY RECENT INFRARED DATA IN THE 28 M REGION, IMPLY ALTITUDE
ADJUUSTMENTS SLOSE TO THOSE DERIVED FROM THE ERUILIBRIUM MIDELS OF APPLEBY
(19285 or MacLace (19382, THE LARGEST UNCERTAINTY IN THE RARIUS ADJUSTHMENTS
Fopr. URANUS AND Nepru&e STEMS FROM THE UNZERTAINTY IN THE MEAN MOLECULAR

WEIGHT. WE ASSUME A BULK COMPOSITION OF 398X HE AND 18% HE, CONSISTENT WITH THE
STELLAR OCCEULTATION ANALYSES. THERE ARE NQ FIRM OBSERVATIONAL SONSTRAIMTS ON
THE BULK ZOMPOSITIONS oF UrRaNUS oR MEPTUNE. A 10% cHANGE IN THE HE MIXING

RATIO TRANSLATES INTO A CHANGE IN THE RADIUS ADJUSTMENT OF APPROXIMATELY 38 KM.

WITH THESE ADJUSTMENTS, WE OBTAIN THE ASSLUMED [~8AR RADII LISTED IN TABLE

For MAR=Z, WE WEE THE TRIANIAL ELLIPSAID FIT OF SWEETMAM, C 1920 WITH A

2

POLAR RADIWS 2377.1 KM AMD ERUATORIAL COMPOMENTS 325930 kM AnMD 2488 . 8 xM. e

P e I IS 1""9 oy oo
USE RE = (33938 x 2499 .93 T = T390 kM,

s

-

THE EFFECTIVE SEMI-DIAMETERS OF THE PLANETS: @ . SHOWN INM TABLES I - IV,
ARE IZDOMPUTED FROM THE RADII IM TABLE I TAKING INTO AZCOUNT THE INCLIMATIONS OF
THE PLAMET POLES To THE LINE @F SIGHT ON THE DATES OF THE OBSERVATIONS. THE
RANGE OF ANSLES OURIMG THE OBSERVATIONS 15 SHOWMN FOR EACH PLANET IN THE LAST
coLle oF TaBLeE [, THE POLE COORDIMATES ARE BASED ON THE REPORT oF DAVIES EI

AL, C1228) Az PRESENTED IN THE 1982 AsiramncmMIcal ALbabac.

L)
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IV. RESULTS OF POOR QUALITY

THE JOURMALS OF THE OBSERVATIONS ARE SIVEM IM THREE SEPARATE PARTS!
Broacsane IRIZ cszervaTions (Tasle 1), HMarrower sBano IRTF cesERVATIONMS
(TasLg IIIJ, amD KAD nesepvaTions (TaslLe IV)., THE BRIGHTMESS TEMPERATURE
MEAZIUREMENTS ARE COMBINED AMD SUMMARIZED IM TaBLE V. THE COMBIMED RESULTS ARE
PLOTTED IM FIEURES 2 ~ T TOGETHER WITH CURVES REPRESEMTING ADJUSTMEMTS OF SEMI-
EMPIRICAL MODELE FITTED TO THE DATA. THE ORIGIMAL MODE! .3 FOR JUPITER AMD
SATURM ARE BAZED 9OM THISE oF THE Vovaser IRTF TEAM (R.5. HAMEL EI Al 1331
IB23) DERIVED FROM DATA TAKEN FOR N <58 UMi THE MODELS FoR LRANUS anD MEPTUNE
ARE THOSE OF ToOKUNAGA ET Al. C1383). THE DATA WERE FIRST REDUCEDR JSING THESE
MODELS Y DASHED CURVES?. THE DEVIATIONS OF THE REDUCED DATA POINTS FROM THE
ASSUMED CTIJRVE WERE FITTED BY A SMOOTH FUNZITION THAT WAS THEM USED TO ADJUST THE
CRIGIMAL MODEL TO MINIMIZE THE DEVIATIONS. WHEN NECESSARY: THIS NEW S0OLRCE
CURVE WAS THEN USED TO RE-REDUCE THE ORIGINAL RATIOS FOLLOWING THE PROCEDURE
CESCRIBED IN THE AFPENDIX OF JAFFE EI aL (19843 TH1Z PROCEDURE RERUIRED THO
ITERATIONS ForR JUPITER, OME FOR SATURN AMD URANUZ, AMD MONE FOR MeEPTUME. THE
MHIOM=UNTMIE FIMAL CURVES ARE SHOWN IM THE FISURES (S0LID CURVESS: WITH THE
PLOTTED PQIMTS BEING DERIVED FROM THESE CUMRVES. [T ZHOULD BE STRESIED THAT
THESE CLRVES DD MIT MECESSARILY REPRESEMT A REAL DESZRIPTION OF THE PLANET'S
THERMAL STRUCTLRE. BUT RATHER REPRESEMT THE BEST FIT TC COUR DATA, WHICH RELY OH
AN ASSUMED MARS MODEL AMD DBSERVATIOMAL ERRORS.

THE HUMBER OF INTEGRATICNS USED IN MEASURING THE AIRBORNE POINTS WAS
LISUALLY TDD SMALL T3 PERMIT ESTIMATES OF STATISTICAL ERRCORS FOR IMODIVIDUAL
PIIMTE. WHERE ERRORS COULD BE ESTIMATED.: THEY ARE SHoWM IN TABLE IV, SImMcE
ALL AIRBORME MEASUREMEMTS ARE SHOWN IM FIGURES 2-3. THE SPREAD CAM BE WSED To
JUDEE TYPICAL ERRORS. THE PRIMCIPAL SOURCES OF SWSTEMATIC ERRORS FOR THESE

POIMTSE ARE UMIZERTAIMTIES IM ATHOSPHERIZ HWATER VARIR { AIRBORNE DATA ! AMD

1T 6. SB
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OF POOR QUALITY .
WNCERTAIMTY Ih THE Mars mMopeL (ALl CaTAY. WE EMPHASIZE THAT MOME OF THE ERRORS
SHIDWM IH THE TABLES [MZLUDE THE WNCERTAIMTY IM THE MARS REFEREMIE TEMPERATURES.
WE ASZUME AM ABSOLUTE ACCURACY TO £ 13X 1M FLux. THE AVERAGES AMD STATISTICAL
ERRGRS OF THE COMBIMED DATA POINTS ARE TABULATED IN Ti3LE V. THE AVERAGE OF
THE ALRBORME STATISTIZAL ERRORS 15 1.5 K AMD REPRESEMTS THE AVERASE STATISTICAL
ERROUP IMN AMY GIVEN AIRBORME MEASLREMENT .

SINZE THE ACTUAL MEASUREMENTS ARE THOSE OF FLUKX, WE PLOT THE IMDIVIDUAL
AIRBORME PIILIMTE AMD THE CSOMBIMED SROUMDBASED POINTE IM FIG. & FOR EACH PLAMET.
MIJRMAL LZED T3 A FIXED PLAMETARY S0LID ~MGLE. THIS REPRESEMTATION DFFERS A
BETTER FEEL FOR THE VARIOUS OBSERVATIONAL ERRORS.

RECEMT UNMPUBLISHED MEASUREMEMTS BY MHOLT ETX al. (13840 1N THE RANSE 230 M
T3 3.2 MM ARE GEMERALLY IM FAIR ASREEMENT WITH OUR DATA, BUT SOMEWHAT LOWER .
OMLY A SMALL PART OF THE OIFFERENCE CAN BE EXPLAINED BY DIFFERENCES IN ASSUMED
MAR= REFERENZE TEMPERATURES. THE PRINCIPAL DISCREPANCY 15 IN THE JUPITER DATA
IM THE RESION 358 pmmM—508 M, WHERE OUR POINTS ARE HIGHER AND SHOW A STRONG PEAK
AT ~3T0 MM FOLLOWED BY A VALLEY AT ~430 uM. bE 00 NOT UNDERSTAND THE REASCH
FOR THE UISCREPAMCY.

INTEERATING THE CURVES 1M FISURE § AMD CORRECTIMS FOR LINMEASURED FLLIK
S02AT 2F 33 A OME ARRIVES AT TEFF FoR JUPITER. SATURM. URAMUS AmMD MeEPTUNE TO

- v - -

5E REZIPECTIVELY 185.8 £ 4.5 K, 93.4 £ 2.2 K, 58.2 £ &.8 K, ano 68,3 %

N3
Ex

K.
MERE THE ERRIRE REPRESEMT THE ASSUMED 13X ERROR IM FLUX DUE TO THE WNCERTIMTIES

M THE MARS TEMPERATLRES.

2,

V. DISCus:s

I0M

VARIOLES MODELLS ZAN BE COMSTRIUZTED FOR THE SRECTRA OF THE BIANT PLAMETS.
DETAILE OF THE COMPOSITIONAL AMD STRUCTLURAL ASSUMPTIOME CHARACTERIIIMG EACH

MODEL ., AS MWELL AS CESCRIPTIOMS OF THE AMNALYWSIZS: ARE RISCWSSEDRD AT SREATER LEMETH

11



. ORKMNAL .
1 APPEMOIX E. RESULTS oOF THESE MODELS ARE DESCRIBED BELOW. '?‘?UALITY
A, JupTTER

EARTH"BASED CUBSERVATINNME OF JUPITER HAVE BEEM MADE BY PHOTOMETRIC AMD
SPECTRISTIPIC TETHNIRUES. MosT REZEMTLY THE VovasER IRIS @XPERIMENT OBTAINED
MANY FPECTRA oF JURPITER (HANEL ET Al.. 18790, INCLUDIMG 30ME OBSERVATIONS OF THE
HMHOLE D13k (HAMEL ET AL, 18212 out 100 58 M, THESE SPECTRA ARE ESSENTIALLY
COIMCIDENTAL WITH THE MODEL SPECTRA DISPLAYED IN FI1gs. 7-9.

F13. 7 IMCLUDES THE FRECTRUM OF A MODEL ATMOSPHERE WITHOUT AICOUMTING FOR
THE IMFLLEMCE OF HHS ICE CLOUDS, AS WELL AS ONE WITH NH3 CLOUDS HAVING A
CHARACTERISTIC PARTICLE SCALE HEIGHT EQUAL To B.15 TIMES THE GAS SCALE HEIGHT.
Fias. 2 AMD 3 SHOW THE SPECTRA RESULTING FROM SIMILAR CLOLOS WITH PARTICLE
SZALE HEIGHTS E®UAL TO 8.58 anp 8.85 TIMES THE GAS SCALE HEIGHT, RESPECTIVELY.
THE MODELS ARE EXTENSIONS OF THOSE PRESENTED BY DRTON €I alL. (19828B). Mone oF
THEZSE MODELSE ZIVES A CLOSE FIT TO THE DATA NEAR THE 299 —~ 7808 MICRON RESION FOR
AMY PARTICLE SIZE CONSIDERED, EVEN WHEN A DETAILED RESPONSE TO THE PREDICTED
SPECTRIM IS5 CONSICERED.

IF THE DATA ARE ZORRECT. QTHER souéces OF .JOVIAN ATHMOSPHERIC ABSORPTION
MAY BE RERUIRED. FUTURE 285ERVATIOMAL EFFORTS MAY BEST BE DIREITED TOWARD

OBTAIMING SPECTROMETRIZ RATHER THAN RADICMETRIC DATA. THIZ MOULD ELIMIMATE THE

-

NZERTAIMTY IMPLICIT IM THE COMVOLUTION OF STROME TELLURIZ AMD JOVIAM
ABSORPTIOMN FEATURES.

ALTHOUGH THEY ARE DMLY WEAKLY CONSTRAINED BY THE DATA: THE cLouDY monELs—j

tM Fras., 7=9 MAY BE USED TD 03SERVE BY VOVAGER FOR WAVELEMETHS BEYOMD 43.5 UM
] '
—1 e -—E b

(8 - 238 cm T}, QuR cLoUDY MOCELS PREDICT VALUES oF 1.51 - 1.54 x 1@4 W=

\ -1
STER. ~ FoR THE @ = 238 cM © FLux.  THESE INDICATE AM AVERAGE WHICH IS oMLy 2% |
!

-4 P
HIGHER THAM THE ESTIMATE oF 1.587 x 18 W =M © sTER. FIVEM BY HAMEL. EIT aL.

—
o
y & 4
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¢1381). THE AVERASE OF OUR MODELE TEMDS T CONFIRM THE ESTIMATE OF THE TOTAL .

- 4 -2
THERMAL wUTRUT of ¢ 388 % 16 W oM - STER. BIVEM BY HaNEL ET AlL.. THEY aLsz0

'
)

COMFIRM THE 2% ESTIMATE FOR THEIR LOME WAVELEMSTH EXTRAPOLATION WMCERTAINMTY

a——

B. 'SATURM

Fig, 1B sSHONS THE SPECTRA OF MODELS FOR SATURM WITH A PH_.3 MIXIMG RATIO IN
THE OEEP ATMOSPHERE OF 1.9 X 1@-6; CORREZROMDIMG TO THE RESULTS 9F EARLIER
INMVESTISATIONS (3EE APPENDIX EJ. MODELS WITH LARGER MIXING RATIDS ARE ALSQ
SHOWM T3 DEMONSTRATE THE INFLUENCE OF PHE LIMES IM THIS REGIOM OF THE SPECTRLM
THE MEASUREMENTS AT 204.3, 221.1 amp 328.9 UM ALL APPEAR TO BE BELOW THE MODEL
SPECTRA AND ZOULD BE INTERPRETED A5 INDICATIMG THAT LARGER MIXING RATIOS ARE
RERIRED OF THAT THERE 15 AN UNMODELED ABSORBER INFLUENGCING THE SPECTRUM. IJM
THE OTHER HAND: OTHER MEASUREMENTS, SUCH AS THE DATUM AT 554 KM WHICH LIES
ABOVE THE MODEL SPECTRUM, ARE NOT 30 EASILY EXPLAINED. ABAIN: JUST AS FOR
JUPITER, THIS SPECTRAL REGION I5 SUFFICIENTLY DETAILED THaT UNAMBIGUOUS

KTRACTION OF INFORMATION ABOUT THE ATMOSPHMERE OF SATURN MAY RERUIRE
SRECTROMETRIS RATHER THAM RADIODMETRICZ OBSERVATIONS,

WE NOTE THAT THE MODEL SPECTRA IM FIg. 12 00 PROVIDE A REASONABL'Y
SATISFACTORY FIT TO THE DATA, AMD THEY D2 MOT INDIZATE THE NEED FOR A DECREASE
Iv{ THE MODEL BRIGHTHMESS ACROSS A WIDE TPECTRAL RAMGE. THE CLOUD MODELS
SUGEESTED BY DRToM ¥ 193320 FOR REGIONS MEAR THE EGUATOR AMD NEAR 1503 LATITLDE
ARE THUS OPTISALLY TOO THISK FOR THE GLOBAL AVERAGE. THIS MAY BE A RESULT OF
THE CONTRIBUTION OF THE RELATIVELY BRIGHT AMD "CLEAR" REGIONS IN THE MORTHERM
HEMISPHERE (PIRRASLIA ET aL. 15212 QAUTIER £r aL. 1383,

FIMALLY, THE MODELS PROVIDE AN ESTIMATE OF THE TOTAL THERMAL EMERGY QUTPUT
AT WAVELENSTHS PAsT T8 gn (9-20Q cmmlb. THIZ VALUE RAMGES BETWEENM 5.75 AND

{—d
-3 -1 1
A o« 18 ) A & STER. FOR THE MODELS SHOWN IN Fig. 14a., THIS COMPARES

[X> ]

(A4

—
)y
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CLOSELY WITH A SIMILAR ESTIMATE BY HANEL €I aL. (13230 or 5 383 15~5 Woen ©
ZTER. 4 A VALUE WHIGH 15 ONLY SOME &% HIGMER ©N THE AVERAGE. THE RESONABLE
ZORRESPOMDENCE OF THE MODELS TO OUR SBSERVATIOMS THUS PROVIDES EMPIRICAL
SIPPORT FR THEIR ESTIMATE.
iz, LRANLS

THE TEMPERATURE STRUCTURE ASSUMED FOR THE ATMOSPHERE OF LURAMUS IS SHOWW IN
Frm., 11 (TowunaEsa ET AL, 123320, THE VARIOUE TEMPERATIURES NEAR AMD BELOW THE
1-8AR PRESSURE LEVEL ARE A DIREZT CONSERUENCE OF VARICWE ASSUMPTIONS RESARDIMNG
THE MINIMEG RATIO OF BH4 IM THE DEEP ATMOSPHERE (ZEE APPEMNDIx EJ AMONIZ THE

MOREL SPECTRA SHOWN IN Fia. 12, THE OME WITH THE LOWEST CH, ABUNDANCE HROVIDES

4
THE BEST FIT TO THE OBSERVATIONS OVER THE BROADEST SPECTRAL RAMGE. THE
SUBMILLIMETER DATA IMPLY A [C)/[H] ELEMENTAL ABNDANCE RATID NEAR OR BELOW THE
JoviAN DR THE 30LAR VALUES. THE MODEL PROVIDES A SATISFACTORY FIT TO THE 17 8
AND 13.5 mum paTA oF TOKUNAGA ET aL. (13330, ALL THE MODELS ARE COOLER THAN
THE OBSERVATIONS OF ORTON ET aL. (13330 AT 1.3, 11.5 anD 12.5 UM, CONSISTEMT
WITH THEIR INTERPRETATION THAT PART OF THE FLLX IM THIZ SPECTRAL RESION IS5
REFLECTEY SWNLIGHT. THE SREATEST DIFFICULTY ASSOZIATED WITH THE UrRAMUS MODELS
I THE OIVERGENCE BETWEEM THE MIGH MILLIMETER BRIGHTMESS TEMPERATURES WHICH
THE™ PREDIST {FOR LMW DH4 ABUNDAMIZES » AMD THE MUCH LOWER TEMPERATURE
CBSERVATIONS IM THIF REGION (E.5. MLIcH, 15210 WHICH WoOULD APPEAR TO BE MATCHED
BETTER B THE &% KH 4,r-u:umzt...

THE CBEERVATIONS FORM A ZET WHICH CAM BE WEED TO DETERMIME THE EFFECTIVE
TEMPERATIURE 0OF MURANUS., PRELYIMG ON DJUR DATA AND IM MODELS DHLY FOR THE FLUIX AT
WAVELEMNSTHS SMALLER THAN 33 MM, WE DERIVE A TOTAL FLUX EBJIVALEMT TO AN
EFFECTIVE TEMRERATURE oF S2.3 K WITH AM UMZERTAIMTY oF £ 1.3 K FROM STATISTTIA

ERRIIRE AND * 2.8 K FROM THE ABSOLUTE SALIBRATION LIMCERTAIMTY . THIZ VALUE IS

COMSISTEMT WITH PREVIOUES ESTIMATES CFAZID ET al. 1976 LogMWEMETEIN ET AL, 15377;

14

e 4 3
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,
STIER 18783 DTS 3 MO MEASURED o TR ys' EFRECTIVE
=Tl ET alk. 1378), IHDICATING MO MEASUR CHANGE 1M UraMus =

TEMPERATURE CQVER THIS TIME FPERIOD.

-, -
9,

Lockwooo ez AL, (1383) Have DErivep A BOND ALBEDOD oOF #3393 :.gﬁg-ﬁap THE
1381 epocH Amp 8342 f;%g% ForR YHE 1952 gPocH. FROM THESE ESTIMATES, THE
ERJILIBRIUM TEMPERATURES IN 1352 AND 1981 AR ABouT 57.8 £ 8.2 h anp 55 B &£ 1.8 K.
RESPECTIVELY, THERE 15 SUFFICIEMT OVERLAP IM THE UNCERTAIMNTIES TO SUPRPORT THE
ABZENCE OF AM IMTERNAL HEAT SOURCE. FURTHERMORE, RECENT MEASUREMENTS OF THE
UIRAMIAM PHAZE =URVE B8v VovasErR 1 AND 2 CAMERA 5vSTEMS C(WENKERT AnD DAMIELSOM,
1322) 2oLl BE CONSISTENT WITH LOWER VALUES OF THE PHASE CURVE THAN PREVIOUSLY
A55UMED. THE IMPLIED DROP IN THE VALUE OF THE BOND ALBEDD WOULD THUS ABOLIZH
AMY ARGUMEMT FOR THE EXISTENCE OF AN IMTERNAL HEAT SOURCE.

. MepTune

THE TEMPERATURE STRUCTURE Assumsn FOR THE ATMOSPHERE OF MNERPTUNE 13 SHOMWN
M F1s, 13, 1T CORRESPONDS TO AN OPTIMIZED FIT TO OUR DATA AS A RESULT OF
PERTURBIMG THE MODELS OF TOKUNMAZA EI aL.. Y 1383), WHICH 15 ALSO SHOWN. AS FOR

UrAMUS, VARIOUS CH, MIXIMG RATIOS IN THE DEEP ATMOSPHERE RESULT OIRECTLY IM THE

4
VARIOUS TEMPERATURE STRUCTLIRES AT AMD BELOW THE 1=BAR LEVEL SHOWN IN F1a. 13,
THE MODEL SPECTRA. SHOWM IN F15. 14, DEMONSTRATE THAT OMLY THE MODEL WITH THE

LIOWEST CH4 ABUNDANCE COMEES CLOASEST TO MATZHING OATA ACROZZS THE WIDEST SPECTRAL

RAMEE. JUST A5 FoR llranus. THE 17.2 anp 13.8= uM 0BSERVATIONS oF TOKUNAGA EI

AL. (19220 ARE FIT WELL, ALTHOMGH THE 18,3 MM 0BSERVATION oF ORTON ET AL.
(198727 13 BRIGHTER THAN THE THERMAL SPéCTRA MODELS: FUPPORTIMG THE POSSIBILITY
THAT REFLECTED SOLAR RADIATION I35 CONTRIBUTIMG SUBSTAMTIALLY T THE OBSERVED
FLII AT THAT WAVELENGTH. SIMILAR T2 THE CASE FOR LIRANUS, ONLY A MODEL WITH A
HIEHER EH4 MIXIMS RATIO VALLE DOES WELL 1M MATCHING THE 3.2 MM OBSERVATIOM OF

JLzcH C19281 ). THIS MODEL 15 ALSQ CONSISTENT WITH THE 1 MM OBSERVATION OF

15
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FimalLLy: WE WSEL THE UBSERVATIOME TO IMPROVE THE EVALUATION OF THE
EFFECTIVE TEMPERATURE oF MEPTUME. THE MODELS IMPLY VALUES BETWEEN BB | K anD
59 8 K, DESPEMDING OM BULK COMPOSITION ASSUMPTIONS. LISIMG OUR DATA AND MODELS
SMLY T ESTIMATE THE TOTAL FLUX AT WAVELENWSTHS SHORT oF 35 MM, WE QURIVE A
TOTAL FLUX ERUIVALENT TO AN EFFECTIVE TEMPERATURE oF S8.3 K WiTH ¢ 1 5 K
WMCERTAIMTY FROM STATISTICAL ERRORS AND £ 2.8 K FROM THE ABZOLUTE CALIBRATION
UMEERTAINTY. THIS VALUE IS LARGER THAM THAT DERIVED BY LOEWENSTEIN EI AL.
(197740, BUT 1S EXTREMELY CLOSE TO THE VALUE DERIVED BY STIER ET aL. (13733

HEWBURN AND GULKIS (1272) 2usGEST A BoMD ALBEDD FOR MEPTUNE WHICH 15

APPROXIMATELY THE SAME A5 FOR URANUS, BASED ON THE SIMILARITY OF THEIR SPECTRA.

AMD “WRPHY AND TrRAFToN (1974 SUBGEST A SIMILAR VALUE., VaLues oF B.332 or 4.34
WOLLD IMPLY AM ERUILIBRIUM TEMPERATURE 0F ASOUT 43 Ki NUR ESTIMATE OF THE
PLAMETARY EFFECTIVE TEMPERATLIRE THUS IMPLIES AM INTERNAL HEAT SOURCE ON THE
DRADER OF 2.56 TIMES THE AMOUNT OF ABSORBED S0LAR ENERGY. I[F LOWER VALUES FOR
THE PHASE IMTEGRAL ARE ADCPTED, CONSISTEMT WITH THE Vovaser 1 AnD &
DBSERVATIONS OF MEPTUME'S PHASE =URVE C(WEMKERT aND DANIELZAN, 12B2). THEN THE
MAGMITUDE OF THE INTERMAL MEAT COULD BE REDUGCED TO A NUMBER AZ LOW AZ 1.0@
TIMES THE AMILUMT OF ABSORBED IMSOLATIOM,
VI. SUMMARY

THE DATA FOR JURITER AND SATURN PRIOVIDE MEASUREMENTS OF THE FAR INFRARED
CLTPUT AT WAVELEMGTHS INAICESSIBLE TO THE VovagGeEr IRIZS EMPERIMEMT TEAM L HAMEL
EL at.. 1528; 13233, THEY SUPPORT THE CONCLUZSIONS OF THESE AUTHIRS THAT THE
THERMAL EMERSGY FLUXES OF JUPITER AMD SATURNM ARE ERUAL To 1.57 aMp 1.72 Times
THE SOLAR IMPUT. RESPECTIVELY. ALTHOWSH THEIR ESTIMATES OF THE BOND ALBEDD ARE
HJITE INCEPENOEMT OF THIS WAVELENGTH REGION. For JURITER, THE VALUE IS

SONSISTEMT WITH AN IMTERPRETATIOM IN WHICH ALL THE FLUWX 15 SURPPLIED 8%

(4
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SRAVITATIOMAL AND INTERNAL ENERGY AS A PART OF THE FINAL COOLING AND
ZONTRAZTION PHAZE OF EVoLUTION (CRABDSHKE ET AL 1375, BopENHEIMER EI aL  1338)
HOMEVER, FOR SATURM, ADDITIONAL ENERGY 15 RERUIRED WHICH CAN MOST PLAUSIBLY BE
PROVIDED BY THE PROIESS OF HELIUM DIFFERENTIATION IN THE INTERIOR (E.G
SrEvemsom, 19285 THE DATA OO0 NOT LEND THEMSELVES TO A PARTICULARLY CLEAR
CISTINGTION BETWEEN THE MODELS DISCUSSED ABOVE. BT THEY SUGGEEST THAT HIGHER
ZREITRAL RESILUTION DATA ZOULD DISTRIMIMNATE BETWEEN THOSE MODELS SHOWN AND
DTHERS WITH ATMOSPHERRIC ABSORBERS WHISH WERE MNOT IMCLUDED ENXPLICITY IM THE
ZALSULATIONS .

THE JRAMUS AND NEPTLUNE DATA TEND TO CONFIRM PREVIOUS ESTIMATES OF THE
TOTAL SULLOMETRIZ THERMAL FLUX AND T3 IMPROVE THEIR INTERMAL ACCURACY . LULTIMATE
IMPROVEMENT OF THE ACCURACY OF THE MEASUREMENTS IN THE ABSOLUTE SENSE MUST
AWAIT THE DEVELIPMEMT OF A CALIBRATION 3YSTEM IN THIS WAVELENGTH REGION WHICH
15 MORE ACCURATE THAN THE PLANET MARS WITH 1IT3 SYSTEM OF ACTIVE ZSURFACE-
ATMOSPHERIZ PHYSIZAL CMEMISTRY AND CIRCULATION, THE MEASUREMENTS FPRAVIDE
SUPPORT FOR THE EXISTENCE OF AN IMTERNAL HEAT SOURCE IN MNEPTUNE AND THE ABSENCE
IFOONE IM UJRAMUSS BOTH, IN FACT, EMIT LESS THAM PREDIGTED FROM A HOMAGEMEQUS
COOLIMG FROM AM IMITIAL HOT STATE YHUBBARD AND MACFARLAME, 19863 THIZ 1z MOST
EASILY EXPLAINED 8% THE PRESENCE OF LUPWARD REDISTRIBUTION OF HEAVIER MATERIALS
SOMETIME DURIMG THEIR THERMAL HISTORIES, THWS QIMINISHING THEIR AVAILABLE
EXZESS LUMIMOSITIES.

QUR CATA PROVIDE SUBSTANTIAL CONSTRAINTS ON THE TEMRERATURE STRUCTURES OF

[
A

]

BOTH LraANuz AMD HepTume., THE STRUCTURES ADOPTED BY ToOKUMASA EX alL. €133

SASED oN APPLEBY (1929 ), ARE ESSENTIALLY CORRECT FOR URANLIS AND ABOUT ONE =R

TWO DEGREES TOO WARM FOR MERTUNE IM THE REGION MEAR 288 To S60 mMBAR ToTAL

PRESZIURE ., For THE OEEPER ZONVECTIVE RESIDMS OF BOTH PLANETS: THE SWBMILLIMETER

12

875
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DATA SINGEEET A BTEEP LAPTE RATE. THIZ RATE 13 INCONSISTENT WITH METHANE MIMIMNG
RATIOE AT THE WEVEL OF 1% DR SREATER BECAUSE OF THE PRONDUNIED EFFECTS OF THE
LATEMT HEAT OF COMDEMSATION ON THE ADIABAT FOR SUSH LARGE ABUMDAMZES  FURTHER
IMPROVEMENTS IN THE INVESTIGATION OF LRAMUS AND MEPTIIME WOULD BEST BE PROVIDED
Bv [MPROVEMENTS IN THE ABSOLUTE CALIBRATION SCALE AND HIGHER SPECTRAL
SEOLUTION OBSERVATIOMS, JUST A3 FOR JUPITER AND SATURM.  HMEW DUBSERVATIONZ AT
MOOERATE SPECTRAL RESOLUTION AT WAVELENGTHS SHORTER THAN 38 MICROMS WOULD
PROVIOE FURTHER ELUWZIDATION OF THE BUULK COMPOSITION (HYDROGEM TO HELIUM RATION

AMD THE TEMPERATURE STRUCTURE IM THE 180 To 400 MBAR RANGE FOR BOTH PLANETS.
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PARTIAL ReESoLUTION OF THE PLANETARY Disk .
IM S0ME CASES, ESPECIALLY THE QBSERVATICONS oF JUPITER, THE AMSULAR
RADIE 12F THE PLAMET IS APPREZIABLE IM COMPARISOM WITH THE BEAM RADIUS. IT 13
THEREFWRE MEZESSARY TR COIRRECT THE OBSERVED SIGNALS FOR PARTIAL RESOLUTION OF
THE DISK, 1.E. FOR A DECREASE IM DETECTION EFFICIEMCY WITH INCREASING
DISPLACEMEMT FROM THE OPTIC AXIS. THE MORMALIZED 3CAMS OF MARS GiVE THE
EFFT=ZIENCIES, EC M AZ A FUNSTION OF THE DISPLACEMENT. ¢ . Tn EFo00
AFPROMIMATION THESE SCAME CAM BE FITTED BY SAWUSSIANS. FOR A PLAMET OF AMGULAR
RADIUS P IN WHICH THE BRIAHTMESS I5 A FUNCTION B(®) OF THE EMISSIOM ANGLE d =

ARC SIN (P/$), THE DISK CORRECTIAN 15 -
g ={g a(mm"bmt/{g ECdle Moo ¢ (ALY

1.., IF 3 = oasenvr—:o. SIGNAL, THEN D(f)S = SIGNAL WHICH WOULD BE OBSERVED FOR A
PLANET OF THE SAME LUMINOSITY AND THE SAME B(X}, BUT WITH § » A,

WE HAVE USED THE ASSUMPTION BU®X) = CONSTANT TO Q8TAIN THE CORRECTIONS
SHOMWN I TaBLEs II ano VIL A5 AN INDICATION OF THE SENSITIVITY oF QO f) ™ s(d>
WE HAVE wLsED THE 45 gm (Proneer 18 anp 110 VALLES oF BCOL) DETERMIMED FOR
JuptTER 8% TISERSOLL ET al (13783, WE MAVE MADE FITS OF SMOOTH CURVES TO THEIR
MEASURED VALLUES AVERAGED COVER FIVE ZONEZ OF LATITUDE. THE DIFFEREMCE BETWEEM

THE ZORRECSTIONS FOR BLOL) = CONSTANT AND FOR BLXD BAsSED oM [MGERZOL £T al (137570

15 MEGLIGIBLE IN SOMPARISOM WITH OULR ESTIMATE OF THE ERROR L 18X) 1IN D(ﬁ)-l DUE

T UNCERTAIMTIES IN Et’.f?.

APPENDIX B - EFFECT 0OF SATURMEZ RIMGE

ViIvAGER 2 MEASLRED THE TEMPERATURES OF THE A AMD o RINGS OF SATURM TO

Be 69 K amMm 8% K REspecTIVELY C(HameEL €I alL. 13822, AT THE ENCOUNTER: THE RING
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IMNCLINATION TO THE SN WAS 27 . AT YHE TIME OF QLR OBSERVATIOME THE RING
TMCLIMATION AMGLE TO THE SUN WAS < £ 1-. WE ASSUME THAT THE RING TEMPERATURE .
WOULD BE SIGMNIFICAMTLY LESS THAN THE TEMPERATURES MEASURED By Vovaser. [M THISZ
TAZE, THE ODOIMIMANT EFFECT OF THE RINSGS WOULD BE TO BLOUK THE EMISSION FROM THE
OISK. DSIMCE THE RING IMCLIMATION TO EARTH WAS ALKAYS LESS THAM 1 7= OURIMG

QUR OBEERVATIONMS, THE GREATEST REDUCTION IM THE EFFECTIVE DISH AREA WIULD BE

1.3%. THE CORRECTION IS5 MUCH LESS FOR N 3 208 UM

APREMDIX T - SERUEMCE OF GROUMD-BASED MEASIREMENTS
THE INDIVIDUAL OBSERVATIANS USED IN THE IRTF IMVEZTIGATIONS FOLLONED A
REGULAR PATTERN. [CONSIODER: FOR EXAMPLE, A SERIES J% QBSERVATIONS OF [MAR:S,
JUPITER AND SATURN WUSING THE SUBMILLIMETER FILTERS CHE (BrROADBANDJ, aAMD CHZ,
CH4, CHS (NARROWER BAND). We use M2, J32, ETZ. TO OENOTE 2BSERVATIOMS OF lARS
WITH FILTER CH2, JUPITER WITH FILTER CH3, ETz. anD SCME)., S(M3) gre.. TO DEMOTE
THE CORRESPOMOIMNG STENALS.

A ZINGLE SERIES WOULD PROCEED IMN THE oRDER M2, M3, 4, M3, M2, J2., J3.

L asE BT M E e e

Jd, J8, U2, 92, 23, 24, 29, 22, AND THE ENTIRE SERIES WOULD BE REPEATED AT
LEAST OMCE AND WSIJALLY TWICE. HNoTeE THAT FILTER CHE WAz USED BEFORE AND AFTER §

THE DQITHER FILTERS OM EAZH PLAMET. IT wsuALLY ToOK LESS THAM 18 MINUTES TO i

COMPLETE THE FIVE SUCCEZSIVE SOUNTS ON A SINGLE PLANET. THE CORRESPOMDIMG
SHAMIEE IM AIR MASS WAS UsuakLLy < 3,835, HEMZIE CORRECTICNS FOR CHAMSES IN AIR :

MAZE WITHIN THE SET OF FIVE COUNTE WERE ALMOST MEGLIGIBLE., IM COMPUTIMG RATIOS

SF COUNTS SUcH A5 SCMI0CS(MR ) FOR ONE SERIES WE SIMPLY IMTERPOLATED LIMEARLY BY

AIR MASE BETWEEM THE SUMZ2) VALUES AT THE BEGINNIMS AND TRE EMD OF THE SERIES TO 'f
FIMD A VALLUE FOR THE AIR MAZS CORRESPONMDIMG TO M3, .

THE TIME BETWEEN THE FIRST AND SECOMD SERIES FOR A GIVEM PLAMET WAS

APPROXIMATELY 45 MIMUTES, THE ZORRESPOHDING ZHANSE IMN AIR MASSs TYPICALLY

Elj\
(’?}‘
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* 019, WAE WEWALLY ENOUGH TO CAUSE A SMALL BUT MEASUREABLE CHAMGE IN A SIGMAL
RATIO SzH AS BCM3M3(MR. INSeFAR AZ POSSIBLE: THE OBSERVATIOMS WERE TIMED TO
SIVE ERUAL AIR MASZES FOR EACH OF THE PLANETE WHEM AVERABED OVER AlLL

DBTERVATIONS FOR QNE MIGHT.

APPEMDIX D - AMALYSIS OF IRTF DATA
(1) Broapsamo DaTa
THE COUNTES OBTAINED WITH THE BROADBAMD FILTERS LDHE AnD P2 ARE IMZEMSITIVE
TR FIME FTRUSTURE IM THE SOURGCE SPEZTRA: THEY HAVE HISH STATISTICAL ACCURACY.

AMD THEY HAVE BEEM REPEATED OFTEN ENOUGH T2 PROVIDE WELL-SAMPLED SIGNAL V AIR

n

MASS CURVES., WE USE THESE COUNTS TO DERIVE BRIGHTNESS RATIDS FOR THE VARIOUS
PLAMETS.: AMD TO PROVIDE REFERENCE POIMTS IN DERIVING THE SHAPES OF THE
INDIVIDIAL SPECTRA (BECTION 2.
THE STEPS IM THE ANALYSIS OF THE BROADBAND DATA ARE AS FOLLOWS:
(1) PLOT THE SIANALS V3. AIR MASS FOR EACH PLANMET FOR EACH MIGHT.
f113 To THOSE PLOTS, FIT THE WATER VARPOR CURVES TO ESTIMATE THE ZEMITH
WATER VAPODR,
fI11ty ARDJUST ALL THE.DATA FOR A GIVEN NIGHT TO A COMMON LINE=OF~SIGHT
HATER VAPDR .
CIvY COMBIME THE ARJUSTED VALUES WEIGHTIME INDIVIDUIAL COUNTE ACCORDING TQ
THEIR MOISE VALUES, WSINGE THE MOMINAL ERRORS QR THE MEAM ERRIR.
WHICHEVER 15 LARGER..
fvy MakE A CHI-SRUIARED TEST oF THE M ADJUSTED VALULES AND IMCREASE THE
2 1.2
ERRCR CF THE COMBINED RESULT 8% (L /M IF THE REOLCED CTHI
"ZaUARED 15 1.

™

Cvi) CALCIUILATE THE RATIOS 0OF THE AVERAGES <3¢ .J23:-<3¢M2 3} ETC. WHERE THE

Ry

COINTS IM THE DEMOMIMATORS ARE FOR THE REFEREMCE PLANET ' lMAR=s. oR.
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WHERE MECESSARY, AM IMTERMEDIATE STANDARG ).
MULTIPLY THE RATIODS BY THE DISK CORRECTION FACTORS SHOWN IM TABLES
I1 ame IV AMD B THE RATIOS OF PLAMETARY SOLID MGLES TCO OBTAIM
GFLIBAL SURFACE BRIGMTHEESS RATIOS BCIR2IWBIMEY eTc. FoR THE RANGE oOF
WATER VAPOR 0OF THESE MEASUREMEMTS, THE BRISHTMESE RATICS FOR THEZE
FILTERS OM DIFFEREMT MISHTS ARE IM SATISFACTORY AGREEMEMT AMD SHOUW
MO DEPENDENCE ON ZENITH WATER VAROR' THE EXPECTED RESULT FOR THE
BROADBAND DATA, WHATEVER THE FIME STRUCTWRE: IF OVERALL THE PLAMETS
HAVE ROWSHLY RAYLEISH-JEANE SFECTRA WITHIN THE PASSBANDS OF THE
FILTERS (A5 ASSUMED IM PREPARING THE WATER VAPOR CURVES Y.
ASSUME A BRIGHTNESS TEMPERATURE FOR THE REFERENGE PLAMNET FOR THE
DATE OF THE NBSERVATION AND CALCULATE A BRISHTNESS TEMPERATURE FOR
THE "LUIMKNOWN" PLANET.

COMBINE THE BRIGHTNRS5 TEMPERATWRES FOR THE VARIOUS NIGHTS WITH

HETGHTING AMD THI-SHIARED TESTH A5 IN 3TEPsS CIvy AWD (vi, g AssumMe

MO CHANMGE IM GIANT PLAMET TEMPERATURES DIIRIMG THE PERIODR OF THE

NBSERVATIONI . HD ZHANGE IS5 INDICATED BY THE RESULTS.

L2y Harromer Bano DaTa

IM PRIMZIPLE.: THE PROZEDURE MWE HMAVE DESCRIBED FOR THE BROADBANMD DATA ZOULD

= L

BE LSED ALSD T FIMD THE SISMAL RATIOS 50172 5

o)

(MZ) ETE. AND HEMCE THE

BRIGHTNESS TEMPERATURES FOR THE MARROWER BAMDS. HOWEVER: THE ERRORS IM
DETERMINING THE RELATIVE BRIGHTMESSES IM THE VARIOUS PASSBANDE FOR A =INGLE
PLAMET ARE REDUCED BY THE FOL .OWIMG PROCEDURE:
f1) CALCULATE [SCNE)/SfMEUJH . ES(J4)/S<JE)]H » ETEZ.s WHERE
W = LINE 0OF SIGHT WATER VAPGR FOR A PARTICULAR MEASUREMEMT oF
SOME N, 20040 ETC. AMD S(ME)N . S.JE)N ¢+ ETZ. ARE THE VALLES
22

2 e SR A
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OF THE BROACBAND SIGNALE INTERPOLATED TO THE SAME VALUES oOF W. THESE
RATINE ARE MOT INDERPENDENT OF Wi E.3. 53732 DECREASES AnD 33352
IMNCREASES WITH INCREASIMG W. TYPICALLY, THE CHANGE FRIM OME SERIES
TO THE MEXT 15 3-18%.

AC.JUST THE RATIOS FOR SUCCESSIVE SERIES TO A COMMON VALUE, W

USING EMPIRICALLY OETERMIMED CORRECTIOMS (LIMEAR IM WJ BASED ON THE
DATA FOR aLL RUNS. THE RATIODS THUS UETERMIMED ASREE WITHIM
STATISTICS. FOR THE SUBMILLIMETER UDATA (FILTERS CH2. CHI. M4, CH4.,
AMD DHS 3 We cHOOSE W = 1 MM, THE RANGE OF VALUWES I3

B.2 L wg 1.5 MM For THE MILLIMETER DATA (FILTERS MP2 AnD

MP4 ) we cHoOOSE W = 5 M. THE RANGE OF VALLES 15 3.4 £ W £ 5.4 M,
CoMBINE THE ADJUSTED VALUES TO OBTAIN <S<M3)/S(ME>>W 2 B0 A50 20

ETC. WITH WEIGHTING AND CHI~SRUARED TESTS AS DISCUSSED IN SECTION 1.

Ly

CALCULATE BRIGHTNESS RATIONS RELATIVE TO THE CALIBRATION OBJERT CHArs

-~ - maw

LISING THE RELATIONZEHIPS

BCJS)/BCME) = CB(JE}/B(NE)]/€<S(J3)/5(JE>>H D0 RS 9 "

ow)
Loy
=
=
DN}
s
‘\
oy
Ean
=r
o
“~r
N
—

ETC. AND USIMG THE YALUES oF BOIZWEBIME) eTe. Az oI

n

CUSSED IM

SECTION 1. HOTE THAT IF THE SMALL ADJUSTMENTS OF STEP Y11 ARE
CORRECT. THEM THE VALUE OF W_ WILL NOT IMFLLUEMZE THE CALCULATED VALUE
oF BCJZ)BIMIY eTe. THE EFFECTIVE WAVELENGTH IS5 SLIGHTLY DEPENDENT
AW BUT THE DEPENDENCE 15 MUCH WEAKER THAM FOR THE BROADBAMD
FILTERS.

’

CALCULATE BRIGHTMESS TEMPERATURES (SEE SECTION 22.

o
08 ]
w e 7
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DeTatLs oF ATHOSPHERIC MODELS
SYMTHETIC SPECTRA OF JUPITER AMD SATURM WERE COMPUTED FROM PHYSICAL MODELS
WITH 18 cmtl WIDE ELEMENTS =ENTERED 18 cwml WIDE C"FLAT") ELEMEMTE CEMTERED
AT B3 THROWEH 4397 cm~1 AMD 5 =M - WIDE ELEMENTS CEMTERED AT 24 THROUGH
3 cmql FOR THE AIRBIIRNE CBSERVATIONS.: AND 2.3 CM-I WIDE ELEMEMTS AT 9.8
THRWGH 34 & cn_l FOR THE GROUND-BASER 2BSERVATIONS. THIS APPROACH ALLOWEDR
ABSORPTIUN FEATURES SUSH AS THE MANIFOLDS OF HH:3 RITATION=IMVERSION LIMES TO BE
RESOLVED.

THE DPACITY OF THE JovIaM ATMOSPHERE 15 DOMINATED BY HE AND NH3 IN THE
48 um =~ 1 MM REGION. THE He COLLISION=INDUCED DIPOLE ABSMARPTION WAS
CALCULATED JSING RECENT MODELS DERIVED FOR A VARIETY 0OF COLLIDING SRECIES: HE-
E:H4 ACCORDING TO Dorg EX al. (1993), HE-HE ACCORDING TG COHEN EX aL. ¢ 15831
ABSORPTION BY HH3 HWAS TALCULATED LISING DIRECT INTESRATION OF INVERSIOM AND
ROTATIOM=INVERSION LINES WHOQSE SPECTROSCOPIC PARAMETERS ARE SUMMARIZED 8Y
Husson Ez ak.. (13222, BAsED onN Husson BT aL. (19810 ADDITIONAL GASECUS
ABSORPTION BY PH3 AND 00 WAS MODELLED WSIMS LINE PARAMETERS SIVEN BY HuUssoM
ET AL. “1322).

THE RACIATIVE TRAMSFER CALZULATIGOMS WERE PERFORMED NESIMG THE MATRIX
DOPERATIR ALSORITHM OF GRANT AND HunT (13531 I A MULTIPLE-LAYER APRPROXIMATIONM
WHICH LSED THENTY HOMOEENECLS CAYERS PER DECACE OF PRESSLRE CHAMGE To SIMULATE
THE SRADLIAL CHAMEE OF ATMOSPHERIZ PROPERTIES WITH ALTITUOE. [DIREST IMTESRATION
OF LIME ABSORPTICN WAS PERFORMED USING THE METHOC oF ScoTT (18740 Az MOCIFIED

gv DRToM (18815,

THE TEMPERATURE STRUCTURE OF JUPITER USED IM THE CALCULATICME WAS ADCRTED

FROM THE MEUTRAL ATMOSPHERE IMVERSIoM OF THE VovASER FaDIm SussvysTEM RIS
DIZELULTATION EXPERIMENTS (LInpaL ET aL. 1581), AZSUMIMG RESPECTIVE MOLAR
o4

v,

. A%, L9 TEIL -

Y
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FRACTIOME OF 259X Anp 11% ror HE AMD HeE (GAUTIER ET al.. 13213 AMMOMIA WAE
ASZUMED TR HAVE A MOLAR MIXIMG RATIC oF &.2 x 18 IM THE CEEP ATMOIPHERE
tLinpal Ex ak. 19310 WITH OEPLETION OF HIGHER LEVELS OWIMG TO SATURATION
EQUILIBRIUM AMD PHOTOZHEMICAL CESTRUCTION AS MIDELLED By URTOM ET AL. © 1382a).

THE VERTIZAL DISTRIBUTION OF PH7 WAZ REPREZEMTEDRD BY A MANIMUIM MINIMG RATIO

-

oF 5 x 18 7 WITH A GRADUAL DEPLETIOM WITH ALTITUDE ABOVE THE | BAR LEVEL,

FOLLOWING THE PROFILE DERIVED Bv KUNDE ET AL, ©1932) FroM Vovaser IRIS spreEcTRA.

-9
A CoMsTAMT CO MIxiMG RATIO oF 2.9 = 18 WAS ASSIMED, AM AVERAGE OF THE

APPRIOXIMATE RESULTS 0OF BEer (1375) anp Larsom 2T al.. (1378)  lWE WNOTE THAT THE

-1

Fory

INFLUENCE OF PH3 AND CO LINES ON THE SPECTRUM IN 18.8 cM - THROWSH 2.5 oM
RESOLUTION ELEMENTS APREARED TO BE SMALL.

THE TEMPERATURE STRUCTURE OF SATURN LSED IN THE CALCULATIONS WAS DERIVED
FROM THE RESWULTS OF THE PLANET-WIDE AVERAGED TEMPERATURE STRUCTURE DETERMINED
FROM THE Vovacer IRIS pata siven By Hanel ETX atL. (1383%. WITH TEMPERATURES
DEEPER THAN 338 MBARS DERIVED FROM THE PRELIMINARY MNEWTRAL ATMOSPHERE INVERSION
oF THE VovaseEr IRIS oCcULTATION EXPERIMENT (TvLER EX alL. 153322 aFTER
ADTUETHMENT OF THE BULK COMPOSITION To 393% HE AMD 7% HE {GAUTIER ET aL. 13235,
AMMONTA WAS ASSUMED T HAVE A MOLAR MIXING RATIO oF & x 1@ 1M THE DEEP
ATMOSPHERE. AN ALTERMATIVE VALLUE oF 5 % 16 | WAS TESTED: FOLLOWIMG MODELS
LIMITS SIVEN BY KLEIN EI AL (13723, AMD WAS FOUMD TO AFFECT OUR SPECTRA
NEGLIEIBLY. [DEPLETION oOF HH3 AT HIGH LEVELF FOLLOWED SATURATIGN ERUILIBRIUM
A SIMPLE MODEL FOR THE VERTICAL DISTRIBUTION OF PH3 WAS USED: A CONSTANT
MIXIMG RATIO oF 1.5 x 1@_6; ROUGHLY CONSISTENT WITH THE RESULTS oF ToOKUNAGA
ET AL. 1928 AND LCOURTIN EI AL. 513210, WITH A CUTOFF NEAR THE BASE OF THE

STRATQEPHERE . e OISCOVERED THAT THE PRESENCE R ABSENCE OF STRATOSPHERIC PHT
o

WAS NOT SIGNIFICAMT FOR OUR CALCULATIOMNS. ForR COMSISTENCY WITH JUPITER: MWE

r
o

(4
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ASSUMED A CSONZSTANT D0 mMIxits RATIO oF 2.5 x 10 7, ALTHOWSH ITS IMELUENCE ON OLR

CALCULATIONES OF THE TATURNIAN SPECTRUM WAS EXTREMELY SMALL: AS THE SASE FOR
JPITER .

We ALSC TESTEDR VARIOWS PHYSICAL MODELSE FOR NH3 ICE CLOUDE IM THE JOVIAM
ATMOEPHERE FIOLLOWING THE SEMERAL SCHEME UEED BY DRTOM EI AL. L 19282B). ThHe
PARTIZLES ARE CHARACTERIZED BY A MODE RADIUE WHICH IS LEFT A FREE PARAMETER. A
1B VARIANZE IM THE PARTICZLE SIZE DISTRIBUTION, AND A SCATTERIMG PHASE
FUMZTION TAKEM FROM FITTING THE HHE PARTICLE PHASE FUNCTIOM UBSERVED IM THE
LABTRATORRY WITH VISIBLE LIGHT (Howmes, 15321 HouMeEs ET al. . 1SE8) gEime THE
FoLlack aMp Cuzzi (122680 ZEMI-EMPIRICAL ALGURITHM FOR IRREGULARLY—SHAPED
PARTICLES. Mo CLOUD PARTICLES WERE ASSUMED HIGHER THAN THE 18B-MBAR
TEMPERATURE MINIMUM CR DEEPER THAN THE S30-MBAR SATURATION LEVEL. THE VERTICZAL
DISTRIBUTION HAS PARAMETERIZED BY RARTICLE SCALE HEISHT TO GAS STALE HEIGHT
RATIOS oF B.58, 8,15 ano B.83. INDICES OF REFRACTION FOR HH3 ICE WERE TAKEM
FROM MARTOMCHIK EI AL. (19837 WHICH ARE BAZED PRIMARILY OM THE ABSCRPTIMM
MEASUREMENTSE oF SILL BT aL. % 1988). For VERY LOW FREGUEMCIES ABSORPTION Was
EXTRAPCOLATED EXPONEMTIALLY DOWNWARD WITH CECREASING FREGUENCY: CONSISTENT WITH
THE LIIWEST AVAILABLE FRERUEMIV MEASUREMEMTS 0OF SILL 8L Al. THIS TREATHEMT
[EHORES POSSIBLE PHOMOM ABSORPTIOMS: SLITH AT QIZIUR TM WATER ICE CE.5. MISHIMA
ET aL. 4198323, OMING TCO THE ABSENCE OF RELEVANT LABORATORY DATA, UTHER
RESTRICTIONS N THE PARTICLE SIZE AND VERTICAL SCALE HEIGHT DETERMIMED BY
DrTor ET al. 132281 WERE ALSD OBSERVED. FHYSICAL MODELS FOR CLIUDS IM THE
SATURMIAN ATHISPHERE SIMILAR TO THOSE FoR JUPITER AND TO THOIEZE IMVOHED FOR
SPATIZALLY=RESILVED OBSERVATIOMS oF SATURN (DRTOM, 159330 WERE MNOT INMVOKED: AS
OISCUESED IM THE MAIN TEXT.

THE I5-1868 MM sPECTRA oF URANUZ AND MEPTUNE ARE ENPECTED TO BE COMIMATED

2y THE ZOLLIZION-TIMOICED ABSIRPTIOM OF H,_.J.- AND THE ZOMPARISOM WITH MIOEL

=4

L]
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SPECTRA TEMD T2 SUPPORT THIS VIEW. AT THIS TIME, THERE 15 NO EVIDEMCE TO
SINFEEST THAT MOMN=ZONTIMUOUS FEATURES SHOULD BE PRESEMT IM THE SPECSTRIM  Fop
Urariiz Cano HEPTUMEY THE LOW TEMPERATURES ELIMIMATE HH3 AT DETECTABLE LEVELE,
LMLESS PRESEMT IM ABUNDAMCES EXCEEDING ZATURATION EAVILIBRIMWM BY MAMY CRDERE OF
MASMITUOE. PHOSPHEME SHOULD ALS? BE DEPLETED 8Y SATURATION ERUILIBRIUM,
ALTHIDWIGH MOT AS MUCH AS AMMONIA. WHILE CARBON MONOXIDE MAY NOT BE DEPLETED BY
A SIMILAR PRIDZESS. ITF IMFLUEMZIE QM THE MEASWREMENTS SHOULD BE VERY SMALL IF
1TE MIKIMG RATIOEZ IN LURAMUIE AND MEPTUNE ARE ZIMILAR TO JURPITER. UWE THEREFORE
AZEUMED THAT THE SPECTRUM SOULD BE DESCRIBED WELL BY THE CONTIMULIM DUE TO HE'
THIUS, DIRECT COMPARISONS BETWEEN THE COMPUTED SPECTRUM AND THE BRIGHTMESS
TEMPERATURES GIVEM IN TABLE Il AT VARIOUSE WAY ELENGTHS ARE PHYSICALLY
MEAMINGFUL .

ForR THE TEMFERATURE STRUCTURES FOR URANUS AND MEPTUNE., WE FOLLOWED A
PROZEDURE ADORTED BY ORTON ET aL. (1983) WHICH EXAMINES EXISTING MODELS BY
TokNAGA ET ak. (13223, THEIR TEMPERATUWRE STRUCTURES ARE PARTIALLY BASED ON
RADIATIVE=-CONVECTIVE ERUILIBRIUM MODELS OF APPLEBY (193B) AND ARE CONSTRAINMED
™ MATZH 17.2 AnD 196 MM OBSERVATIONS. THE TEMPERATURE STRUCTLRES
SHARACTERILIMG THEIR MODELE WERE RERTLRBED IM A WAY WHICH OPTIMIZED THE FIT TO
IR DATA BETWEEN 48 ano 182 UM,

AS A BASELINE CoMPOSITION: WE ASSUMED A MIMING RATIC oF 38X For H,, CLOZE

T THOSE FOR WJUPITER AMD SATURN. THE REMAINDER WAS AZSUMED TO BE COMPOSER OF

He AmD DH4, CH4 INFLLUENZES THE THERMAL SPECTRUM IM TWO Wawvs. FIRST, EH4
SOLLISTONS WITH H, CHAMGE THE H‘2 COLLISION-INDUCED DIPOLE ABSORPTIOM SPECTRLM
=t

FOR THAT PRotwWCED BY H, @R HE coLLIsIONs.  SECOND. IZH4 SONDENSATION IM THE
[~
UPPER TROPOSPHERE LOWERS THE DRY ARIABATIC LAPSE RATE VIA LATEMT HEAT (E.5. Em.

-

3 o WaLrLacs: 19882, THE EXTEMT 0OF THIS WET ADIABAT 15 COMTROLLED BY THE

m
~d
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AMOIINT OF CH4 IM THE DEEP, UMEOMDEMSED ATHMOSPHERE. THREE VALUES FOR THIS
MINIME RATIO WERE TESTED: B.8%, 8% anmb 4%, THE FIRST 13 CLOSE TO THE JovIAR
VALLE (GAUTIER ET AL. 19223, THE SECOMD IF AM ARBITRARY "INTERMEDIATE" VALUE,
AMD THE LAST IS5 A VALUE RECOMMENDED Bv BAIMES (13330, VaLues sz HIEH As 18X
HAVE BEEN 3USEESTED For JRAms CDaAMIELSOM, 13770, BUT THESE WERE JUDSED 8Y
OrRToM ET al. (15230 To BE UNLIKELTY.

THE APPROXIMATE AGREEMEMT BETWEEN THE SHARPE OF THE MODEL SPECTRA oF URANUS
AMD MEPTUME AMD THE DATA ARGUES THAT THE COMPOSITIOMAL ASSUMPTIOMS IMPLISIT IM
THE MIDEL ARE NOT WHREASCMABLE., THE DATA IM THE 18 = 12 )M REGIONS COuULD BE
FIT BETTER BY THERMAL EMISSION ALOME IF THE MOLAR FRACTION 9F HE WERE INCREAZED
SUBSTANTIALLY (E.5. To TO%), BUT THIS 12 CONSIDERED LUNLIKELY. I[NCREASIME THE
HE MIXING RATIO SUBSTANTIALLY FROM THE VALUES USED IN THE MODELS TEMDS To
SIUPRESS THE HE ROTATIONMAL FEATURES AT 15 AND 27 MM, FLATTEM THE BRIGHTMESS
TEMPERATURE 7RECTRUM BETWEEN 40 ANMD 188 MM, AND IMNCREASE THE RISE IN THE
BRISHTMESS TEMPERATLRE WITH LOMGER WAVELENSTHS. THE SLOW VARIATIOM OF
TEMPERATIIRE WITH ALTITUDE, COMBINED WITH THE LIMITED DATA SET MAKE IT
IMPISSIBLE TO DETERMIME A TRUSTWORTHY VALUWE FOR THE HE MIXIMG RATID AT THIS
TIME: A2 IM GALTIER EI AL. "1321) For THE Vovaser IRIS specTrA oF JuriTER. N
THE MTHER HAMD, IT 15 ZLEAR THAT THE IMMEDIATE EFFECT OF REPLACIMG A
TUBETAMTIAL PORTIONM OF THE ERLILIBRIUM HE BY MIRMAL HE IM THE MODEL I3 T
IMZREASE THE ABSORPTION IM THE [80 - 2P UM RAMSE RELATIVE TO SHORTER
HAVELEWETHS : MAKIMG IT MUCH MORE OIFFICULT TQ FIT BOTH SPECTRAL REGICNS
STIMULTAMEDISLY .

SEME CAUTION IS MARRANTED AT THIS POINT. FIRST) WE ARE EXTEMDIMG THE ...
MIDELS FDR~HE COLLISION=IMOUWCED ABSORPTIOM WELL BELIMW THE LOWEST TEMRERATIURE AT

WHIZH MEASUREMENTS HAVE BEEM MADE (cF. Dore EI Al.. 13230 AND THE UMCERTAIMTY

THVOLVED IM SUCZH AW EBEXTRAPCOLATION IS DIFFICULT TO ESTIMATE OM A RELIABLE
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MJAMTITATIVE BASIE. [THER CHANGES IN THE SHAPE OF THE GEMERAL COMTINULIM WOILD
.

TAKE PLAIZE UNOER THE IMFLUENZE OF CLOUDE IM THE ATMOSPHERE IF THE PARTICLE SIRE
WERE SUFEISIEMTLY LARGE, AS MAY QECWR IM THE ATMOSPHERE OF JUPITER WITH HH3 1CE
fARTICLES (ORTOM ET al. 17220, FINALLY, CHANGES IN THE HE MIXING RATIO QR THE
ARDOITION OF NQRMAL‘HE TO E&u:uxsnzum-HE IM PHE MODEL WOLLD CHANGE THE EFFECTIVE
SPECZIFIC HEAT OF THE ATHMOSPHERE AND INFLUENCE THE TEMPERATURE LAPSE RATE IM THE
DANVETTIVE {ADIABATIC} PART 0OF THE ATHMOSPHERE FOR PRESSURES SREATER THAM ABOUT
488 MBAR. SUCH CHAMEES WOLLD INFLUENCE THE BRIGHTNESS TEMPERATURE IMCREASE FOR
WAVELEMGTHS OF ABOUT 298 UM AND ABOVE AND ZOMPLICATE THE SIMPLE ASSOIIATION WE
HAVE PRESENTED BETWEEN THE BRISHTHESS TEMPERATURES IM THE SUBMILLIMETER AND

THE MIXINSG RATIO OF CH4 IN THE DEEP ATMOSPHERE.
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FIGURE CAPTIONS gf’g'NﬂL PAGE 5
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Fizure 1 TRAMSMIZZION =URVEZ or THE IRTF FILTERS.
Fiaure 2=5: THE BRIGHTHNESS TEMPERATLRE REZSULTS oF TaBLg IV CKAD paTal amp
TagLe V CIRTF DATA) ARE PLOTTED FOR EACH PLAMET. FOR A DISCUSSION OF THE
ERRORS, SEE THE TEXT. THE DASHED CURVE REPRESENTS AW IMITIALLY AFSUMED
SPESTRUM FROM WHICH THE S0LID CURVE WAS DERIVED USIME THESE DATA IM AM
ITERATIVE PROCEDURE (SEE TEXT).

-

Figure &: THE FLUX RESULTSF oOF TABLE IV ARE PLOTTED WITH THE FIMAL CERIVED

CURVES (31D CURVES IM F oGURES 2-52. THE INOIVIOWAL DATA POIMTS ARE ADJUSTED

TO A FIXED PLANETARY SEMI-DIAMETER.
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Figure 7

Figure 8§

Figure 9

Figure 10

Figure 11

ORIGINAL PAGE S '
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Spectra of Jupiter for mndels with no NH3 cloud (upper curve), and
for a cloud with Hp/Hg = 0.15 ai.a particle sizes of 30 um (middle
curve) and 100 ym (lower curve). The spectra are computed with
resolution element of 10 cm~* through 100 m (100 cm'l), 5 et
between 100 um and 200 m (50~-100 cm'l) and 2.5 cm~! between 200 m
and 1 mm (10-40 cm™l). The gspectrum at short wavelengths is taken
from whole-disk Voyager IRIS average of Hanel et al, (198l). Tic
warks in the upper graph denote the positions of strong lines or

manifolds of NHy and PHj.

¢
Spectra of Juplter for models with Hp/Hg = 0.50 and particle sizes
of 10 um (upper curve) and 100 im (lower curve). Other symbols are

shown as in Fig. 10.

Spectra of Jupiter for models with Hp/Hg = 0.05 and particle sizes
of 10 im (upper curve) and 100 i (lower curve). Other symbols are
shown as in Fig. 1O. .

Spectra of Saturn for models with various PH3 mixing ratios. The
curves represent spectra of models with the mixing ratio of PHj
equal to 1.5 x 10-6 (upper curve), 3 x 1076 (middle curve) and

1 x 1077 (lower curve). The uixing ratio of NH, in the deep atmo-
sphere equals 2 x 104, Spectra are computed with resolution
elements as given in Fig. 10. Tic marks in the upper graph have

the same meaning as in Fig. 10.

fémperature structures of Uranus used in the models for a 90% mix-
ing .13tlo of Hyp. Each 1is a perturbation of the profile given by

Tokunaga et al. (1982) which is nearly identical to the structures



Figure 12

Figure 13

Figure 14

ORIGINAL PAGE (3
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shown above . he adiabatic region. The difference in temperature
structures in the troposphere is the result of different wet
adiabatfc lapse rates associated with a variety of CHy, mixing

ratios in the deep atmosphere as shown.

Spectra of Uranus for 907 Hy derived from the temperature structures
shown in Fig. 15. Only the absorption of the collision~induced
dipole of Hy is considered in the models. Our data are depicted by
the filled circles. The 2% and 4% CH, spectra are indistinguish-
able at this scale near 50 im. From 10.3 to 19.6 mm, the observa-
tions of Tokunaga et al. (1983) and Orton et al., (1983) are also

shown as open circles.

Temperature structures of Neptune used in the models for a 90%

mixing ratio of Hp. Each is a perturbation of the profile given 4
by Tokunaga et al. (1983), shown by the dashed line where different ;
from the rest, optimized to provide a best fit to our data between é
40 and 100 ym. The difference in tropospheric temperatures arises ;

for the same reasons as for Uranus (Fig. 14).

Spectra of Neptune for 90% Hp derived from the temperature struc-—
tures shown in Fig. 16. Only the absorption of the collision~
induced Hp dipole is considered in the models. Our data are
depicted by the filled circles. The 2% and 4% CH, spectra are
indistinguishable at this scale near 50 im. From 10.3 to 19.6 um, !
the observations of Tokunaga et al. (1983) and Ortom et al. (1983)

are also shown as open aircles.
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