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ABSTRACT 

We have measured the br1ghtness temperatures of Jup1ter, saturn, 

Uranus, and Neptune in the range 35- to 1000-/~m. The effect1ve 

temperatures derived from the measurements, supplemented by shorter 

wavelength Voyager data for Jupiter and Saturn, are 126.8 ± 4.5 K, 93.4 

± 3.3 K. 58.3 ± 2.0 K, and 60.3 ± 2.0 K respect1vely. We d1SCUSS the 

1mpl1cat1ons of the measurements for bolometr1c output and for 

atmospher1c structure and composit10n. The temperature spectrum of 

Jup1ter shows a strong peak at - 350 I~m followed by a deep valley at -

450- to 500- ~m. Spectra derived from model atmospheres 
I 

qual1tatively reproduce these features but do not f1t the data 

closely. 
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I. INTRODUCTION 

Far-infrared and subm1111meter photometr1c observat10ns of the 

g1ant planets have three principal types of app11cations: first, the 

1nvest1gat1on of 1nternal sources of energy; second, the 1nvest1gat10n 

of planetary atmospheres; and third, the estab11shment of convenient 

reference obJects for photometry of other sources. 

The first direct measurements of the bolometr1c fluxes from 

Jupiter and saturn were the 1- to 300-;um a1rborne observat10ns made by 

Aumann, at al. (1969). They found that both planets em1t substant1ally 

more power than they receive from the sun. However, the accuracy of 

the data was l1m1ted by uncertainties 1n the atmospheric transmiss10n 

and instrumental response function over the very broad passband and the 

fact that the spectra of the planets were very d1fferent from the 

spectra of the cool stars used as cal1bration sources. Subsequent 

improvements in detectors and far infrared f1lters allowed measurements 

in narrower passbands and observat1ons of Uranus (Loewenstein at al. 

1977a) and Neptune (Fazio at al. (1976); Loewenste1n at al. 1977b. 

Development of techniques for ground-based observations at 

submil11meter wavelengths perm1tted add1t1onal measurements between 300 

Um and 1000 I~ (Loewenstein at al. 1977a; Whitcomb at al. 1979). Most 

of th1s subsequent work has been cal1hrated uS1ng the thermal model for 

Mars der1ved by Neugebauer et al. (1971) from Mar1ner data and 

elaborated and Qxtended by Wright (1976), wr1ght and Odenwa1d (1980), 

and Simpson at il. (1981). 

The IRIS e~periment on Voyager has prov1ded absolute 

spectrophotometry at wavelengths of 4.5- to 50-;wm of Jup1ter (Hanel e~ 
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al. 1979) and Saturn (Hanel ~ al. 1982). Er~ckson ~ al. (1978) made 

spectroscop~c observat~ons of Jup~ter at ~ < 100 .tm. However, the~r , 

data were cal~rated aga~nst the moon, requ~r~ng a d~ff~cult correct~on 

for flux ~nto the extended wings of the~r beam. 

The measurements presented here cover the range from 35- to 1000- ~m 

~n relat~vely narrow bands. Roughly 50% of the total flux em~tted by 

Jup~ter, 65% by Saturn, and 92% by Uranus and Neptune falls w1th1n th1s 

range. The a~rborne (35- to 330- rm) and ground-based (350- to 970- tm) 

observat~ons were made at approximately the same times, dur1ng a per~od 1n 

wh~ch Saturn's r~ngs were nearly edge-on as seen from the earth. 

The opac1t~es of the atmospheres of the g1ant planets at far 

infrared and subm1111meter wavelengths come pr1mar~ly from featureless, 

pressure-1nduced absorpt10n ~n H
2

• Their atmospheres are probed to 

increas~ng depths by observat~ons at increas~ng wavelengths. Although 

~t is theoretically possible to der1ve 1nformat~on about the m~x1ng 

rat~os of Hz' He and CH4 from far ~nfrared br~ghtness temperatures, the 

requ~red accuracies are probably greater than permitted by our current 

data and absolute cal~ration. However, trace const~tuents 

(particularly ammon1a 1n Jupiter) may produce spectral features wh1ch 

are dist~ngu~shable by their effect on the shape of the spectra over 

lim~ted wavelength +ntervals. 

In the follQw~ng sections we present the observat10ns and 

1nstrumentation (II); the data reduction, 1nc+ud~ng correct10ns, 

cal1brat10n, and plan~ta~ rad1~ (III); thA results (IV); d~scuss1on of 
I ' 
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models of the 1nd1v1dual planets (V); and a summary (VI). Certa1n 

details of the ana1ys1s are presented 1n append1ces. 

a . OBSERVATIONS AND INSTRUMENTATION 

The observations were made 1n ten or more wavelength bands between 

35 rand 970/m for each planet. The observat10ns at A i 350 I'm were 

made at the 3-m NASA Infrared Telescope Fac1l1ty (IRTF) of the Mauna Kea 

observatory; those at ~ < 350~m were made w1th the KU1per A1rborne 

observatory (KAO). The observat~ons extended over the per~od 1979 

November to 1983 June. All the observat10ns of Saturn were made 

between 1979 November 27 and 1980 May 7 when the r~ng 1ncl~nat~on to 

o 
earth was < 1.7. 

(a) IRTF 

The IRTF data were obtained ~n approx1mately 330 individual 

observations during the per~od 1979 November to 1981 March. Flux 

densities were obtained ~n s~x wavelength bands from 350- to 1000-~m 

uS1ng the University of Chicago Subm~ll1meter/MiI11meter Photometer 

(Whitcomb, et al. 1980). The signals were obta1ned by repet1t1ve beam 

switching w~th a beam separation of 300 arc sec. 

F1gure 1 shows the transm1ss10n curves of the filters as measured 

on a Four1er transform spectrometer. The apertures were 60 mm for the 

1 mm filter (M2) ~nd 29 ~ for all submillimeter f1lters. (Plate scale 

- 2"/mm). 

The measurem~nts w1th the var10US sub~1ll1meter f1lters were made 

1n a regular seq~ence de~igned to reduce errors due to changes 1n air 

mass. The sequepce is descr1bed ~n Append1x C. 
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(b) ](AO 

The a~rborne observat~ons were made on the 91-crn telescope of the 

](AO dur~ng the period 1980 January to 1983 June. Four d~fferent hel~um 

cooled photometers were used: photometers G1, 51, and H1 each conta~ned 

a single detector and photometer G2 cons~sted of a close packed 

hexagonal array of seven detectors (one central detector surrounded by 

six). F~lter passbands are shown ~n F~gure 2. The f~lters ~n 

photometers G1 and G2 were identical and ~ncluded both bandpass and 

long-wavelength pass filters. F~lters G1-5, G1-6, G2-5 and G2-6 have 

short wavelength leaks of a few percent or less between 20;wm and 

50~. These leaks requ~re correct~ons up to 15% in flux rat~os when 

comparing obJects of s~gnificantly d~fferent temperatures. For many of 

the observations, we were able to switch in addit~ona1 Teflon or 

Calc~um Flour~de block~ng filters wh~ch rendered the leaks completely 

neglig1ble. (See footnotes (f) and (g) of Table IV for spec~f~c notes 

on filters.) 

The two water radiometers on board the KAO are descr1bed by Kuhn 

et al. (1976). For spec1fic notes on the water vapor measurements 

dur~ng the airborne observations, refer to footnote (a) of Table IV. 

The dependence of the atmospher1c transm1SS10n funct10n upon the l1ne 

of s~ght water vapor was calculated by 5t~er (1983 - pr1vate 

commun1cat10n) based upon the model of Traub and 5t1er (1976). 

III. DATA REDUCTION 

(a) Corrections, Analys~s 

The s1gnals have been corrected for part1al r~solut10n of the 
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planetary d~sks eAppend~x A), for shadow~nq of Saturn's d~sk bv the 

r~ngs (Append~x B), and for atmospheric transm~ss10n and the spectral 

response of the photometers (Append1xes C, D). The correct~on for 

part~al resolution dces not 1nclude the effect of l~mb darken1nq; the 

effect of th1s simp11f1cat10n 1S est1mated 1n Append1x A. Because the 

r1ng 1ncl~nat~on was less than 1.7
0 

for all observations, no correct10n 

1S made for em1SS10n from Saturn's rinQs. 

For the IRTF data, all signals are corrected to the same values of 

the l~ne of s1ght water vapor, w, before tak1nq rat~os of unknown to 

ca11brat10n Signals (w = 1 mm H
2

0 for Subm1l11meter measurements, 5 mm 

H
2

0 for m11limeter measurements; see Append1x D). For the KAO data the 

atmospher~c corrections of 1nd1v~dual measurements were much lower. 

The spectra of the unknown and calibration sources were assumed to be 

s1m1lar 1n qross features forA ~ 350~, but the source spectra of 

cold and warm planets (e.g. Neptune and Mars) were not s1m~lar even ~n 

the~r gross features for A «loo~m. It was therefore necessarY to 

use d1fferent analysis procedures for the IRTF and KAO data. See 

Append1x D for a description of the IRTF data reduction and Loewenste~n 

e~ al. (1977a) for the KAO procedure. 

(b) Effect1ve Wavelength 

The detect10n eff1c1ency at frequency 11 w1th 11ne of s1qht water 

vapor w depends on the atmospher~c trarsm~ss10n, TeV,w) and on the 

spectral response of the photometer A(Y). For a source w1th spectrum 

th 
S(~), we define a flux we~ghted mean frequency for the 1 f~lter to be 

(V"",", '): tv S (v) A,c. (v) T (l/) w)J-:I / ~(D5 (V) A" (v) T("ZI~ w)dv 

The wavelengths shown 1n the tables and f1gures are those correspond1nq 

7 

·1 
f 



to the mean frequenc~es so def1ned (~.e. A = c/<v~ ). 
~ ~ 

(c) Br~ghtness Rat10s 

Brightness rat~os are calculated from the signal rat10s uS1ng the 

planet radi1 d1scussed 1n Sect~on IIIe after correct10ns for part~al 

resolution of the d1sk and the inclinat10n of the planet pole. 

Cd) Cal1bration: Mars Model 

Temperatures are derived from the br1ghtness rat10s uS1ng Mars as 

the pr1mary calibrat10n obJect. The Mars temperatures are based on the 

model of Neugebauer ~ al. (1971) as extended by Wr1qht (1976) and 

further extended and tabulated by Wr~ght and Odenwald (1980) and 

Odenwald (1984-pr1vate commun1cation). The model pred1cts a decl1ne 

1n brightness temperature as the wavelength 1ncreases. We have assumed 

T(~ ) 350~) = TeA = 350~). The errors shown 1n the tables do not 

1nclude any estimate of the uncerta1nty in the model. 

We do not attempt to evaluate the accuracy of the Wr1qht/Odenwald 

model. We have, however, compared that model w1th the more deta11ed 

model of Simpson ~ al. (1981). For the times of the observat10ns, the 

Mars temperatures of the two models were very nearly equal forA < 80 

~. The d1screpenc1es are smaller than the errors we est1mate for the 

measurements. At increasing wavelengths the temperatures of the 

S1mpson model decrease less rapidly than those of the Wr1Qht/Odenwald 

model with a d1screpency of - 7 K at 300~m. We have assumed the 

Wr1ght/Odenwald model because 1t 1S more eas1ly generated for a Q1ven 

epoch and because 1t has been w1dely used as a standard. We have 

attempted to q1ve suff1c1ent data 1n the accompanY1nq tables to allow 
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re-cal~brat10n when better reference models are ava11able. 

(e) Planetary Rad11 

pub11shed d1rect observat10ns of planetary rad11 have been made at 

d1fferent wavelengths ~or the d1fferent planets and hence correspond to 

d1fferent depths 1n the atmospheres. The d1screpenc1es are of order 

one percent 1n rad1us. For cons1stency, we use rad11 computed for 1 

bar pressure levels wh1ch should be approx1mately the mean rad11 for 

the far IR and SMM em1SS10n. 

For Jup1ter, we use the 100-mbar values R = 71541 ± 4 km and 
eq 

Rpol = 66896 ± 4 km of L1ndal ~ al. (1981). These values were 

adJusted to the I-bar level (Z = 46 km) w1th a mean of the L1ndal ~ 

al. models (e.g. the nom1nal model g1ven by Orton, 1981). For Saturn, 

we use the 182.2-mbar rad1us, R = 60309.5 km, and el11pt1c1ty, c = 
eq 

0.096, of Kl10re ~ al. (1980) adJusted to the I-bar level (Z = 76.6 

km) w1th a model approX1mat1ng the prelim1nary results of Tyler ~ al. 

13 -3 
(1982). For Uranus, ~e use the 8 x 10 cm (approx1mately 

1 k-bar) values R = 26156 ± 30 km and e = 0.024 ± 0.003 g1ven by r eq 

Ell10tt ~ al. (1981). The adJustment to the I-bar level (Z = 582 km) 1S 

based on the models of Tokunaga ~ al. (1983). For Neptune, we use the 4 x 

13 -3 
10 cm values R 

eq 
25225 ± 30 km and E = 0.021 ± 0.004 g1ven by El110t 

(1979), adjusted to the I-bar level (Z = 465 km), ag~1n on the bas1s of the 

atmospher1c models of Tokunaga ~ al. (19~3). These atmospher1c models for 

Uranus and Nept4ne, wh1le constra1ned by recent 1nfrared data 1n the 20 ~m-

reg10n, 1mply alt1tude adJustments close to those der1ved from the 

equ1l1brium models of Appleby (1980) or Wallace (1980). The largest 

uncerta1nty 1n the rad1us adJustments for Uranus and Neptune stems from the 

9 



• 

uncerta~nty ~n the mean molecular we~ght. We assume a bulk compos~t~on of 

90% H2 and 10% He, cons~stent w~th the stellar occultat~on analyses. There 

are no f~rm observat~onal constra~nts on the bulk compos~t~ons of Uranus or 

Neptune. A 10% change ~n the He m~xing rat~o translates ~nto a change ~n 

the rad~us adJustment of approx~mately 50 km. 

W~th these adJustments, we obtain the assumed I-bar rad~~ l~sted 

1n Table I. 

For Mars, we use the tr~ax~al ell~pso~d f~t of Sweetnam, (1980) 

w~th a polar rad~us 3377.1 km and equator~al components 3393.5 kID and 

3400.0 km. We use R = (3393.5 x 3400.0)1/2 = 3397 km. 
eq 

-The effect~ve sem~-d~ameters of the planets, 9 , shown ~n Tables 

II - IV, are computed from the rad~~ ~n Table I tak~ng ~nto account the 

~ncl~nat~ons of the planet poles to the line of s1ght on the dates of 

the observations. The range of angles dur1ng the observat10ns 1S shown 

for each planet ~n the last column of Table I. The pole coord1nates 

are based on the report of Davies ~ al. (1980) as presented 1n the 

1982 Astronom~cal Almanac. 

(f) Effect1ve Temperatures 

The effect~ve temperatures of the planets shown ~n Table VI were 

calculated by ~ntegrqt1ng the sol~d curve spectra 1n F~gures 3-6 (see 

next sect~on). TOp value obta~ned gave the em~tted power (E) w1th~n 

the 30- to 1000- wm range, Except ~or Jup1ter, power short of 304m 

was ~ncluded by flrst est1mat1ng the temperature of the planet and 

calculat1ng the correct10n assum1ng the spectral shape to be 
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represented by a blackbody. The temperature 1S then g1ven by T 
eff 

(E/~)1/4. Jup1ter's spectrum short of 30 ~m was taken from Hanel et 

al. (1979) and comb1ned w1th the F1gure 3 data. 

IV. RESULTS 

The Journals of the observat10n~ are g1ven 1n three separate parts: 

Broadband IRTF observat10ns (Table II), Narrower band IRTF observat10ns 

(Table III), and KAO observat10ns (Table IV). The br1ghtness temperature 

measurements are comb1ned and summar1zed 1n Table V. S1nce these are not 

narrow band measurements the power detected depends 1n part on the shape of 

the spectrum wh1ch 1S not known a pr10r1. We therefore use sem1-emp1r1cal 

models to est1mate the shape and hence to adJust the flux dens1t1es. The 

comb1ned results are plotted 1n F1gures 3 - 6 together w1th curves 

represent1ng adJustments of the sem1-emp1r1cal models f1tted to the data. 

The or1gina1 models for Jup1ter and Saturn are based on those of the 

Voyager IRIS team (e.g. Hanel ~ ~ 1979; 1982) extrapolated from data 

taken for A <so;wn; the models for Uranus and Neptune are those of Tokunaga 

~ ~ (1983). The data were f1rst reduced uS1ng these or1g1nal models 

(dashed curves). The dev1at1ons of the reduced data p01nts from the 

assumed curve were f1tted by a smooth funct10n that was then used to adJust 

the or1g1na1 model to m1n1m1ze the dev1at10ns. When necessary, th1s new 

source curve was then used to re-reduce the or1g1na1 rat10s fo11ow1ng the 

procedure desor1bed !n the append1~ of Jaffe ~ al (1984). Th1S procedure 

requ1red two tt~~at10ns for Jup1ter, one for Saturn and Uranus, and none 

for Neptune. The f1nal curves are shown 1n the f1gures (S011d curves). 

The plotted p01nts have been der1ved assum1ng the spectral shape of these 
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adJusted curves. It should be stressed that these curves are not un1que, 

but represent only plaus1ble spectra conta1n1ng spectral features pred1cted 

by the atmospher1c models. The adJusted models g1ve cons1stent results 

when each of the g1ant planets 1S used 1n turn to replace Mars as the 

standard. Th15 1S a necessary cond1t10n for any val1d set of models. 

The number of 1ntegrat10ns used 1n measur1ng the a1rborne p01nts was 

usually too small to perm1t est1mates of stat1st1cal errors for 1nd1v1dual 

p01nts. Where errors could be est1mated, they are shown 1n Table IV. 

S1nce all a1rborne measurements are shown 1n F1gures 3-6, the spread can be 

used to Judge the extent of systemat1c errors. The pr1nc1pal known sources 

of systemat1c errors for these p01nts are uncerta1nt1es 1n atmospher1c 

water vapor (a1rborne data) and uncertalnty 1n the Mars model (all data). 

We emphaslze that none of the errors shown 1n the tables 1nclude the 

uncerta1nty 1n the Mars reference temperatures. We assume an absolute 

accuracy of ± 15% 1n flux. The averages and statlst1cal errors of the 

comblned data pOlnts are tabulated 1n Table V. The average of the alrborne 

statlstlcal errors 1S 1.5 K and represents the average statlstlcal error 1n 

any glven airborne measurement. 

We have plotted the indlV1dual a1rborne flux dens1tles and the 

comblned groundbased flux dens1t1es for each planet In F1gures 7 and 8, 

normal1zed to a fl~ed planetary SOl1d angle. ThlS representatlon 

affords a better feellng for the slgn1flcance of the varl0US 

observational er~ors. 

Recent meaaurements by Oregon/Queen Mary College Group (O/QMCG,Orton, 

et al. 1985) In the range 350 urn to 3.3 mm are generally 1n sat1sfactory 

agreement wlth our data, but somewhat lower. The dlfference 1S due 1n part 
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to d1fferences 1n assumed Mars reference temperatures. The pr1nc1pal 

d1screpancy 1S 1n the Jupiter data 1n the reg10n 350- to 500-~m, where our 

p01nts are h1gher and show a strong peak at -350 km followed by a valley at 

-450~m. Th1s feature f1rst appeared 1n measurements w1th f1lters CH3 (353 

,<ll1). CH2 (414 tm), N04 (517 r m), and CH5 (664 ,m). Although 1t appeared 1n 

each of three ser1es of measurements on the f1rst n1ght of the 

observat10ns, we dec1ded to repeat the observat10ns on the follow1ng n1ght. 

Aga1n the feature appeared 1n Jup1ter's spectrum (but not 1n those of other 

planets) 1n each of three series of measurements. 

For all of those measurements the lowest measured p01nt was that 

for the cut-on f11ter N04 (517 fro)' S1nce the effective wavelength for 

that f11ter depended strongly on the relat1ve atmospher1c transm1SS10n 

1n the 450, 650, and 750 ~m atmospheric windows, we replaced 1t 1n 
I 

later runs w1th CH4 (450 ~m), a relat1vely narrow band filter w1th a 
I 

shorter effective wavelength. The effect was then even more pronounced 

(two series of measurements on each of two n1ghts). 

In view of th1S sequence of observat10ns and the fact that only 

Jupiter shows the effect we are conf1dent that it 1S real. We 

emphas1ze, however, that a determ1nat10n of the exact magn1tude of the 

effect and the exact pos1t1on of the m1n1mum w1ll require new 

measurements w1th n~rrower band f11ters. For the f11ters used 1n these 

observat10ns, the results of the 1terat1ve procedure used to der1ve the 

flux dens1t1es f~om the s1gnals depend strongly on the spectral 

response, 1nclud~ng atmospher1c ef:ects, in reg10ns where the 

br1ghtness tempe~ature of the source changes rapidly w1th wavelength. 
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The strong dependence on spectral response may expla1n or contr1bute to the 

d1screpancy between our results for Jup1ter and those of the O/QMCG Wh1Ch 

do not show the same structure near 400 um. We emphas1ze however, that 

the results are generally 1n good agreement. EV1dently, th1S port10n of 

Jup~ter's spectrum should be re-exam1ned with narrower passbands. 

Integrat~ng the curves 1n F1gures 7 and Band correct1ng for 

unmeasured flux shortward of 35 I~m, one der1ves the effect1ve 

temperatures g1ven 1n Table VI. E/A 1S the rat10 of emitted to 

absorbed radiation. 

V. DISCUSSION 

The 30- to 1000- ~m spectral range covered by our data conta1ns 

approximately 50% of the total flux from JUp1ter, 65% from Saturn, 92% 

from Uranus, and 92% from Neptune. We are therefore able -- espec1ally 

for Uranus and Neptune -- to reduce cons1derably the uncertaint1es 1n 

determ1n1ng the effect1ve temperatures. The 1mp11cat10ns of these 

temperatures for internal energy sources are d1scussed later 1n th1S 

sect10n (§V B). 

First, however, we discuss the pred1ct10ns of a number of 

theoret1cal atmospheric models, the details of which are presented 1n 

Appendix E. The model spectra are useful as first-order approx1mat10ns 

1n the reduction of signal rat10s to br1ghtness temperatures, as 1n 

Sect10n IV, and for extrapolating to wavelengths not actually observed 

(e.g., when estimat1ng effective temperatures). Such extrapolat10ns 

(spec1f1cally, from the 30- to 50-,~m reg10n 1n Wh1Ch Voyager data on 

Jup~ter and Saturn may be used as alternat1ves to the absolute 
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cal1brat10n based on Mar1ner measurements of Mars) can also prov1de a 

cons~stency check on our absolute cal~rat~on system. F~nally, 

compar1ng pred1cted spectra w1th observed fluxes allows us to test the 

plaus1b111ty of certa~n assumpt10ns about temperature profiles, m1x1ng 

ratios, and cloud structure. 

A. Compar1sons w1th Atmospher1c Models 

The Voyager IRIS exper1ment has obta1ned many absolutely-

ca11brated spectra of Jup1ter, 1nclud1ng some observat10ns of the whole 

d1Sk, out to a wavelength of 50 ~ (Hanel et al. 1979). The 

theoret1cal curves displayed 1n Figures 9-11 are all cons1stent w1th the 

Voyager results (Orton et al. 1982b). The agreement of the Voyager and KAO 

fluxes prov1des an independent check on the absolute cal1brat1on 1n the 30-

to 50- ~~ reg1on. F1gure 9 includes the spectrum of a model atmosphere 

w1thout NH3 ice clouds and one with NH3 clouds having a character1st1c 

part1cle scale he1ght (H ) equal to 0.15 t1mes the scale he1ght of the gas 
p 

H). Figures 10 and 11 show spectra result1ng from s1m1lar clouds w1th 
g 

particle scale he1ghts equal to 0.50 and 0.05 times the gaseous scale 

he1ght, respectively. The models are extensions of those presented by 

Orton et al. (1982b). Although they pred1ct that the presence of NH3 1ce 

part1cles will decrease the brightness temperature between 300 ~ and 500 

,kffi, none matches the shape of the observed spectrum 1n deta11. Hence, 

although the data suggest the presence of some source of gaseous opac1ty 1n 

Jup1ter's atmosphere wh1ch is not prom1nent 1n the atmospheres of the other 

g1ant planets, determ1n1ng 1tS nature may require addit10nal observat1ons 

(1n part1cular, measurements at higher spectral resolut1on wh1ch perm1t 

15 



more accurate correct1on for tellur1c absorpt10n) and ref1nements 1n the 

theoret1cal models. (See d1scuss10n 1n §IV.) 

P1gure 12 shows spectra of models for Saturn w1th a PH
3 

m1x1ng 

-6 
rat10 of 1.5 x 10 1n the deep atmosphere, follow1ng the results of 

ear11er invest1gat10ns (see Append1x E). Models w1th larger m1x1ng 

rat10s have been 1ncluded to show the 1nfluence of PH 11nes 1n th1s 
3 

reg10n of the spectrum. The measurements at 204.3, 221.1, and 328.9 olm 

all appear to 11e below the model spectra and could be 1nterpreted as 

1nd1cating that larger m1x1ng rat10s are requ1red or that there 1S an 

unmodeled absorber. S1nce the model spectra in Pig. 12 provide 

satisfactory f1tS to the data throughout most of the far infrared, we 

conclude that the global average of the opt1cal depths of the clouds cannot 

be as high as the values suggested by orton (1983) for clouds near the 

o 
equator and near 15 S. lat1tude. The average depth may be reduced by 

relat1vely bright "clear" regions 1n the northern hem1sphere (P1rragl1a ~ 

al. 19B1; Gautier ~ al. 1983). 

Models based on the Uran1an temperature profile of Tokunaga ~ gl. 

(1983, shown here in F1g. 13) g1ve a reasonable fit to our data. The 

d1fferences in the temperature near and below the I-bar pressure level 

are a d1rect consequence of var10US assumpt10ns about the mixing rat10 

of CH
4 

1n the deep atmosphere (see Append1x E). The subm11limeter 

fluxes are sensitive to the CH m1x1ng rat10 because of the pronounced 
3 

effects of the latent heat of condensat1on on the ad1abat for large 

abundances. 

The temperature structure assumed for Neptune (P1g. 15) resulted 

from perturb1ng the models wh1ch Tokunaga ~ al. (1983) based on the 

16 



results of Appleby (1980), 1n order to achieve the best f1t to our 

data. The requ1red temperatures at the 300- to 500- ~ bar level are 

one to two degrees coc~er than assumed by Tokunaga ~ 41. Among the 

model spectra shown 1n F1gure 14 and Figure 16, the ones w1th the 

lowest CH4 abundance prov1de the best fit to the observat10ns across 

the ent1re spectral range (although th1S statement 1S based almost 

exclusively on the s1ngle data p01nt at 960 ~m 1n the case of Neptune). 

Data from the O/QMCG w111 provide addit10na1 constra1nts near 1 mm. 

Our subm1llimeter data suggest a [C]/[H] elemental abundance rat10 near 

or below JOV1an or solar values (orton, ~ 41. 1985). The models 

prov1de sat1sfactory f1ts to the 17.8;Vm and 19.6 /~ data of Tokunaga 

~ 41. (1983). All of the model temperatures are cooler than those 

g1ven by the observations of orton ~ 41. (1983) at 10.3, 11.6, and 

12.5 L~, which is cons1stent w1th the1r 1nterpretat10n that part of the 

flux 1n th1S spectral region 1S reflected sun11ght. The greatest 

diff1culty associated with the Uranus and Neptune models 1S the 

d1vergence between the h1gh brightness temperatures which they pred1ct 

at 3mm (for low CH
4 

abundances) and the much lower observed 

temperatures (e.g., Ul1Ch 1981) Wh1Ch would appear to be better matched 

by the 2% CH
4 

model. This 1S, of course, the spectral reg10n for wh1ch 

the Mart1an br1ghtness temperatures upon which the absolute cal1brat10n 

of the subm1111meter photometry is based are most uncerta1n. However, 

the 960 ~ fluxes for Jupiter and saturn are not excess1vely h1gh. 
I 

B. Effect1ve Temperatures 

The thermal energy fluxes of Jupiter and saturn due to 1nternal 
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sources of heat are equal to 1.8 and 1.7 t1mes the solar 1nput, lower 

than previous values. The decrease 1S due to the use of more recent 

est1mates of the Bond albedos (see Table VI). For Jup1ter, the value 

1S cons1stent w1th an 1nterpretat10n 1n wh1ch all of the excess power 

1S suppl1ed by grav1tat10nal contract10n and heat stored from the 

or1g1nal contract10n of the planet from the solar nebula (Graboske ~ 

al. 1975; Bodenhe1mer ~ al. 1980). saturn, however, requ1res an 

add1t10nal source of energy wh1ch can most plausLbly be prov1ded by 

d1fferent1at10n of hel1um with1n the 1nterior (e.g. stevenson 1980). 

The effect1ve temperature which we der1ve for Uranus is s1m1lar to 

the prev10us estimates by FaZ10 ~ al. (1976), Loewenste1n ~ al. 

(1977b), and St1er ~ al. (1978). There 1S no 1nd1cat10n of a change 

over th1s period of t1me. Lockwood ~ al. (1983) have der1ved Bond 

albedos of 0.342±0.032 for the 1962 epoch and 0.393±0.037 for the 1981 

epoch. From these values, one would pred1ct equ1lLbr1um temperatures 

of 57.0±0.8 K and 55.8±1.0 K, respect1vely. Recent prel1m1nary work 

has been done to remeasure the geometr1c albedo (Neff ~ Al. 1984). 

Th1S work extends measurements of the phase funct10n of the planetary 

d1Sk to h1gh angles V1a the Voyager spacecraft Imag1ng Subsystem 

experiment (Wenkert ~ al. 1984), and comb1nes these w1th atmospher1c 

cloud models which prov1de reasonable extrapolat10ns to h1gh phase 

angles in the full spectral range of relevance (Pollack ~ al. 1984). 

The der1ved Bond albedo 1S 1n the range 0.31 and 0.42, 1mplying an 

equ1lLbr1um temperature of 56.4±1.2 K. There 1S suff1c1ent overlap 1n 

the uncerta1nt1es of absorbed and em1tted energy to support the absence 

of an 1nternal heat source or one as large as 40% of the absorbed solar 
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energy. 

Our new effect~ve temperature for Neptune (60.3±2.0 K) ~s larger 

than the earl~er value9 of Loewenste~n ~ al. (1977b; 55.5±2.3 K) and 

st~er ~ al. (1978; 58.5±2 K). Newburn and Gu1k~s (1973) suggest a 

Bond albedo for Neptune wh~ch is approximately the same as for Uranus, 

based on the similarity of their spectra. Murphy and Trafton (1974) 

recommend a s1milar value. Albedos of 0.33 or 0.34 1mply an 

equ11~br1um temperature of about 45 K. As ~n the case of Uranus, more 

recent prel1m1nary work has been done on the geometr~c albedo (Neff ~ 

al. 1984), but only lim1ted observations have been made of the phase 

funct~on (Wenkert ~ ~. 1984). As of th~s wr1t1ng atmospher~c cloud 

models (Pollack ~~. 1984) are still very pr~mat~ve. Assum~ng the 

same phase 1ntegral as for Uranus, we est~mate the Bond albedo of 

Neptune to be about 0.29, 1mplying an effect1ve temperature of 46.4 K. 

The uncerta1nty 1S probably about the same as for the temperature of 

Uranus. Our data thus imply an internal power source for Neptune 

approx1mately 2.8 t~mes larger than the absorbed solar flux. Although 

th1s value is s1gn~f1cantly larger than the 1~m1t for Uranus, Hubbard 

and MacFarlane (1980) have po~nted out that 1t ~s st~ll less than 

expected on the basis of homogeneous cool~ng from an ~n~t~al hot state, 

and they postulate that the ava~lable foss~l heat was reduced dur~ng 

~ts evo1ut~onary h~story by upward red~str~ut~on of heavier mater~a1s. 

VI • SUMMARY 

We have presented new photometr~c data on the g~ant planets 

cover1ng the range 30- to 1000- um. The data perm~t a more accurate 
I 
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determ1nat10ns of effect1ve temperatures than earl1er stud1es w1th 

broader f1lters, more 11m1ted data sets, and less complete spectral 

coverage. Our results are generally consistent w1th prev10us work, and 

maJor conclus10ns regard1ng internal heat sources are unchanged. 

It 1S relat1vely easy to f1t a range of reasonable atmospher1c 

models to our data 1n the 30- to 100- ~m wavelength range. Fluxes at 

longer wavelengths are sensit1ve to a number of parameters, such as the 

presence of NH3 1ce part1cles 1n Jup1ter's atmosphere and the CH
4 

m1x1ng ratio 1n Uranus and Neptune, but to d1scr1m1nate between models, 

from moderate-bandw1dth photometry would requ1re accurate absolute 

cal1bration. S1nce no direct absolute cal~rat10n 1S ava1lable 1n the 

100- to 1000- ~m spectral range, any conclus10ns about atmospher1c 

structure from current subm1llimeter data should be regarded as 

tentative. W1th that caveat, we can make the following observat10ns: 

(1) Our data indicate the presence 1n Jup1ter's spectrum of excess 

em1ss10n (compared to theoretical models) at 300-400 km, followed by a 
I 

pronounced dip at -500 ,bm. Add1t10nal measurements w1th higher spectral 

resolut10n would be des1reable. The observat10ns of the O/QMCG w1ll 

prov1de add1t10nal data 1n the SMM reg10n and w1ll extend to longer 

wavelengths. 

(2) There 1S slightly less flux observed from saturn at -200 ~m than 

pred1cted by our atmospheric models, sugg~sting the poss~le presence 

of an unmodelled absorber. 

(3) The submill1meter fluxes from Uranus and Neptune seem most 

cons1stent with low m1x1ng rat10s «1%) of CH4 1n the1r deep 
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atmospheres. 
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APPENDIX A 

Part~al Resolut~on of the Planetary D~sk 

In some cases, espec~ally the observat~ons of Jup~ter, the anqular 

radius of the planet ~s apprec~able ~n compar~son w~th the beam rad~us. 

It ~s therefore necessary to correct the observed s~qnals for part~al 

resolut~on of the d1sk, ~.e. for a decrease in detection eff~ciencv 

w1th 1ncreas1ng d1splacement from the opt~c ax~s. The normal1zed scans 

of Mars g1ve the eff1cienc~es, E(¢), as a function of the d1splacement, 

¢. To good approX1mat~on these scans can be f~tted bv 9auss~ans. 

For a planet of angular rad~us l in wh~ch the briqhtness ~s a funct10n 

b(~) of the em1ssion angle ~ = arc s~n (¢/ffi) , the d~sk correct1on 1S 

i 
DC£» = S. o 

(A1 ). 

i.e., if 5 = observed signal, then 0($)5 = s~qnal wh1ch would be 

observed for a planet of the same lum~nos1tv and the same b(~), but 

w1th j ~o. 

We have used the assumpt~on bC~) = constant to obta1n the 

corrections shown in Tables II and VI. As an 1nd~cat~on of the 

sens1t~v1ty of DC;) to b(~) we have used the 45)Am (Pioneer 10 and 11) 

values of bC~) determined for Jup~ter bv Inqersoll et al (1976). We 

have made fits of smooth curves to the1r measured values averaqed over 

f1ve zones of lat~tude. The d1fference between the correct~ons for 

b(~) = constant and for b(~) based on Inqersoll et al (1976) ~s 

neql~g1hle 1n compar~son with our est1mate of the error (10%) ~n D(i)-1 

due to uncerta1nt1es ~n E(!). 
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APPENDIX B - EFFECT OF SATURNS RINGS 

voyager 2 measured the temperatures of the A and C r1ngs of saturn 

to be 69 K and 85 K respect1vely (Hanel ~ ~, 1982). At the 

encounter, the r1ng 1ncl1nat10n to the sun was 8 
0 

At the t1me of our 

observat1ons the r1ng incl1nation angle to the sun was < ± 
0 

1 . Because of 

the low inc11nat1on we assume that the ring temperature would be 

s1gn1f1cantly less than the temperatures measured by Voyager. In th1s 

case, the dom1nant effect of the rings would be to block the em1SS10n from 

the d1sk. 
o 

S1nce the ring incl1nat1on to earth was always less than 1.7 

dur1ng our observat1ons, the greatest reduct10n 1n the effect1ve d1sk area 

would be 1.5%. The correct10n is much lower for A ~ 300 t<m. 

APPENDIX C - SEQUENCE OF GROUND-BASED MEASUREMENTS 

The 1ndiv1dual observations used 1n the IRTF 1nvest1gat1ons 

followed a regular pattern. Cons1der, for example, a ser1es of 

observations of Mars, Jup1ter and Saturn uS1ng the subm1ll1meter 

filters CH2 (broadband), and CH3, CH4, CH5 (narrower band). We use M2, 

J3, etc. to denote observations of Mars w1th filter CH2, Jup1ter w1th 

f1lter CH3, etc. and S(M2), S(M3) etc. to denote the correspond1ng 

s1gnals. 

A s1ngle ser1es would proceed 1n the order M2, M3, M4, M5, M2, J2, 

J3, J4, J5, J2, S2, S3, S4, S5, S2, and the ent1re ser1es would be 

repeated at least once and usually tW1ce. Note that f1lter CH2 was 

used before and after the other f1lters on each planet. It usually 

took less than 10 minutes to complete the f1ve succeSS1ve counts on a 

s1ngle planet. The correspond1ng change 1n a1r mass was usually < 0 oS. 
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Hence correct~ons for changes ~n a~r mass w1th1n the set of f1ve 

counts were almost negl1gLble. In comput1ng ~at10s of counts such as 

S(M3)/S(MZ) for one ser1es we s~ply 1nterpolated 1~near1y by a~r mass 

between the S(M2) values at the beg1nn~ng and the end of the ser~es to 

f1nd a value for the air mass correspond1ng to M3. 

The t~me between the f1rst and second ser1es for a g1ven planet was 

approx~mately 45 m1nutes. The correspond1ng change 1n a1r mass, 

tYP1cal1y N 0.15, was usually enough to cause a small but measureable 

change 1n a signal rat10 such as S(M3)/S(M2). Insofar as possLble, the 

observat~ons were t1med to give equal a1r masses for each of the 

planets when averaged over all observat10ns for one n~ght. 

APPENDIX D - ANALYSIS OF IRTF DATA 

(1) Broadband Data 

The counts obta1ned with the broadband f~lters CH2 and MP2 are 

1nsens~t1ve to f1ne structure 1n the source spectra, they have h1gh 

stat~st~ca1 accuracy, and they have been repeated often enough to 

prov~de well-sampled s1gnal vs. a1r mass curves. We use these counts 

to der~ve br1ghtness rat10s for the var10US planets, and to prov1de 

reference p01nts 1n deriving the shapes of the 1nd1v1dual spectra 

(Sect1on 2). 

The steps 1n the analys1s of the broadband data are as follows: 

(~) Plot the s1gnals vs. a~r mass for each planet for each n~ght. 

D1scard all data on n1ghts when the curves 1nd1cate a change ~n 

water vapo~. 

(11) To those plots, f1t the water vapor curves to est1mate the 

24 



zen~th water vapor. 

(1~~) AdJust all the data for a g1ven n1ght to a common l1ne-o£-

s1ght water vapor. 

(1V) Comb1ne the adJusted values we1ght1ng 1nd1v1dual counts 

according to the1r n01se values, uS1ng the nom1nal errors or the 

mean error, whichever 1S larger. 

(v) Make a Ch1-squared test of the N adJusted values and 1ncrease 

the error of the comb1ned result by (~2/N)1/2 1£ the reduced ch1 

squared 1S >1. 

(V1) calculate the rat10s of the averages <S(J2»/<S(M2» etc. 

where the counts in the denom1nators are for the reference 

planet (Mars, or, where necessary, an 1ntermed1ate standard). 

(v1i) Multiply the rat10s by the disk correct10n factors shown 1n 

Tables II and IV and by the ratios of planetary solid angles 

to obta1n global surface br1ghtness rat10s B(J2)/B(M2) etc. 

For the range of water vapor of these measurements, the 

br1ghtness rat10s for these f1lters on d1fferent n1ghts are 

1n sat1sfactory agreement and show no dependence on zen1th 

water vapor: the expected result for the broadband data, 

whatever the fine structure, 1f overall the planets have 

roughly Rayle1gh-Jeans spectra W1t~1n tne passbands of the 

f1lters (as assumed 1n preparing the water vapor curves). 

(v1i1) Assume q br1ghtness temperature for the reference planet for 

( 1X) 

the date of the observat1qn and calculate a br1ghtness 

temperature for the "unknqwn" planet. 

Comb1ne the br1ghtness temperatures for the var10US n1ghts 
i 
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w~th we~ght~ng and ch~-squared tests as ~n steps (~v) and 

(v). We assume no change ~n g~ant planet temperatures dur~ng 

the period of the observat~ons. No change ~s ~nd~cated by 

the results. 

(2) Narrower Band Data 

In pr~nc~ple, the procedure we have descr~ed for the broadband 

data could be used also to f~nd the s~gnal rat~os 5(J3)/5(M3) etc. and 

hence the br~ghtness temperatures for the narrower bands. However, the 

errors in determ~n~ng the relative br~ghtnesses ~n the var~ous 

passbands for a s~ngle planet are reduced by the follow~ng procedure: 

(~) Calculate [5(M3)/5(M2)] , [5(J4)/5(J2)] , etc., where 
w w 

w = line of s~ght water vapor for a particular measurement of 

5(M3), 5(J4), etc. and 5(M2) , 5(J2) , etc. are the values 
w w 

of the broadband s~gnals interpolated to the same values of 
• 

w. These rat~os are not ~ndependent of w; e.g. 53/52 

decreases and 5S/S2 ~ncreases w~th ~ncreas~ng w. Typ~cally, 

the change from one ser~es to the next ~s 3-10%. 

(~~) AdJust the rat~os for success~ve ser~es to a common value, 

w , us~ng emp~r~cally determ~ned correct~ons (l~near ~n w) based 
o 

on the 4ata for all runs. The rat~os thus determ~ned agree 

w~th~n ~t~tist~cs. For the subm~ll~meter data (f~lters CH2, 

CH3, N4, CH4, and CHS) we choo~e w = 1 mm. The range of 
o 

values ~s 0.3 ~ w ~ 1.5 mm. For the m~ll~meter data 

(f~lters MP2 and MP4) we choose w 
o 

values ~s 3.4 ~ w ~ 6.4 mm. 
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Comb1ne the adJusted values to obta1n <S(M3)/S(M2» , 
w 

<S(J4)/S(J2» etc. w1th we1ght1ng and ch1-squared tests as w 

discussed 1n sect10n 1. 

(1V) Calculate br1ghtness ratios relat1ve to the cal1brat10n 

obJect (Mars) uS1ng the relat10nsh1ps 

B(J3)/B(M3) = [B(J2)/B(M2)]/[<S(J3)/S(J2» /<S(M3)/S(M2» ] w w 

etc. and uS1ng the values of B(J2)/B(M2) etc. as d15cussed 1n 

section 1. Note that if the small adJustments of step (11) are 

correct, then the value of W w1ll not 1nfluence the calculated 
o 

value of B(J3)/B(M3) etc. The effect1ve wavelength 15 

slightly dependent on w but the dependence 1S much weaker 
o 

than for the broadband filters. 

(v) Calculate brightness temperatures. 
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APPENDIX E 

Details of Atmospheric Models 

synthetic spectra of Jupiter and saturn were computed from 

-1 
physical models with 10 em wide ("flat") elements centered at 99 

-1 -1 
through 499 em and 5 em wide elements centered at 34 through 

-1 -1 
99 em for the airborne observat~ons, and 2.5 em w~de elements at 

-1 
9.0 through 34.0 em for the ground-based observations. Th~s approach 

allowed absorption features such as the man~folds of NH3 rotat~on-

inversion lines to be resolved. 

The opac~ty of the Jovian atmosphere is dominated by Hand NH ~n 
2 3 

the 40 ~m - 1 mm region. The H2 collis~on-induced dipole absorpt~on 

was calculated using recent models der~ved for a variety of coll~d~ng 

spec~es: H
2
-cH

4 
according to Dore ~ Al. (1983), H

2
-He according to 

Cohen ~ al. (1985). Absorption by NH3 was calculated us~ng direct 

1ntegration of inversion and rotation-inversion lines whose 

spectroscop1C parameters are summarized by Husson at al. (1982), based 

on Husson at al. (1981). Addit10nal gaseous absorpt10n by PH3 and CO 

was modelled using line parameters g1ven by Husson~ al. (1982). 

The radiat~ve transfer calculations were performed using the 

matrix operator algor1thm of Grant and Hunt (1969) in a mu1t1p1e-layer 

approximat10n which used twenty homogeneous layers per decade of 

pressure change to simulate the gradual change of atmospher1c 

properties w1th altitude. Direct integrat~on of line absorpt10n was 

performed uS1ng the method of Scott (1974) as mod1f1ed by orton (1981). 

The temperature structure of Jup1ter used 1n the calculat10ns was 

adopted from the neutral atmosphere 1nversion of the Voyager Rad~o 
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subsystem (RSS) occultat~on exper~ments (L~ndal at al. 1981), assum~ng 

respect~ve molar fractions of 89% and 11% for H2 and He (Gaut~er ~ al. 

1981). -4 
Ammon~a was as~umed to have a molar m~x~ng rat~o of 2.2 x 10 

~n the deep atmosphere (L~ndal ~ al. 1981) w~th deplet~on of h~gher 

levels ow~ng to saturation equ~libr~um and photochem~ca1 destruct~on as 

modelled by Orton at al. (1982a). The vert~cal d~str~ut~on of PH
3 

was 

-7 
represented by a max~mum mix~ng rat~o of 6 x 10 with a gradual 

depletion w~th altitude above the 1 bar level, follow~ng the prof~le 

der~ved by Kunde ~ al. (1982) from Voyager IRIS spectra. A constant 

-9 
CO mixing ratio of 2.5 x 10 was assumed, an average of the 

approximate results of Beer (1975) and Larson ~ al. (1978). We note 

-1 
that the ~nfluence of PR

3 
and CO lines on the spectrum in 10.0 cm 

-1 
through 2.5 em resolution elements appeared to be small. 

The temperature structure of Saturn used in the calculations was 

derived from the results of the planet-wide averaged temperature 

structure determined from the Voyager IRIS data given by Hanel at al. 

(1983), w~th temperatures deeper than 350 mbars derived from the 

preliminary neutral atmosphere inversion of the Voyager IRIS 

occultation experiment (Tyler at al. 1982) after adJustment of the bulk 

composition to 93% H2 and 7% He (Gaut~er ~ al. 1983). Ammon~a was 

-4 
assumed to have a molar mixing rat~o of 2 x 10 ~n the deep 

-4 
atmosphere. An alternative value of 5 x 10 was tested, follow~ng 

models limits given by Klein at al (1978), and was found to affect our 

spectra negl~g~ly. Depletion of NH at h~gh levels followed 
3 

saturat~on equ~l~br~um. A s~mple model for the vert~cal d~str~ut~on 
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of PH
3 

was used: 
-6 

a constant m1x1ng ratio of 1.5 x 10 , roughly 

cons1stent w1th the results of Tokunaga ~ 41. (1980) and Court1n et 

41. (1981), with a cutoff near the base of the stratosphere. We 

d1scovered that the presence or absence of stratospheric PH
3 

was not 

s1gn1f1cant for our calculations. Por cons1stency w1th Jup1ter, we 

-9 assumed a constant CO mix1ng rat10 of 2.5 x 10 , although 1tS 

1nfluence on our calculat10ns of the 5aturnian spectrum was extremely 

small, (as was the case for Jup1ter.) 

We also tested var10US physical models for NH3 1ce clouds 1n the 

Jov1an atmosphere following the general scheme used by orton et a~. 

(1982b). The part1cles are character1zed by a mode rad1us wh1ch 1S 

left a free parameter, a 10% var1ance 1n the particle S1ze 

distribution, and a scatter1ng phase function taken from fitting the 

NH3 particle phase function observed in the laboratory w1th v1s1ble 

l1ght (Holmes, 1981; Holmes ~ 41., 1980) using the Pollack and CUZZ1 

(1980) sem1-emp1r1cal algor1thm for 1rregularly-shaped part1cles. No 

cloud part1cles were assumed h1gher than the 100-mbar temperature 

m1n1mum or deeper than the 630-mbar saturation level. The vert1cal 

d1str1but1on was parameterized by particle scale he1ght to gas scale 

he1ght rat1os, H /H , of 0.50, 0.15 and 0.05. Indices of refract10n 
p 9 

for NH 1ce were taken from Martonch1k ~ al. (1983) wh1ch are based 
3 

pr1marily on the absorpt1on measurements of 5111 ~ al. (1980). Por 

very low frequencies absorpt10n was extrapolated exponentially downward 

with decreas1ng frequency, cons1stent w1th the lowest ava11able 

frequency measurements of 5111 ~ al. Th1S treatment 19nores poss1ble 

phonon absorpt1ons, such as occur in water ice (e.g. M1sh1ma et al., 
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1983), ow~ng to the absence of relevant laboratory data. other 

restrictions on the part1cle s~ze and vertical scale he~ght determ~ned 

by orton et al. (l982~) were also observed. As d~scussed ~n the ma~n 

text, physical models for clouds in the saturn~an atmosphere were not 

~nvoked. 

The 35- to 100-)'m spectra of Uranus and Neptune are expected to 

be dom~nated by the collis~on-1nduced absorpt10n of H , and the 
2 

comparison w~th model spectra tend to support th~s V1ew. At th1s t~me, 

there is no evidence to suggest that non-cont1nuous features should be 

present 1n the spectrum. For Uranus (and Neptune) the low temperatures 

eliminate NH3 at detectable levels, unless present in abundances 

exceed1ng saturation equilibrium by many orders of magn1tude. 

Phosphene should also be depleted by saturat10n equil1br1um, although 

not as much as amrnon1a. Although carbon monox~de may not be depleted 

by a s1milar process, 1tS influence on the measurements should be very 

small if 1tS m1xing ratios 1n Uranus and Neptune are s1m1lar to 

Jup1ter. We therefore assumed that the spectrum could be descr1bed 

well by the cont1nuum due to H2 Thus, direct compar1sons between the 

computed spectrum and the brightness temperatures g1ven 1n Table II at 

various wavelengths are phys1cally meaningful. 

For the temperature structures for Uranus and Neptune, we followed 

a procedure adopted by orton et al. (1983) wh1ch exarn1nes exist1ng 

models by Tokunaga et al. (1982). Their temperature structures are 

partially based on radiative-convective equilibr1um models of Appleby 

(1980) and are constrained to match 17.8 and 19.6 flm observat~ons. 
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The temperature structures character1z1ng the1r models were perturbed 

1n a way Wh1Ch optim1zed the f1t to our data between 40 and 100 ~m. 

As a base11ne compos1t1on, we assumed a m1x1ng rat10 of 90% for 

H2 , close to those for Jupiter and Saturn. The rema1nder was assumed 

to be composed of He and CH
4

' CH
4 

1nfluences the thermal spectrum 1n 

two ways. F1rst, CH collisions w1th H change the H coll1s1on-
422 

1nduced d1pole absorpt10n spectrum for that produced by H or He 
2 

collis1ons. Second, CH
4 

condensation in the upper troposphere lowers 

the dry adiabatic lapse rate V1a latent heat (e.g. Eq. 3 of Wallace, 

1980). The extent of th1s wet ad1abat 1S controlled by the amount of 

CH
4 

1n the deep, uncondensed atmosphere. Three values for th1s m1x1ng 

ratio were tested: 0.2%, 2% and 4%. The first 1S close to the JOV1an 

value (Gaut1er f:.t al. 1982), the second is an arbitrary "1ntermed1ate" 

value, and the last is a value recommended by Baines (1983). Values as 

h1gh as 10% have been suggested for Uranus (Dan1elson, 1977), but these 

were Judged by orton ~~ al. (1983) to be unlikely. 

The approx1mate agreement between the shape of the model spectra 

of Uranus and Neptune and the data argues that the compos1t1onal 

assumptions 1mpl1c1t in the model are not unreasonable. The data 1n 

the 10- to 12- ~m reg10ns could be f1tted better b~ thermal em1SS10n 

alone 1f the molar fraction of He were increased substant1ally (e.g. to 

50%), but th1S is considered unlikely. Increas1nq the He m1x1ng rat10 

substant1ally from the values used in the models tends to supress the 

H2 rotat1onal features at 16 and 27 ?m, flatten the br1ghtness 

temperature spectrum between 40 and 100 ~m, and 1ncrease the rise 1n 

the br1ghtness temperature toward longer wavelengths. The slow 
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var1at1on of temperature w1th alt1tude, corob1ned w1th the l1m1ted data 

set make 1t 1mposs1ble to determ1ne a trustworthy value for the He 

m1x1nq rat10 at th1s t1me, as 1n Gaut1er ~ al. (1981) for the Voyaqer 

IRIS spectra of Jup1ter. On the other hand, 1t 1S clear that the 

1mmed1ate effect of replac1nq a substant1al port10n of the equ1l1br1um 

HZ by normal HZ 1n the model 1S to 1ncrease the absorpt1on 1n the 100-

to 200-~ range relat1ve to shorter wavelengths, mak1ng 1t much more 

d1ff1cult to f1t both spectral reg10ns s1multaneously. 

Some caut10n 1S warranted at th1s po1nt. F1rst, we are extend1ng 

the models for Hz collis1on-1nduced absorpt1on well below the lowest 

temperature at which measurements have been made (cf. Dore at al. 

1983), and the uncerta1nty 1nvolved 1n such an extrapolat1on 1S 

d1ff1cult to est1mate. other changes 1n the shape of the qeneral 

cont1nuum would take place under the 1nfluence of clouds 1n the 

atmosphere 1f the part1cle S1ze were suff1c1ently large, as may occur 

1n the atmosphere of Jup1ter w1th NH) 1ce part1cles (Orton et al. 

1982). F1nally, changes in the He m1x1ng rat10 or the add1t1on of 

normal-HZ to eqU1l1brium-Hz in the model would chanqe the effect1ve 

spec1f1c heat of the atmosphere and influence the temperature lapse 

rate 1n the convect1ve (ad1abat1c) part of the atmosphere for pressures 

greater than about 400 robar. Such changes would 1nfluence the 

br1ghtness temperature 1ncrease for wavelengths of about 200 ~ and 

above and comp11cate the s1mple assoc1at1on we have presented between 

the br1ghtness temperatures 1n the submill1meter and the m1x1nq rat10 

of CH 1n the deep atmosphere. 
4 
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FIGURE CAPTIONS 

F~gure 1: Transm1SS10n curves of the IRTF f1lters. The curves are labeled 

w1th the f1lter names used 1n the tables. 

F~gure 2: Transm1sS10n curves of the KAO f~lters. The curves are labeled 

w~th the f1lter names used ~n the ta~les. 

F~gure 3: The br1ghtness temperature of Jup~ter from KAO (c1rcles) and 

IRTF (tr~angles). The dashed curve represents an ~n1t1ally assumed 

spectrum from Wh1Ch the sol1d curve was der1ved uS1ng an 1terat1ve 

procedure. 

Numbers 1n parentheses 1nd1cate the number of data p01nts occur1ng 

at that coord1nate. 

Errors are shown for the IRTF data, and are the stat1st1cal 

standard dev1at10n of all measurements at that wavelength. No errors 

are shown for the KAO data, since stat1st1cal errors are small compared 

to systematic effects; 1nstead, each measurement 1S plotted. The 

spread can be used to Judge the extent of systemat~c errors. 

F1gure 4: The br1ghtness temperature of Saturn. See F1gure 3 capt1on. 

F1gure 5: The br1ghtness temperature of Uranus. see F1gure 3 capt1on. 

F1gure 6: The br1ghtness temperature of Neptune. See F1gure 3 

caption. 

F1gure 7: Flux densit1es of Jup1ter and Saturn. The curves correspond 

to the f1nal der~ved (solid) curves 1n F~gures 3 and 4. The ~nd1v1dual 

data p01nts are adJusted to a f1xed planetary sol1d angle, and errors 
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shown are the standard dev1at1on of the mean of the values of all 

observat1ons at that wavelength. 

F~gure 8: Flux dens1t1es of Uranus and Neptune. The curves correspond 

to the f1nal der1ved (so11d) curves 1n F1gures 5 and 6. See F1gure 7 

capt10n. 

F1gure 9: spectra of Jup1ter for models w1th no NH3 cloud (upper 

curve), and for a cloud with a ratio of part1cle to gas scale he1ghts 

H /H = 0.15 and part1cle sizes of 30)KID (m1ddle curve) and 100~ 
p g 

(lower curve). The spectra are computed w1th resolut10n element of 10 

-1 -1-1 
em through 100 fm (100 cm ), 5 em between 100~ and 200~m(50-100 

-1 -1 -1 
cm ) and 2.5 em between 200~m and 1 mm (10-40 cm ). The spectrum 

at short wavelengths 1S taken from whole-disk Voyager IRIS average of 

Hanel ~ al. (1981). T1C marks 1n the upper graph denote the pos1t10ns 

of strong 11nes or man1folds of NH3 and PH
3

. 

F1gure 10: Spectra of Jup1ter for models w1th H /H = 0.50 and 
p 9 

part1cle S1zes of 10JKm (upper curve) and 100~m (lower curve). other 

symbols are shown as 1n Fig. 9. 

F1gure 11: spectra of Jup1ter for models w1th H /H = 0.05 and 
p 9 

part1cle S1zes of 10 ~m (upper curve) and 100~m (lower curve). other 

symbols are shown as 1n F1g. 9. 

F1gure 12: Spectra of Saturn for models w1th var10US PH
3 

m1x1ng 

rat10s. The curves represent spectra of models w1th the m1x1ng rat10 

-6 -6 
of PH equal to 1.5 x 10 (upper curve), 3 x 10 (m1dd1e curve) and 1 

3 
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-s 
x 10 (lower curve). The m~x~ng rat~o of NH ~n the deep atmosphere 

3 
-4 

equals Z x 10 spectra are computed w~th resolut~on elements as 

g~ven ~n F~g. 9. T~C .Iarks ~n the upper graph have the same mean~ng as 

~n F~g. 9. 

F~gure 13: Temperature structures of Uranus used ~n the models for a 

90% m~x~ng rat~o of HZ' Each ~s a perturbat~on of the prof~le g~ven by 

Tokunaga ~ al. (198Z) wh~ch ~s nearly ~dent~cal to the structures shown 

above the ad~abat~c reg~on. The d~fference ~n temperature structures ~n 

the troposphere is the result of d~fferent wet ad~abat~c lapse rates 

assoc1ated w~th a var1ety of CH
4 
m1x~ng rat10s ~n the deep atmosphere as 

shown. 

F~gure 14: spectra of Uranus for 90% H2 der1ved from the temperature 

structures shown in Fig. 13. Only the absorpt10n of the coll1s~on-

~nduced d1pole of H2 ~s cons1dered ~n the models. Our data are 

shown by the f1lled c1rcles. The 2% and 4% CH spectra are 
4 

~ndist~nguishable at this scale near 50 m. From 10.3 to 19.6 m, the 

observat~ons of Tokunaga ~ ~. (1983) and Orton ~ al. (1983) are also 

shown as f~lled c1rcles. 

Figure 15: Temperature structures of Neptune used ~n the models for a 

90% m~xing rat10 of Hz' Each is a perturbation of the prof~le g~ven by 

Tokunaga ~ al. (1983), opt~m1zed to prov~de a best f1t to our data 

between 40 and 100 m. The d1fference ~n tropospher~c temperatures 

ar~ses for the same reasons as for Uranus (F~g. 13). 
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F1gure 16: spectra of Neptune for 90% H2 der1ved from the temperature 

structures shown 1n F1gure 15. Only the absorpt1on of the coll1s10n-

1nduced H2 d1pole 1S cons1dered 1n the models. The 2% and 4% CH
4 

spectra are 1nd1st1ngu1shable at th1s scale near 50 JUD' From 10.3-to 

19.6~, the observat1ons of Tokunaga ~ al. (1983) and Orton ~ al. 

(1983) are also shown as f1lled c1rcles. 
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TA8L£ I 

ASSUMED PLANETARY RADII (l-bar)a 

Planet 

Mars 
Jupiter 
Saturn 
Uranus 
Neptune 

Equatori al 
Rea 
(km) 

3397 
71495 
60233 
25563 
24760-

Radius Ell i pti ci tyb 

0.006 
0.065 
0.096 
0.024 
0.021 

a See Secticn III for references. 

Pole Incllnatl0n C 

m; n max 

III ° - 115° 
87° - 89° 
88° 92° 
19° - 27° 
69° - 71° 

b c ~ (Req - Rp'~~Req where Req and Rp are the equa~orial 
and polar raall. 

c Range of angles between the planet pole and the line of 
sight during the observation. 
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TABLE II 

JOURNAL OF OBSERVATIONS BROAOBAND DATA 

(1) (Z) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) ( 14) (I!"» (16) 

line Planet Ilate Filter 1.0.5. 
H20 

Zenith "a 
HZO 

Signal ratio Semi
dlameterb 

Finite dIsk 
correctionc 

Bn ghtness 
rat I od 

Planet 
temperature 

a b w(a) w(b) SIal/SIb) A(a) 6(a) D(a) D(b) B{a)/Il{b) 
(UT) (11111) (11111) (11111) (pm) (arc sec) 

T{b)e 
(K) 

1 
2 
3 

4 
5 

6 
7 
II 

9 
10 

11 

12 
13 
14 
15 

16 

17 
18 
19 

Jup Mars 1979 Nov 27 
Jup Mars 1979 Nov 28 
Jup Mars 1980 Feb 21 
Jup 

Jup Mars 1980 May 23 
Jup Mars 1980 Hay 25 
Jup 

Sat Mars 1979 Nov 27 
Sat Mars 1979 Nov 28 
Sat Mars 1980 Feb 21 
Sat 

CH2 
CH2 
CH2 
CH2 

MP2 
MP2 
MPZ 

CH2 
CH2 
CH2 
CH2 

Sat Mars 1980 Hay 23 MP2 
Sat Mars 1980 May 25 MP2 
~t ~2 

Ur Jup 1981 Mar CH2 

Ur 
Ur 
Ur 
Ur 

Mars 1980 Hay 23 MP2 
Sat 1980 May 24 MP2 
Mars 1980 Hay 25 MP2 
Mars 1980 Jul 28 MP2 

Nept Jup 1981 Mar 

Nept Ur 
Nept Mars 
Nept Mars 
Nept 

1980 Jul 27 
1980 Jul 28 
1980 Jul 31 . 

CH2 

MP2 
MP2 
MP2 
MP2 

1.1 
1.4 
0.9 

4.5 
5.9 

1.2 
1.4 
0.8 

1.2 
1.4 
0.9 

4.4 
5.9 

1.2 
1.4 
0.9 

1.0 
1.2 
0.7 

2.7 
4.5 

1.0 
1.2 
0.7 

3.4 4.4 2.7 
5.4 5.9 4.5 

0.4 0.4 0.3 

3.5 4.4 2.7 
6.8 8.5 5.3 
6.3 5.9 4.5 
8.4 8.4 6.4 

0.4 0.4 0.3 

5.8 
9.0 
6.6 

6.2 
8.4 
5.8 

4.3 
6.4 
4.4 

41B 
428 
4ll 

952 
992 

421 
428 
410 

936 
986 

14.Z3 t 0.18 
13.97 t 0.17 
5.36 t 0.38 

19.34 t 1.82 
17.82 t 1.16 

2.52 t 0.03 
2.50 t 0.04 
0.843 t 0.065 

3.33 t 0.17 
3.35 t 0.10 

17.78 
17 .83 
ZI.64 

17 .89 
17.79 

B.IZ 
8.13 
9.27 

B.68 
B.65 

3.66 
3.69 
6.86 

3.B9 
3.83 

3.66 
3.69 
6.86 

1.1B5 
1.IB6 
1.306 

1.030 
1.029 

1.032 
1.031 
1.042 

1 006 
1.006 
1.020 

1.000 
1.000 

1.006 
1.009 
1.020 

0.710 i 0.009 
0.705 t 0.009 
0.690 t 0.049 

0.942 t 0.089 
0.850 t 0 056 

0.525 t 0.006 
0.526 t 0.009 
0.471 t 0.037 

213 
213 
213.5 

199 
199 

213 
213 
213.5 

3.89 1.006 1.000 0.673 t 0.035 199 
3.83 1.007 1.000 0.661 t 0.019 199 

394 (4.047 t 0.062)10-3 1.89 20.93 1.000 1.280 0.388 i 0.006 155.3 i 1.3 

937 
1020 
997 

1012 

0.130 t 0.020 
0.038 t 0.002 
0.129 t 0.011 
0.209 t 0.007 

1.98 
1.9B 
1.9B 
1. 91 

3.89 
8.66 
3.83 
2.76 

1.000 
1.000 
1.000 
1.000 

1.000 
1 007 
1.000 
1.000 

0.502 i 0.077 
0.722 t 0.038 
0.483 t 0.041 
0.436 i 0.014 

199 
1J4.5 i 3.l 
199 
203 

394 (1.340 t 0.023)10-3 1.11 20.93 1.000 1.280 0.372 t 0.006 155.3 t 1.3 

995 
1015 
1000 

0.352 t 0.050 
0.086 ± 0.008 
0.ll2 t 0.023 

1.15 
1.14 
1.14 

1.91 
2.76 
2.73 

1.000 
1.000 
1.000 

1.000 
1.000 
1.000 

0.971 t 0 138 
0.504 t 0.047 
0.642 t 0.133 

98.5 t l.3 
203 
203.5 

alwavelength correspondin9 to effective frequency as given in equation (2) of text, for water vapor = i [w(a) + W{b)). See footnote f. 
b)8ased on assumed radii shown in Table IV. 
c From FIgure 2. see section Ila. 
d)ll{a)/8(b) = [S{a)/S{b))[t(b)/t(a))2[D{a)/D{b)] 
~lMars temperatures based on Wright's model (1980) assuming no wavelength dependence for " ~ 350 \1m. Other temperatures from Table V. 

)For fIlters CH2 and MP2. T{a) Is InsenSItIve to " (column 8) and hence to w(a) and w(b) (columns 5 and 6). 
g Average of values for same planet and filter. 

T(a)t 
(K) 

155.9 t I.U 
154.8 t 1.8 
152.4 ± 9.7 
1!l~:TtC3Y 

187.9 t 17 1 
170.2 t 1U 7 
175.1 t 10.U9 

119.4 t I.l 
119.5 t 1.11 
109.1 t 7 j 

119.2:t 1.2'J 

136.4 t 6.7 
133.9 t 3.6 
T34:~~lY 

70.1:t 1.3 

103.6 t 14.1l 
99.0 t ~.3 
99.7 t 7. 'J 
92.4 t 2.7 
9~~jY 

67.9 t l.l 

92.0 t !l.1 
105.7 t 'J.2 
133.1 t lb.l 
103.0 t 7.l'J 



( 3) 

~'ne ~lane~ Date 

. 
2 
3 

3 
10 
11 
12 

13 
14 
~S 
16 

17 
Id 

1\1 
2U 

21 
22 
23 
24 

25 

20 

27 

2~ 

2~ 

30 

a 0 

JUD '1ars 
.uP '1ars 
JuP Mars 
JuP Mars 
.up 

jUD '1ars 
JuP :-lars 
Juc 

(uT) 

1979 Nov 27 
1979 Nov 23 
1980 Feo 21 
1980 Feo 22 

1980 Feb 21 
1980 Feo 22 

.; JD Mars 1979 Nov 27 
JU;l Mars 1979 ,'iCv 28 
JuP 

Jup Mars 
JuP Mars 
Jup Mars 
Jup Mars 
Jup 

Sat Mars 
Sat Mars 
Sat Mal'S 
Sat Mars 
Sat 

Sat Mars 
Sat Mars 
Sat 

Sat Mars 
Sat Mars 
Sat 

Sat Mars 
Sat Mars 
Sat Mars 
Sat Mars 
Sat 

Ur JuP 

Ur Jup 

Jr Jup 

Nep Jup 

llep Jup 

Nep Jup 

1979 Nov 27 
1979 Nov 28 
1980 Feb 21 
1980 FeD 22 

1979 Nov 27 
1979 Nov 28 
1980 "eo 21 
B80 FeD 22 

1980 Feb 21 
1980 Feo 22 

1979 Nov 27 
1979 Nov 28 

1979 Nov 27 
1979 Nov 28 
1980 Feb 21 
1980 FeD 22 

1981 Mar 

1981 Mar 

19tH Mar 

19tH Mar 

lY81 Mar 

1981 Mar 

aFllter y lS 012 ln every case. 

(4) 

Fil tersa 

x 

013 
013 
013 
013 
013 

014 
014 
014 

N04 
~4 

N04 

015 
015 
015 
015 
015 

0i3 
013 
0i3 
CH3 
013 

014 
014 
014 

N04 
N04 
N04 

015 
015 
015 
OiS 
015 

013 

014 

015 

013 

014 

015 

JOURNAL OF OBSERVA nONS: ItARROWER BAND OA TA 

( 5) 

SI !X)/S( av) ° 
5{ ox 17 5{ oy) 

s 

1 .025 t 0 .040 
1.088 t 0.018 
1 .090 t 0 .040 
1.036 i 0.050 

0.832 i 0.004 
o .870 i 0.030 

0.942 t 0.019 
0.980 t 0.010 

1.090 i 0.013 
1 .105 i 0.030 
1 .053 i 0 .029 
1 .096 t 0 .040 

0.924 t 0.007 
0.931 t 0.003 
0.897 t 0.027 
0.915 t 0.30 

0.970 t 0.008 
o .953 t 0 .020 

1 .020 t 0.007 
1 .043 t 0 .005 

1.160 i 0.017 
1.317 t 0.029 
1.204 t 0.016 
1.174 t 0.030 

0.780 i 0.034 

1.259 t 0.083 

1.276 i 0.101 

0.830 t 0.042 

1.191 i 0.178 

1.128 t 0.151 

(6) 

B( ay) / B( by) c 

t 

o .710 t 0.009 
0.705 t 0.009 
0.690 t a .049 

(0.707 t 0.019) f 

0.690 i 0.049 
(0.707 i 0.019)f 

0.710 t 0.009 
0.705 t 0.C09 

0.710 t 0.009 
0.705 t 0 .009 
0.690 t 0.049 

(0.707 t O.019)f 

0.525 t 0.006 
0.526 t 0.009 
0.471 t a .1l37 

(0.524 i 0.015)f 

0.471 t 0.Ol7 
(0.524 t 0.015) f 

o .525 t 0 .006 
0.526 t 0.009 

o .525 t 0 .006 
a .526 t 0 .009 
0.471 t 0.037 

(0.524 t 0.015)f 

a .J38 i a .006 

a .J88 t 0 .006 

a .388 t 0 .006 

a .J72 t 0.006 

a .J72 i 0.006 

a .J72 t 0.006 

(7) 

B( ax) / B( bx) d 

0.727 t 0.030 
0.767 t 0.016 
0.752 i 0.060 
0.732 t 0.040 

0.574 t 0.041 
0.615 ! 0.027 

0.669 t 0.016 
0.691 l: 0.011 

0.774 t 0.013 
a .779 t a .023 
0.727 t 0.055 
o .775 t 0 .035 

0.485 t 0.007 
0.490 t 0.009 
a .422 t 0 .036 
0.479 t 0.021 

0.457 t 0.036 
0.499 t 0 .018 

o .536 t 0 .007 
0.549 t 0.010 

0.609 t 0 .011 
0.693 t 0.019 
0.567 t 1l.045 
0.615 t 0.024 

o .J03 t 0.014 

0.~89 t 0.033 

o .495 t a .040 

o .J09 t 0.016 

o .~43 t il.Ob7 

a .~20 t 0.057 

(8) 

T( bx) e 

(K) 

213 
213 
213.5 
213 .5 

213.5 
213.5 

213 
213 

213 
213 
213.5 
213.5 

213 
213 
213.5 
213.5 

213 .5 
213.5 

213 
213 

213 
213 
213.5 
213.5 

(9) 

T( ax) 

(K) 

160.0 t 5.3 
167.3 t 3.1 
164.9 : 11.7 
161.0 t 7.8 
165.5:2.59 

128.9 : 8.1 
137 1 t s.~ 

134.5 : ~.5g 

146.3 t 3.2 
151.3 : 2 2 
149.3 t 2.69 

167 .2 t 2.6 
168.z t 4.7 
158.1 t 11.1 
167.3 : 7.1 
167.1 : 2.19 

112.9 : 1.4 
113.9 t 1.8 
10C.3 t i.l 
112.0 t 4.1 
112.9 t 1.19 

105.6 t 7.1 
114.0 t 3.S 
112.3 t 3.2g 

120.3 t 1.4 
122.9 t 2.0 
122.z t 1.19 

:33.3 t 2.2 
1 50.3 t 3.9 
125.5 t 9.1 
.35.3 t l.9 
\3;.1 t ~.19 

165.5 t 2.!l 6 2.~ : 2.3 

134.6 t ~.5 73.1: A.S 

167.1 t 2.1 ~ 7.~ t 6.4 

165.5 t 2.5 63.3 t 2.5 

134.5 t 4.5 67.5 t d.~ 

167.1 t 2.1 76.1 t 9.0 

°S(ax)/S(ay) • ratlo of Slgnal from planet a wlth filter x (column 4) to Slgnal <rom planet a wlth fllter y (012), etc. 
The Slynal ratl0s have been corrected to 1 nm line-of-slght water vapor for fllters 012, 013, 014, N04, and CH5, ana to 
!llllm 11ne-of-slgnt water vapor for MP2, The corl'espondlng wavelen9tns are 414,353,450,517, 664(lmm), and 93d(Smm). 

C~(ay) z brlghtness of planet a wltn fllter y, etc. The values of the brlghtness I'atl0s al'e taken fl'om Taole II 
<:01 urnn (14) USlng <lata fl'om the saine dates ex<:ept as othel'wl se noted (footnote f) 

ilCJJlumn (5) tlmes column (6). 

eAssumed orl~htness temperatul'e of planet b, f,ltel' x based on Wrlght's model (see Sectlon [II of text), wnere planet 0 
15 Mars, and on the results shown ln Table V, where planet b lS Juplter. 

fAVera\le of earller data on B(ay)/B(by) for same planets with error multlplled by 3. (No dl1'ect measurement of 
S(ay)/ ~(oy) on FeDruary 22 ,) 49' 

~~/era~e Jf values for same planet and flltel'. 



_ill 1'1 _"_,,.n_ ...... 1l17o 

(1l(Z) III (') (5) (I) (7) (I) (I) (0) (II) (Il) (Il) 0') 

L'N P"fIe' Dolt nlttr ..... S',nl' . ,. n"'n D1U. n •• "I"tt 
,,"r'vr.) "zo' ..,toO "_ur correct'" 000. It, T •• c. 

• wf ., 0(" aI .) aI') D(.) D(') T • 
(UT) (oO (oO : arc. >0<1 (~' (J,' f" 

1_ 

J.p .... .. ,2 g.l(73) 1.3 I 2 1.31 1t.o3 I.sa 1.D97 1.oDS 38.7 1210000 n. 0 
JII4' '" .. , "', 2 g·Z(731 1.3 1.1 1.69 1t.o3 .sa 1.D97 1.oDS 151 Illoooo 138 S 
J.P .... .. ,2 g.3(73), 5" 1.7 7.03 1t.o3 '.sa 1.,,7 1.oDS 116 '10000 129 .0 

I JII4' "' .. .. ,2 ::;:m, S .. , .. I 03 11.03 I.sa 1.097 I.~ 109 • 171000 131.S 
5 J .... .. " .. ,2 S 9 5.2 177 1t.o3 I.sa 1 • .,,7 l.oDS 161 2 211000 111 .. 
I JII4' "' .. III, 2 S1·1SO( 127, 1.3 1.3 I" 1'.03 ." 1.031 1.002 IlS.' 330000 UI.1 
7 J.p ... , .. ,2 n·ZOO(127) 5" S I 1.27 It .03 .sa I 031 I 002 117 • Zloooo 117 9 
I J., "' .. III, 2 Sl·ISOL( 1271 7.3 7.0 I '7 19 .03 · " 1.031 1.002 ZO. 0 178000 U27 , J.p .... .. ,2 n·2SO(127, I.S 5 2 10.0S 19.03 .sa 1.031 1.002 UI .. 151000 1136 

10 J., "' .. III, 2 Sl·2S0L( U7l I 9 1.6 10 '1 1t,03 '51 1.031 1.002 321.6 13900 1.3 7 

II , .. .. " JI. 16 Q·I(19) , 1 I 7 0.202 ... 3 5.51 1.0t6 1.011 102 91500 ft. 
12 SIt ..... Ja. 16 g·2(19) I 1 1.9 0.U2 • .13 5 51 1.DI6 1.011 511 113000 101.1 
13 SIt .... Jan 16 g·3(19) 1.0 7.6 O.SIl • .13 5.51 1.D16 1.011 609 112000 103 9 
11 'n "' .. Jan 16 Q.I(It)' '.0 7.0 0606 '.13 5.51 1.D16 1.018 102.6 61000 ft.3 
n SIt .... JI. 16 Q.S(19)' , .0 7 5 o 732 1.13 551 1 016 1.011 III 6 USOO ft9 
16 SIt "' .. Jan 16 Sl·I00(127) 1.0 1.1 0.668 1.13 5.S1 1.007 1 003 ". 67800 97.3 
17 SIt .... Jan 16 Sl·ISO(127) '.0 I 6 0.771 '.83 5 SI 1 007 1.003 135S 16600 97.6 
11 SIt "' .. Jan 16 S1·ZCO(127) 9 3 6.9 0.838 1.13 5 SI 1.007 I 003 168.1 33500 "1 
19 Sit .... JI. 16 S1·1S0L( 1271 9.0 6 9 o 903 1.83 5.51 1 007 1 003 ZOS.2 25300 981 
ZO Sit "' .. Jan 16 S1·2S0L( U7) '.0 6 3 1.033 1.83 5 SI 1.007 1.003 331.6 12900 109 9 

21 SIt .... ..,2 g.l(73) 7.1 6.2 0.3ZO I" · " 1.021 I DOS 10.2 91700 96.1 
22 SIt ..... 

"" 2 
g·2( 73) 7.6 6 1 0.728 ." I SI 1.021 1.~ 56.2 112000 100 3 

Z3 Sit .... .. ,2 Q.3(73), 7 S 6.7 0.870 ." I" 1.021 1.oDS 659 111000 103 6 
2' SIt ..... III, 2 :::ml, I • 5 • 1.20 ." .sa 1 021 I~ 110.1 66800 101 7 
25 Sit .... .. ,2 I 1 5 2 1.31 I" '.5' 1.021 I OOS 169 3 35100 98 1 
26 Sit "'n III, 2 51·1S0(127, 

• 5 
6.3 1.29 .. " • S. 

1.007 1.002 US S 19900 100 a 
27 Sit .... .. ,2 51·ZOO( U7l 

• 7 
S.I 1.32 .. " .sa 1.007 1.002 161 1 33600 ,.6 

za Sit ..... 
"" 2 

S1·ISOL(127) 9.3 7.0 III .. " lsa 1.007 1.002 ZCS.2 lSlOO "3 
29 SIt .... .. ,2 n·2SO(127) 

• 3 
5.7 III I" .sa 1.D07 1.002 222 2 2\600 ,.1 

30 Sit ..... III, 2 Sl·2S0L( 127) '.8 1.6 1.72 ." '.sa 1.007 1.002 331.6 12900 106 9 

31 SIt .... .. , 13 Q.I(73) '.3 I I 0.361 1.81 4.17 I.oZO 1 005 10.2 16800 "2 
3Z Sit ..... 

"" 13 
Q.2(73), I, • .6 0.110 '.81 417 1.D20 1 DOS S6.z 10Sooo HI 

33 SIt .... .. , 13 :::ml, 9 4 I 4 I 50 1.81 4 17 1.020 1.oDS 110 9 67200 104 .0 
34 , .. ..... 

"" U 
,.6 1.0 I 7S • .11 I 17 1.020 1.oDS 169 7 36600 103 • 

35 U' SIt .. ,7 Q·I(19, 11.0 11.7 O.QOl77 t ZO 1.98 190 1.002 1.016 12.8 536 599 
36 ur Sit "', 7 Q·2(.,) 10 I 11.7 0.00868 • ° 1.98 190 1.002 1.0t6 S7 7 92. 59.6 
37 ur Sit .. ,7 Q.3(19" 114 II 7 a Am t 2 198 190 1.002 1.0t6 It.o 1167 60.2 
38 Ur SIt "" 7 ::;:m, 11.0 12 1 a 0181 t 2 1.98 1.90 I 002 1.D16 liS 1 107S 601 
39 ur Sit 111,7 11.0 12.1 0.0230 • 3 1.91 190 1.002 1.0t6 166 7 973 60.9 
10 ur Sit III, 7 n·lso(127) 11.1 12.0 0.0191 t 9 198 '.90 1.000 1.007 136 9 91S 59.3 
41 Ur SIt 111,7 n·ZOO(127) 10.7 12.3 omu • 9 I 91 190 1.000 1.007 172 5 723 59.2 
42 ur Sit 

"" 7 st·150L( 1271 10.4 12.z 0.0214 t 6 1.98 190 1.000 1.007 Zl1.6 S,. 61.2 
43 ur Sit 111,7 n·2SO(127) 10.7 12.3 0.0260 t I 198 '.90 1.000 1.D07 221 1 568 62 I 
II ur Sit 

"" 7 
51·2S0L( 127) 11.1 12.2 0.0262 t 18 1.91 190 1.000 1.007 329 7 32' n.s 

1112 

15 ur' .. rs· III, II SZ·I(19, 11.7 13.0 '.38 • loi 1.97 5n 1.000 1.020 12 8 583 60.6 
16 U.-: "'n' "" 18 12·2(19' 11.1 U.o 3.59.10.

3 
1.97 5.93 1.000 1.D20 57 7 934 59S 

47 ~d .. rs· III, II 12.4(19)' 11.1 12.0 , 56 • 10.
2 

1.97 5.93 1.000 1.o2ll 115 2 990 581 
II _r,t 

"" II ;z.S(19)' U,o 12.0 t~ : ~~:2 1.97 5.93 1.000 I Q2lI 166 .8 103 11.7 
49 ur' .. ,,- .. ,11 SZ-6(19'h 11.8 \4.0 1 97 S93 1.000 1.o2ll 101.2 1062 58.6 
so ur III .. .. ,18 

:::l::lh 
12.0 \l.9 I.oS • 10·~ 1.97 5.93 1.000 1mo I1S.8 178 55.7 

51 ur .... .. ,18 12.0 13.1 1.74 • 10.
3 

I 97 5 93 1.000 I.oZO 168.1 733 S' 2 
52 ur ..... .. , 18 SZ·1(33) 11.8 12.D ~~~ : ~~:3 1.97 593 l.oDS 1.D13 4Z .8 6ZS 61 7 
53 ur III .. .. , 18 SZ·2(11) 11.7 11.9 I 97 593 1.D05 1.DI3 57.8 9S8 602 

sa U.-: .... lug 29 12·1(49' 14.D n,o 2 71 • 10·~ 1.86 3.20 1.000 1.D06 4Z .I .,. 604 
55 ur III .. ... , 29 Q·2(49) 14.0 15.0 :~~ : ~~:Z 1.86 3211 1.000 1.D06 57 7 710 58.3 
51 ur ..... ...,29 12-6(49) 14.0 1S.o 1.86 3.20 1.000 1.D06 101.2 789 sa.8 

57 ur "' .. Stp 2 12·1(19) 12.0 IZ.o Z " • 10·~ 1.86 3 IS 1.000 1.ooS 12.8 437 S9 1 
58 ur ..... So!> 2 12·2(491 12.0 12.0 

; -:: : t~:2 1.86 3 IS 1.000 1.oDS S7.8 7.2 583 
S9 U. .. .. SIp 2 12.1(49)' 1Z 0 1Z.0 1.86 3 15 1.000 1.oDS l1S.2 71' 537 
60 ur ..... So!> 2 12.'(19)' 12.0 12.0 4.D2 • 10.2 1.86 3 IS 1.000 I.ooS 166.8 S88 55 7 

61 .. pd ur 111,16 12·1(19) OlO8t34 I IS 1.97 1.000 1.000 11.8 184 60.8 
i2 .pd Ur III, 16 12.2(.9). 0.369 t I I IS 1 97 1.000 1.JOO sal 347 6\.0 
63 .pd or- "" 16 .01(49 1. ° 378 • I 1 IS I 97 I DOC 1.000 113 3 361 59.8 .. lepel u,,- "" 16 ;z·S.49) 03SSt13 1 IS 1 97 1.000 1 000 164 7 267 601 

" .pd Uri 
"" \6 

12·6(49) 0102tlS 1 IS 1 9' 1.000 1.000 101 1 399 60.8 

" .. pd ur III, 16 ;;:·1(33) 0.37S • 22 1 IS I 97 I 000 1.000 11.8 168 59.8 
17 .. p ur 111,16 ;;:·Z(33) o 366 • 9 1 IS 1 97 1.000 1.000 sa.z 34S 609 
61 .. p \JI" .. , 16 SZ-6(33) a 314 t 17 1 IS 1.9· 1.000 I.DOO 997 382 597 

" "p ur" Aug 29 12·1(1,) 11.0 14 0 o 166 1 II 186 1.000 1.000 II.! 181 60 7 
70 "p Ur' Aug Z9 Q·Z·49 1 11.0 1I.e o 120 1 ,. 1.86 1.000 I 000 sa.c 338 609 
71 ... ur "'9 29 1201 ,.9,9 11.0 110 O~ 1.11 1.86 I 000 1 DOC 113 6 328 S7 9 
72 '"'. Uro Aug 29 1i2-5:'9,; 11.0 11.0 o 41' 1 I. 1.86 1.000 1.000 US 3 265 609 
73 '"'. ur ... g 29 02·6(49' 11.0 \40 0386 1 II 1.86 1.000 1.000 101.0 321 51.6 

1983 

7' ur J •• Jun I "1·1(731 13.0 IZ 0 .00171 196 21.89 1 000 1 12' lOS 9 10\7 58Z 
7S ur J •• J,," .. "1·3(73' \l,o 12.0 .002~ • 6 196 21.89 , 000 1 1:7 137.2 798 51 3 
76 II'" J •• Jun • Kl-6{71' \2.0 11.0 .or.270 • 2 1 96 21 Jl9 1.ooc 1 127 19 1 liB SI! 7 
77 ur J •• J,," , "1·7(73) 12.0 11.0 .00272 • l I" 21..89 1.000 liZ' 198.2 S90 58 ' 

'line of 119f1t _Un ... po,. Mite 01" • ba".lt9ftt "ldl~tt,. for t tr<tU 1 to u .rtd on • nfHV ,.1d,0IIte"'" IN Me."! Z for 
1 tn.1 45 to 73 ()'I _, 16 (11",s 61 to 611 tN n"tltft rlG' .... U .. filled ""0" t,. 'I,",t ClIOSt'I" .... 10n' 1 t7~1U 
leftiU'I til ..... , "'I'd to n(t •• t. tN bOr"t9f'1t .. ,t .. 

'1M error, t" t'- 1HIt It9nHtel"t ti9HI Irt ,~ tft enn 'lifter. ,..ptltrd _n","--"u ..... ::...s Stlth:1cll ..... 0.-

Aft",Sh 

ev. "ttaiU t .. IUttstlC1I err-a,., (Nt '",tW01"1 Uw ,r"o,., 1" tM .,., c.Hbr.C·on) .t 1 51 for JWOltl". Sit" .. " IftCI 

ur."UI. 1M 1 SI for IIpt ..... 

''-0 aoHNntOf'lI of ,h,..t I "'rI,1'd 
.,. oou".ttOftS of ,hMt' ...... ted. 
''I'M sRof"'t ........ lettgtl'l .1oct,,,, ,Hur .1 Tonon 
'J.Qr tNS' _lSyr...,u fitter, .. iIftd S ~ •• used .it-.oIJt "'1 len Of' 01' OIF2 #OJ" ,PIO,.t ...... l~9t"l bhc.tHu~ 

1ht Uti "'W, bftft c,,.rect. tilt .... iftto IctO,",.,t • .,11 "IS""" 111. "_20",, 
fit'l"'!, •• uo,.'!. ...... lrtqt a to o<,t,,_ r.1te" .. » ~r2 
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11 ne Jup1ter 

1 

2 

3 
.1 

5 

6 

7 

8 

9 

lu 

38.7 

55.1 

62.6 

109.-+ 

135.4 

168.0 

204.0 

221.8 

11 328.6 

12 

13 

14 

15 353 

16 414 

17 450 

18 517 

19 664 

20 968 

Temp 
( K) 

134.0 

138.5 

129.0 

131.5 

128.1 

b 118.4 t 0.6 

132.7 

133.6 

143.7 

165.s t 2.5 

155.3 t 1.3 

135 t 5 

149.9 t 2.6 

167.1 t 2.1 

175 t 10 

BRIGiTHESS TE1'IPE D.Ai1JREsa 

(Summary of Data fran Tao 1 es I I, I I ~, and IV) 

Saturn Uranus 

40.2 

56.2 

65.4 

99.4 

102.6 

110.8 

135.5 

148.6 

168.6 

205.2 

222.2 

331.6 

353 

414 

450 

517 

664 

968 

Temp 
( K) 

b 97.5 t 1.7 
b 100.5 t 1.2 
b 103.7 t 0.2 

97.3 

99.3 

42.8 

57.7 

74.0 

102.8 

115.3 

b 102.9 t 1.6 137.0 

98.8 t 1.7b 167 .3 

99.9 172.5 

191.1 

198.2 

97.2 t 3.3b 211.6 

97 .2 t 1.3b 224":1 

94.1 329.7 

108.4 t 2.1 b 

112.9 t 1.1 353 

119.2 t 1.2 

112.3 ± 3.2 

122.2 t 1.1 

137 ± 4 

134.5 t 3.2 

414 

450 

664 

968 

Temp 
( K) 

60.3 t a .7 C 

59.2 t a .7C 

60.2 

57.2 t 2.1 b 
b 57.0 t 2.8 

b 57.8 t 2.1 

59.4 t 2.7 b 

59.2 

58.7 

58.7 

61.2 

62.4 

63.5 

62.4 t 2.3 

70.1 ± 1.3 

73 t 5 

88 t 6 

94.5 t 2.3 

41.8 

58.1 

100 .8 

113.4 

165.0 

353 

414 

450 

664 

968 

Neptune 

Temp 
( K) 

60.6 1: O.Sc 
60.9 t 0.1 c 

58.9 ± 2.1 c 

58.9 1: 1.3b 

b 60.7 t 0.4 

63.3 1: 2.5 

67.9 ± 1.2 

68 ± 8 

76 1: 9 

103 t 7 

aNone of the errors shown in this table 1ncludes the uncerta1nty 1n the Mars cal1brat1on. 
Errors for IRTF data (llnes 13-18) are computed as speclfied in Append1x D. Errors shown for 
KAO data (llnes 1-12) are standard deviat10ns of two or more measurements from Table IV where 
the effectlve wavelengths fall wlthln a range of 2~. (See footnotes band c concern1ng 
we1ghtlng.) The mean of the 19 errors for KAO data is 1.5 K (see dl SCUSSlon In text). 

bAveraye of data for bandpass and low pass filters with values of Aeff wlthln 2 urn. Bandpass 
measurements are glven twice the welght of low pass measurements. 

CAveraye of data for 33" and 49" apertures (Aeff within 2 ~). To allow for posslble gUldlng 
errors the 33" measurements are given half the welght of 49" measuremen:s. 
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TABLE VI 

Effective temperature T e and ratios, EI A, of 

emitted to absorbed energy with assumed Bond Albedos 

Planet T a 
e E/Aa Bond Albedo reference 

jupiter 126.8 t 44K 1.8 t 0.3 0.343 t 0.032 Hanelet ai, 1981 

Saturn 934 t 33K 1.7 t 0.3 0.342 t 0030 Hanel et ai, 1983 

Uranus 58.3 t 2 OK 1.2 t 0.2 0.393 t 0037 Lockwoodetal,1983 

Neptune 60.3 t 2 OK 2.8 t 04 029 see text 

a Errors reflect an assumed 15~ absolute calibration error In flux. 
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iA6L£ I 

ASSUMED PLANEiARY RADII (l-bar)a 

Planet 

Mars 
Jupiter 
Saturn 
Uranus 

~ .... Neptune 

Equatorial 
Rea 
(krri) 

3397 
71495 
60233 
25563 
24760-

Radius Ell i pt i ci tyb 

0.006 
0.065 
0.096 
0.024 
0.021 

Pole Inclinationc 

min max 

111 ° - llSo 
8io _ 89° 
88° 92° 
19° 27° 
69° _ 71° 

a See Sect;cn III for references. 
b " . . ~ ~ (Req - Rp'~(Req where Req and Rp are the equatorial 

and polar raall. 
C Range of angles between the planet pole and the line of 

sight during the observation. 
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TABLE II 

JOURNAL OF OBSERVATIONS: BROAOBAND OATA 

(I) (Z) (3) (4) (5) (6) (7) (B) (9) (10) (11) (1Z) (13) (14) (15) (lb) 

Line Planet Date Fi Iter 1.0.s. Zenith 1a Signal ratio Semi- Finite disk Brightness Planet 
HZO HZO diameterb correctionc rat i od temperature 

a b w(a) w(b) SIal/SIb) A(a) ';'(a) O(a) O(b) B(a)/B(b) T(b)e T(a)1 
(Ur) (mm) (mm) (mm) (~m) (arc sec) (K) (K) 

1 Jup Mars 1979 Nov 27 CHZ 1.1 1. Z 1.0 41B 14.Z3 t O.IB 17.7B 3.66 1.185 1.006 0.710 t 0.009 Z13 155.9 t I.tI 
Z Jup Mars 1979 Nov Z8 CHZ 1.4 1.4 I.Z 4Z8 13.97 t 0.17 17.83 3.69 1.186 1.006 0.705 t 0.009 Z13 1!>4.tI t I.tI 
3 Jup Mars 1980 Feb 21 CH2 0 •• 9 0.9 0.7 411 5.36 t 0.3B 21.64 6.B6 1.306 1.0Z0 0.690 t 0.049 Z13.5 15Z.4 t 9.7 

Jup CHZ 15~-:Ttl~lJ 

4 Jup Mars 1980 May Z3 HP2 4.5 4.4 2.7 952 19.34 t 1.82 17.89 3.89 1.030 1.000 0.94Z f 0.089 199 187.9 t 17.1 
5 Jup Mars 1980 May Z5 MP2 5.9 5.9 4.5 992 17.82 t 1.16 17.79 3.83 1.029 1.000 0.850 t 0.056 199 170.2 t 10.7 

Jup MP2 TItiyt-1O.0lJ 

6 Sat Mars 1979 Nov 27 CHZ 1.2 1.2 1.0 421 2.52 t 0.03 8.12 3.66 1.03Z 1.006 0.525 t 0.006 213 119.4 t 1.2 
7 Sat Mars 1979 Nov 28 CH2 1.4 1.4 1.2 428 2.50 t 0.04 8.13 3.69 1.031 1.009 0.526 t 0.009 213 119.5 t 1.8 
8 Sat Mars ·1980 Feb 21 CH2 0.8 0.9 0.7 410 0.843 t 0.065 9.27 6.86 1.04Z 1.020 0.471 t 0.037 213.5 109.1 t 7.3 

Sat CH2 119.2 t 1.2Y 

9 Sat Mars 1980 May 23 MP2 3.4 4.4 2.7 936 3.33 t 0.17 8.68 3.89 1.006 1.000 0.673 t 0.035 199 13b.4 t b.7 
10 Sat Mars 1980 May 25 MP2 5.4 5.9 4.5 986 3.35 t 0.10 B.65 3.83 1.007 1.000 0.661 t 0.019 199 133.9 t 3.b 

..... Sat HP2 TI4~5 t 3.2Y 
0 

11 Ur Jup 1981 Mar CH2 0.4 0.4 0.3 394 (4.047 t 0.062)10-3 I.B9 20.93 1.000 1.280 0.388 t 0.006 155.3 t 1.3 70.1 t 1.3 

12 Ur Mars 1980 May 23 HP2 3.5 4.4 2.7 937 0.130 t 0.020 1.98 3.89 1.000 1.000 0.502 t 0.077 199 103.6 t 14.8 
13 Ur Sat 1980 May 24 MPZ 6.8 8.5 5.3 1020 0.038 t 0.002 1.98 8.66 1.000 1.007 0.722 t 0.038 134.5 t 3.2 99.0 t ~.3 

14 Ur Mars 1980 May 25 MP2 6.3 5.9 4.5 997 0.129 t 0.011 1.98 3.83 1.000 1.000 0.483 t 0.041 199 99.7 t 7.OJ 
15 Ur Mars 1980 Jul 28 MP2 8.4 8.4 6.4 1012 0.209 t 0.007 1.91 2.76 1.000 1.000 0.436 t 0.014 203 92.4 t 2.7 

9~:3Y 

16 Nept Jup 1981 Mar CH2 0.4 0.4 0.3 394 (1.340 t 0.023)10-3 1.11 20.93 1.000 1.280 0.372 t 0.006 155.3 t 1.3 67.9 t 1.2 

17 Nept Ur 1980 Jul 27 MP2 5.8 6.2 4.3 995 0.352 t 0.050 1.15 1.91 1.000 1.000 0.971 t 0.138 98.5 t 2.3 92.0 t 12.1 
18 Nept Mars 1980 Jul 28 MPZ 9.0 8.4 6.4 1015 0.086 f 0.008 1.14 2.76 1.000 1.000 0.504 t 0.047 203 105.7 t OJ.2 
19 Nept Mars 1980 Jul 31 MPZ 6.6 5.8 4.4 1000 0.112 t 0.023 1.14 2.73 1.000 1.000 0.642 t 0.133 203.5 133.1 t 2b.1 

Nept MPZ lO3.Ut7-:-29 

alwaVelength corresponding to effective frequency as given in equation (2) of text, for water vapor = i [w(a) + w(b)]. See footnote f. 
h)sased on assumed radii shown in Table IV. 
c From Figure 2; see section Ila. 
d)B(a)/S(b) = [S(a)/S(b)][t(b)/t(a)]2[O(a)/0(b»). 
~lMars temperatures based on Wri9ht's model (1980) assuming no wavelength dependence for A ~ 350 ~m. Other temperatures from Table V. 

)For filterS CHZ and MPZ, T(a) is insensitive to A (column 8) and hence to w(a) and w(b) (columns 5 and 6). 
9 Averaye of values for same planet and filter. 



1 
2 
3 .. ' 

3 
10 
11 
12 

13 
14 
:5 
t6 

17 
tel 

19 
2U 

21 
22 
23 
24 

25 

" _0 

27 

30 

(1) (2) 

a 

JuP Mars 
JuP Mars 
JU;J Mars 
JuP Mars 
JuP 

Juo Mars 
JuP Mars 
Juo 

Juo Mars 
JU;l Mars 

JuP 

JuP Mars 
Juo Mars 
JuP Mars 
JuP Mars 
JuP 

Sat Mars 
Sat Mars 
Sat Mars 
Sat Mars 
Sat 

Sat Mars 
Sat Mars 
Sat 

Sat Mars 
Sat r'lars 
Sat 

Sat Mars 
Sat Mars 
Sat Mars 
Sat Mars 
Sat 

Ur JuP 

Ur Jup 

ur Juo 

Nep JuP 

~leO Juo 

Ne;J JuP 

( 3) 

Date 

(un 

1979 NOv 27 
1979 Nov 23 
1980 Feo 21 
1980 Feo 22 

1980 Fee 21 
1980 Feo 22 

1979 ~:Ov 27 
1979 .'iCY 28 

1979 IlOv 27 
1979 Nov 28 
1980 Fetl 21 
198U Feo 22 

1979 Nov 27 
1979 ItJv 28 
1980 'eo 21 
198U Feo 22 

1980 Fetl 21 
1980 Feo 22 

1979 Nov 27 
1979 Nov 28 

1979 ItJv 27 
1979 Nov 28 
1980 Fee 21 
198U Feo 22 

1981 'o!ar 

1991 Mar 

19tH Mar 

1'::181 ~r 

1'::181 Mar 

1981 .IIar 

a Fi Iter y is CH2 in every case. 

(4) 

013 
013 
013 
013 
013 

014 
014 
014 

N04 
N04 
N04 

015 
015 
0;5 
015 
015 

00 
013 
013 
013 
013 

014 
0;4 
0;4 

004 
N04 
N04 

0;5 
015 
015 
CHS 
015 

013 
CH4 
CH5 

CH3 

C~4 

015 

JAat! lJ.1 
JOURIIAL OF OBSERVA nONS: AARROWER BAND DATA 

(5) 

S(ax)/S(av) ;) 
S(CX)/ 5(::Iy) 

1 .025 i a .040 
1.088 t 0.018 
1 .090 t a .040 
1.036 t 0.050 

0.832 t 0.004 
o .870 t 0 .030 

0.942 :: 0.019 
Q .980 t 0.010 

1 .090 t 0.013 
1 .105 t 0 .030 
1 .053 i 0.029 
1 .096 t 0 .040 

0.924 i 0.007 
0.931 t 0.003 
0.:197 t 0 .027 
0.915 t 0.30 

0.970 t 0.008 
0.953 t 0.020 

1 .020 t 0.007 
1.043 t 0.005 

1.160 t 0.017 
1.317 :: 0.029 
1.204 t 0.016 
1.174 t 0.030 

0.780 : 0.iJ34 

1 .259 :: 0.083 

1.276 : 0.101 

0.330 t 0.042 

1.191 : lJ .178 

1.128 :: 0.151 

(6) 

t 

a .710 i 0 .009 
0.705 :: 0.009 
a .690 t 0 .049 

(0.707 t 0.019)' 

0.690 : 0.049 
(0 .707 t 0.019) f 

0.710 :: 0.009 
0.705 : 0.C09 

0.710 :: 0.009 
o .705 t 0 .009 
0.690 t 0.049 

(0.707 t 0.019)' 

o .525 t 0 .006 
0.526 t 0.009 
0.471 t 0.037 

(0.524 t 0.015)' 

0.471 t 0.037 
(0.524 t 0.015)' 

0.525 t 0.006 
0.526 t 0.009 

o .525 t 0.006 
o .326 t a .009 
o .471 t 0 .037 f 

(0.524 :: 0.015) 

o .338 : 0 .006 

0.388 :: 0 .006 

o .283 : 0 .::l06 

0.372 :: 0.006 

0.372 :: lJ .J06 

0.372 :: 0.006 

(7) 

S .t 

0.727 t 0 .030 
0.767 t 0.016 
0.752 t 0.060 
0.732 t 0.040 

0.574.: 0.041 
0.515 -: 0.:)27 

0.563 :: 0.016 
0.691 :: J .011 

lJ .774 t 6.013 
o .779 t a .023 
0.727 t 0.055 
0.775 t 0;Q35 

0.485 t 0.007 
0.490 t 0.009 
0.422 t 0.036 
0.479 t 0.021 

0.457 t 0.036 
o .499 t 0 .018 

o .536 t 0 .007 
0.549 t 0.010 

0.609 t 0.011 
0.693 t 0.019 
0.567 t 0.045 
0.615 t 0.024 

0.::03 : O.J1.1 

o .~89 : 0.033 

o .~95 : .J .040 

a .JO? :J .u16 
0) • .1':3 : J .U67 

0 • .12') : Q .057 

(8) 

( K) 

213 
213 
213.5 
213.5 

213 .5 
213.5 

213 
213 

213 
213 
213.5 
213.5 

213 
213 
213.5 
213.5 

213.5 
213.5 

213 
213 

213 
213 
213.5 
213.5 

(9) 

T(ax) 

(K) 

160.0 t 5.3 
167.3 :: 3.1 
164.3 : 11.7 
161.0 :: 7.3 
165.5 :: 2.5 g 

128.9 : 8.1 
137.1 :: 5 . .1 
134.5 :: 4.5 g 

146.3 :: 3.2 
151.3 :: 2.2 
149.3 t 2.5 9 

157.2 t 2.5 
158.z t 4.7 
158.1 : 11.1 
167.3 :: 7.1 
167.1 ± 2.1 9 

112.9 t 1.4 
113.9 t 1.8 
10C.3 :: i .1 
112.0 t 4.1 
112.9 t 1.19 

105.6 t 7.1 
114.0 t 3.5 
112.3 t 3.2g 

120.3 t 1.4 
!22.9 t 2.0 
122.z : 1.1 9 

:33.3:: 2.2 
1 SO.3 : 3.9 
125.5 :: 9.1 
lJ5.3 : .1 .9 
13~.1 :: 4.1 9 

155.5 : 2.~ 6 2.~ : 2.3 

134.5 t 1.5 73.: ~ 1.3 

167.1 : 2.: ':I7.~: 5.4 

155~ : 2.5 6J~: 2.5 

134.S :: l.5 6i.S: :L.! 

157.1 :: 2.1 75.1: 9.0 

:ls(ax)/S(ay) • ratio of slynal from ;llanet a with 'ilter x (column 4) to signal from ;llanet a ... itn filter y (C~2), e~::. 
7ne Siynal ratios nave :leen correc:eo to 1 nm line-o'-Signt ... ater vapor for filters CHZ, CH3, C~4, NO~, ana C~5, ana :0 
::r.m line-,Jf-slgnt ... a~er '/apor for ~2. The corresponding 'oo/dvelengtns are .11~, 353 • .150. 517. 6601(lmm), ana ~3~(Smm). 

':i3(ay) • Or19ntness of planet a ... itn filter y. etc. The values a' tne :lriyht~ess ratios are taKen fr~ Taole II 
col u:nn (14) usin9 aata from the saine dates except as otfler...,i se noteo (footnote f). 

olC)llJInn (5) tlmes column (6). 

e~ssumea :lri~ntness temperature of planet tI, filter x based on Wriynt'S mOdel (see ~c:ion 111of text), ... nere ;llane~ 0 
is Mars. ana on tne results sno,," in Tatlle V, ... here planet tI ;s Jupiter. 

r~ve~a~e of earlier ~ata an &ay)/S(by) 'or same plane:s ... i~~ error mul:j~liea ~y 3. (No diret: medsure~en: :' 
o(ay)/il(Oy) on Feoruary 22.) 

'J~'/era,o! of val.Jes for same pI anee and fil ter. 
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.. Ill " 

_lllf_ft'TJ_: "1_ MV. 

(I) (2) Il) II) U) It) (1) II) (9) (10) III) lIZ) IU) (II) 

LIN '''ftet IIIlt Ftlhr 1.0 .s Stln,1 50111. ,t"ttt Dtn nu. Pl'"It 
(Aperty,.,) "zo" lI'tab 4t .. ",. co,.rKtton o.tIstt1 l_p.' 

• -<a) -<b) .Ia) alb) Ola) 0(.) 1. 
(un 101') (01') (I,., -) 101') IJ,) (l) 

I_ 

I Jup ... .,2 g·I(13) 6.3 6.2 1.31 \9.03 1.~4 1.097 I.OO~ 31.7 1210000 UI.O 
2 JUP III .. .,2 g·2(73) 1.3 1.1 1.69 19.03 4.~ 1.Q97 I.OO~ 5'.1 1130000 138.' 
3 Jup ..... .,2 g.3(73), '.II 6.7 7.03 19.03 I.~I 1.097 l.oo~ 62 •• 171000 129.0 
I Jup ... " ... , 2 ~:m~l' S.8 S .4 8.03 19.03 4.~ 1.Q97 I.~ 109.1 17\000 131.~ 
~ Jup ..... 

"" 2 
5.9 5.2 1.77 19 .03 4.~1 1.097 1.005 118.2 211000 118.8 

6 Jup ..... ... , 2 SI·I~(127) 6.3 6.3 1.92 19.03 I.~ 1.031 1.002 13~.1 330000 128.1 
7 JuP ... .,2 $1·200(127) 5.8 5.11 9.27 19.03 1.51 1.031 1.002 167.1 210000 117.9 
I Jup ..... ... , 2 SI·I~OLI 127) 7.3 7.0 9.97 19 .03 I.~ 1.031 1.002 2M.0 178000 132.7 
9 Jup ..... "" 2 $I·2~(127) 6 .~ ~.2 10.M 19.03 I.~I 1.031 1.002 221.8 I~OOO 131.' 

10 Jup ..... ... , 2 SI·2S0L(127) 6.9 6.6 10.41 19 .01 4 .~I 1.031 1.002 328.6 83900 111.7 

II SAt ..... Jln 16 g·1(49) 9.1 6.7 0.202 1.111 5.~1 1.04' 1.018 40 .2 98500 9'1.1 
12 Sit .... S Jln 16 g·2(19) 9.1 6.9 0.442 1.113 5.~1 1.046 1.018 ~6 .1 113000 101.11 
13 SI. ... .. Jan 16 g·3(19) 9.0 7.' 0.~13 1.81 5.~1 1.04' I.OIB 64 .9 112000 103.9 
II SI. ..... Jan 16 51,1(19)9 9.0 7.0 0.606 8.81 L~I 1.046 1.018 102.6 6BOOO 9'1.1 
15 Sit ... Jan \6 g·~(19)' 9.0 7.~ 0.732 1.111 ~.~I 1.046 1.018 148.6 12500 9'1.9 
16 SI. ..... Jan 16 SI·IOO(l27) 9.0 6.8 0.668 8.83 ~.~I 1.007 1.003 99 .1 67800 97.3 
17 SI. .... s Jan \6 S1·1~0(127) 9.0 1.6 0.771 8.83 5.51 1.007 1.001 135.5 16600 97.6 
18 SI. III •• J.n 16 SI·200(127) 9.1 1.9 0.838 1.81 LSI 1.007 1.001 16B.1 33500 96 .1 
19 Sol. ••• Jan \6 SI·15Dl(127) 9.0 6.9 0.901 8.83 ~.SI 1.007 1.003 205.2 25100 98.1 
20 Sol. IIIrs Jan \6 SI·2~OL(l27 ) 9.0 6.3 1.033 8.83 LSI 1.007 1.003 331.6 12900 109 .9 

21 SoIt ... r. ... y 2 g·I(73) 7.8 6.2 0.320 8.96 4.51 1.021 \.~ 40.2 91700 96 .8 
22 Sat ..... Illy 2 g·2(13) 7.6 6.1 0.728 1.96 4.51 1.021 I.~ ~6.2 112000 100 .3 
23 Sa. ..... .,2 51.3(73), 7 .~ 1.7 0.1170 8.96 1.51 1.021 1.005 15.9 113000 103.6 
21 Sol. IIIn Illy 2 ~::ml' 1.1 ~.4 1.20 8.96 1.51 1.021 I.OO~ 110.8 66BOO 101.7 
2~ Sol. .rs 

"" 2 1.1 5.2 1.38 8.96 4.51 1.021 I.OO~ 169.3 31100 98.1 
26 SoIt IIIn Illy 2 51·150(127) 8.1 6.3 1.29 8.96 4.11 1.007 1.002 131.5 1"00 100 .0 
27 Sol. ..... 

"" 2 
SI·2OO(127) 1.7 ~.Il 1.32 1.96 I.~I 1.007 1.002 168.1 33600 ... 6 

28 SoIt IIIr. "'y 2 Sl·I~l(1Z7) 9.3 7.0 I." 8.96 4.51 1.007 1.002 201.2 21400 96 .3 
29 Sol .. •• s .,2 Sl·2~1 127) 8.3 5.7 1.48 1.96 4.54 1.007 1.002 222.2 21600 ,. .1 
30 Sat ..... .y 2 SI·2~Oll 127) 1.8 6.6 1.72 8.96 1.51 1.007 1.002 331.6 12900 106 .9 

31 SoIt ..... "'y 13 51.1(73) 9.3 1.1 0.361 1.81 1.17 1.020 1.005 40.2 86Boo '96 .2 
32 SoIt III •• Illy 13 g·2(73) , 8.9 8.6 0.810 8.111 1.17 1.020 1.005 ~.2 10~OOO 99.1 
33 Sol • • rs .y \3 ~::ml' 9.4 ••• 1.50 8.81 '.17 1.020 I.~ 110.9 61200 104.0 
31 SoIt III •• Illy 13 '.6 1.0 1.71 8.111 1.17 1.020 I.~ 169.7 36600 103.1 

35 Ur Sol. "'y 7 51.1(19) 11.0 11.7 0.00177 t 20 1.98 8.90 1.002 1.oa6 42.8 536 59.9 
36 ur Sol. "'y 7 g·2(19) 10.1 11.7 D.00B68 t 0 1.98 8.90 1.002 1.016 57.7 921 ~9.6 
37 ur Sol. "'y 7 51.3( 49), 11.1 11.7 0.0121 t 2 1.98 1.90 1.002 1.016 71.0 1167 60.2 
31 Ur SoIt "'y 7 ~::l::l' 11.0 12.1 0.0181 t 2 1.98 8.90 1.002 1.oa6 115.1 1D7~ 60.1 
39 U. Sol. "" 7 11.0 12.1 0.0230 

• 3 
1.98 1.90 1.002 1.016 166 .7 973 60.9 

40 ur Sol' ... y 7 $1·150(127) 11.1 12.0 0.0198 
• 9 

1.98 8.90 1.000 1.007 136.9 915 59.3 
41 ur Sol. "'y 7 51·200(127) 10.7 12 .3 0.0219 t 9 1.98 8.90 1.000 1.007 172.5 723 59.2 
42 ur SoIt III, 7 SI·ISOL( 127) 10..4 12.2 0.0214 

• 6 
1.98 1.90 1.000 1.007 211.6 5 .. 6\ .2 

43 ur SoIt "'y 7 51·2~(127) 10.7 12 .3 0.0260 
• I 

1.98 8.90 1.000 1.007 221.1 ~8 62.4 
44 ur SoIt III, 7 51·250Ll127 ) 11..4 12.2 0.0262 

• 18 
1.98 8.90 1.000 1.007 329.7 121 63.5 

nlz 
45 urd .. ,,' Illy 18 12.1(19) 11.7 13.0 9.38 • loj 1.97 5.93 1.000 1.020 42.8 581 60.6 
16 ur'l Mlrsl III, 18 12·2(19) 11.8 13.0 3.59 • 10'3 1.97 5.93 1.000 1.020 57.7 934 59.5 
47 U.d ... rs' III, 18 12 .. (19)' 11.11 12.0 9.56 • 10'2 1.97 5.93 1.000 1.020 115.2 990 58 .1 
IS urd Ml.rs' "" 18 12.5(19)9 12.0 12.0 1.61 • 10'2 1.97 5.93 1.000 1.020 166.8 801 6\ .7 
19 U.d *r,' "'y 18 12-6( 19) 11.11 11.0 1.04 • 10'2 1.97 5.91 1.000 1.020 101.2 1062 58.6 
~ ur IIIrs ., IS 12.4(19): 12.0 13.9 1.05 • 10'2 1.97 5.93 1.000 1.020 115.8 178 55.7 
51 U. "' .. "'y II 12·~(19) U,o 13.8 1.74 • 10.

1 1.97 5.93 1.000 1.020 168.8 733 59.2 
~2 ur ..... "'y 18 ~'1(l3) 11.8 IZ.D ~~~ : :~:3 1.91 S.'3 1.005 1"'3 12.8 62!> 61:7 
53 U. "' .. "'y 18 12·2(33) 11.7 11.9 1.97 5.93 1.005 1.oa3 57.8 958 60.2 

51 :~ IIIrs Aug 29 12·1(19) 14.0 15.0 2.71 • 10'~ 1.86 3.20 1.000 1.006 42.8 4 .. 60.1 
~~ "'n Aug 29 ;:'·2(49) 14.0 15.0 :~~ : ~g:2 1.86 ' 3.20 1.000 1.006 57.7 740 5&.3 
!06 ur III .. Aug 29 &2-6(19) 14.0 15.0 1.86 3.20 1.000 1.006 101.2 789 51.8 

57 Ur "' .. SoP 2 12·1(19) lZ.o 12.0 2.41 • 10'~ 1.86 3.IS 1.000 1.005 12.8 437 59.1 
5& ur III •• Sop 2 ~·2(49) lZ,o 12.0 9.a~ • 10' Z 1.86 3.IS 1.000 1.005 57.8 712 5&.3 
59 U. "' .. SoP 2 12"(49)9 lZ.o 12.0 !~: : ~g:2 1.86 3.\S 1.000 I.DOS m.z 719 53.7 
60 ur III •• Sop 2 I2.S(19)g 12.0 12.0 1.86 3.15 1.000 I.~ 166 .8 588 ~S.7 

61 IItpd Ur "'y 16 12·1(49) 0.408 • 31 1.15 1.97 1.000 1.000 41.8 181 60.8 
62 .. pd ur *1 16 12.2(49)h 0.369 • I 1.15 1.97 1.000 1.000 5&.1 317 61.0 
63 .. pd Ur. Illy 16 ~::lmh 0.378 t 8 1.15 1.97 1.000 1.000 113.3 361 59.8 
64 .pd Ure Illy 16 O.3~S • 13 1.15 1.97 1.000 1.000 164.7 267 60.4 
65 .pd Ure 111, 16 12·6(19) 0.402 t I~ 1.15 1.97 1.000 1.000 101.1 399 60.8 
66 .. pd ur Illy 16 12·1(33) 0.375 t 22 l.15 1.97 1.000 1.000 41.8 168 59.8 
67 .. p ur "'y \6 12·2(33) 0.366 t 9 1.15 1.97 1.000 1.000 5&.2 34~ 60.9 
68 -ur "'y 16 12-6(33) 0.381 t 17 1.15 1.97 1.000 1.000 99 .7 382 59.7 

69 .. p uri Aug 29 12·1(19) 11.0 11.0 0.166 1.14 1.86 1.000 1.000 11.8 181 60.7 
70 lop U.· Aug 29 12·2(19) 11.0 14.0 0.420 1.14 1.86 1.000 1.000 S8,o 338 60.9 
71 "'P Ur Aug 29 12.1(I9)g 11.0 11.0 0..406 1.11 1.86 1.000 1.000 113.6 328 ~7.9 
72 .. p u.· Aug 29 ~.S(I9)g 11.0 11.0 0.111 1.14 1.86 1.000 1.000 165.3 265 60.9 
73 .. p Ur Aug 29 12·6(19) 11.0 11.0 0.386 1.11 1.86 1.000 1.000 101.0 321 56 .6 

1913 
71 Ur Jup Jun I HI·I(73) 13.0 12.0 .00177 1.96 21.89 1.000 1.1Z7 10~ .9 1017 5&.2 
75 ur Jup Jun 4 H1·3(73) 13.0 12.0 .00205 • 6 1.96 21.89 1.000 1.127 137.2 798 ~.3 
76 Ur Jup Jun I HI-6(73) 12.0 1\.0 .00270 • 2 1.96 21.119 1.000 1.127 191.1 618 5& .7 
77 Ur Jup Jun 4 H1·7(73) lZ,o 1\.0 .00272 t 2 1.96 21.89 1.000 1.127 198.2 590 58 .7 

'Lin. of s1ght .. ter ... por blSed on I bo,.es1ght r.atClifter for 11nes 1 to 44 and on • antt" rlcHOIItetf" and seUftt Z for 
l1nes 4~ to 13. On *1 16 ("nes 61 to 68) t'" zeniU r"1d1(11fter fltled before tM plartet obserVltto"s. A 11Ptetl 
left;th .. 1.,. ... , Vied to "t1 .. te tM bores"ht 911.-. 

b'Jt\e error, in tM lint stgn1t1C1nt d1gtn .re Shown 1n ClSes ",,.e ,.epelt~ _ISU"~ts perwttted sUthttc.l error 
Inilys;s_ 

(. ent •• te the statistical errors (t'tOt ineluding the .rror, in the MIII"s c.lib,.Ul0n) it 1.51 for Jupiter. Situ"" ~ 
Uranus •• nd 3.Sk for .ptune. 

"1.0 observlt1on, of planlt I Iverlged. 

°T... GOstr .. t 1 011. 0' P lanot • a •• rogod. 
'1M sltOrt-tM .. hngttl block,n9 fi1t.r .. , Tofl .... 

'for these _nur...nts fUurs 4 Ind 5 ."e used wttt'tOut 11'1 Teflon or DF2 for st.Grt-..... el .... 9th blocktn9. 
lht dltl hi .... bftn corrtcttd taking into Ittount •• all _nu"ed 1 elk at _ to .,.. 

hlhe ShO,.t-tItIuhft9ttl "'OCk1n9 f'lter .. s I)FZ" 
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TABLE V 

SRI GHNESS TEMPERA TUREsa 

(Summary of Data frOO! Tables II. III. and IV) 

Line Jupiter 

1 

2 

3 

4 

5 

6 

7 

H 

9 

10 

11 

12 

13 

14 

38.7 

55.1 

62.6 

109.4 

135.4 

168.0 

204.0 

221.8 

328.6 

15 353 

16 414 

17 450 

18 517 

19 664 

20 968 

Temp 
( K) 

134.0 

138.5 

129.0 

131.5 

128.1 

118.4 t 0.6b 

132.7 

133.6 

143.7 

165.5 t 2.5 

155.3 ± 1.3 

135 ± 5 

149.9 ± 2.6 

167.1 t 2.1 

175 ± 10 

Saturn 

40.2 

56.2 

65.4 

99.4 

102.6 

110.8 

135.5 

148.6 

168.6 

205.2 

Temp 
( K) 

97.5 ± 1.7b 

100.5 t 1.2b 

103.7 t 0.2b 

97.3 

99.3 

102.9 t 1.6b 

98.8 ± 1.7b 

99.9 

97.2 t 3.3b 

97.2 t 1.3b 

Uranus 

42.8 

57.7 

74.0 

102.8 

115.3 

137.0 

167.3 

172 .5 
191.1 

198.2 

211.6 

224.1 

222 .2 94.1 329 .7 

331.6· 108.4 ± 2.1b . 

353 

414 

450 

517 

664 

968 

112.9 ± 1.1 

119.2 ± 1.2 

112.3 t 3.2 

122.2 t 1.1 

137 t 4 

134.5 ± 3.2 

353 

414 

450 

664 

968 

Temp 
( K) 

60.3 ± 0.7 c 41.8 

59.2 ± 0.7c 58.1 

60.2 100.8 

57.2 ± 2.1 b 113.4 

57.0 ± 2.8b 165.0 

57.8 t 2.1 b 

59.4 ± 2.7 b 

59.2 

58.7 

58.7 

61.2 

62.4 

63.5 

62.4 ± 2.3 

70.1 t 1.3 

73 t 5 

88 t 6 

94.5 t 2.3 

353 

414 

450 

664 

968 

Neptune 

Temp 
( K) 

60.6 t 0.5c 

60.9 ± O.l c 

58.9 t 2.1 c 

58.9 ± 1.3b 

60.7 t 0.4b 

63.3 ± 2.5 

67.9 t 1.2 

68 ± 8 

76 ± 9 

103 t 7 

aNone of the errors shown in this table includes the uncertainty in the Mars calibration. 
Errors for IRTF data (lines 13-18) are cOO!puted as specified in Appendix D. Errors shown for 
KAO d,ata (lines 1-12) are standard deviations of two or more measurements from Table IV where 
the effective wavelengths fall within a range of 2 vm. (See footnotes band c concerning 
weiyhting.) The mean of the 19 errors for KAO data is 1.5 K (see discussion in text). 

bAverage of data for bandpass and low pass filters with values of ~eff within 2 urn. Bandpass 
measurements are given twice the weight of low pass measurements. 

cAvera!:je of data for 33" and 49" apertures (~eff within 2 vm). To allow for possible guiding 
errors the 33" measurements are given half the weight of 49" measurements. 
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